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Abstract

Carbon steel structures, especially bridges, are subjected to corrosion in outdoor
environments. Needless to say, this is undesirable and limits the overall durability of
the bridge. It does this both directly, by decreasing the cross section, and indirectly,
by acting as a stress raiser for fatigue damage. However, this does not have to be the
case. The central question this thesis attempts to answer is; What if stainless steel was
used instead of carbon steel?

In the moment of writing, there are virtually no stainless steel road bridges in
existence across the world, less than ten in total wherein two of these are road bridges
located in Sweden. In other words, the knowledge of stainless steel is scarce and
dispersed.

In short, this thesis studies the viability of stainless steel as an alternate option for
carbon steel in road bridges. This thesis is split into two sections. The first part is a
literature study of some size, whilst the second part is a parametric study. The review
is intended to give a comprehensive overview of the current knowledge within
academia and the field of structural engineering about the use of stainless steel in
structures. As mentioned, the second part is a parametric study, which numerically
assesses the impact of implementing stainless steel in a composite bridge.

The results of this thesis are quite a lot of different observations, which are justified
from both the literature study as well as the parametric study. Stainless steel is indeed
a very promising option, especially when considering long service life or corrosive
environments. Particularly noteworthy is that there are indications that stainless steel
might have considerably higher fatigue strength in comparison to carbon steel. It is
also indicated that instability phenomena are more critical for stainless steel and that
Eurocode does not cover this adequately.

In the light of the many observations and discoveries of this thesis there is also a
discussion under what circumstances stainless steel is most suitable. In addition, what
weaknesses stainless steel has and recommendations for further research.

Keywords:  Stainless steel, Finite Element Method, Python Script, Eurocode,
Parametric study, Fatigue Assessment, Palmgren-Miner Cumulative Damage method.
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Sammanfattning

Broar | kolstal, det vill sdaga vanligt konstruktionsstdl, &r ofta utsatt for korrosion.
Trots rostskyddsmalning och andra atgarder ar det fortfarande ett problem. Dels tar
korrosion pa  materials  barformdga  men kan &ven ge upphov il
spanningskoncentration i sammanhanget av metallutmattning. Detta leder osokt till
fragan ifall det finns ett battre alternativ. | detta fall, huruvida rostfritt stal lampar sig
som alternativ till det mer konventionella kolstilet som konstruktionsstal? Detta &r
den centrala fragestallningen denna rapport amnar bearbeta.

| skrivande stund finns det endas ett ytterst fatal vagbroar utforda i rostfritt stal. Det
finns sammanlagt kring tio végbroar i rostfritt stal varlden Over, varav 2 av dessa
befinner sig i Sverige. Med andra ord, erfarenheten av rostfria broar &r valdigt
begrénsad och dartill spridd.

| enkelhet, denna rapport undersoker mojligheterna att anvanda rostfritt stal istéllet for
kolstdl i vagbroar. Rapporten i fraga bestdr av tvd stycken delar. Den forsta delen ar
en omfattande litteraturstudie medan den andra delen & en numerisk parameterstudie.
Litteraturstudien har som mal att sammanstilla den befintliga kunskapen inom den
akademiska sektorn och den kommersiella sektorn om anvéandingen av rostfritt stal
inom konstruktion. Parameterstudien undersoker numeriskt, via berdkningar i enlighet
med befintlig Eurocode standard, vilken inverkan rostfritt stal har pa olika parametrar,
exempelvis totalkostnad och materialatgang.

Litteraturstudien i samband med parameterstudien ger manga intressanta och
namnvarda observationer. En av de mer centrala observationerna ar att rostfritt stal ter
sig vara ett mer fordelaktigt alternativ &n kolstdl under vissa forutsattningar.
Framforallt lampar sig rostfritt stal under mer korrosiva omstandigheter eller dar lang
livslingd ~ ar  eftertraktat.  Ytterligare sa  finns  det  indikationer  att
utmattningskapaciteten hos rostfritt ar betydligt hogre an hos kolstal. Aven nackdelar
diskuteras och undersoks, exempelvis det faktum att rostfritt tenderar att vara mer
utsatt av instabilitetsfenomen an kolstal.

For att avsluta, sa hittas i slutet av rapporten rekommendationer for fortsatt forskning.
| diskussionskapitlet innefattas ocksa en diskussion om under vilka omstandigheter
rostfritt stal lampar sig bast och svagheterna hos rosfritt stal.

Nyckelord:  Rostfritt stal, Finite Element Method, Python Skript, Eurocode,
Parameterstudie, Uttmattningsanalys, Palmgren-Miner delskademetod
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1 Introduction

As the title suggests, this thesis looks into the matter of using high strength stainless
steel for bridge constructions. The first aspect of stainless steel is that it is a new
material in the construction sector. Consequently, there is not much information
available about the structural use of stainless steel. This holds true for both the
commercial sector and the academic sector. More on this can be read in the
background section of this chapter.

In short, due to the scarcity of information together with the apparent benefits of
stainless steel in construction a literature study has been conducted. The literature
study is included in full within this report and can be found in chapter 2 - Literature
Study.

This chapter is the introduction chapter for both this report and the thesis in general.
Herein the following is included: background, problem description, aim, method and
scope. To sum up, this chapter is dedicated to relay all the information this thesis is
based upon.

1.1 Background

For bridges constructed from conventional carbon steel, the durability of load bearing
steel members is of great importance and concern. This is due to the fact that
maintenance constitutes a substantial part of the overall cost of the bridge, see chapter
3 - Parametric Study.

However, it should be noted that the maintenance cost has not always been taken into
full consideration when comparing different bridge alternatives. In later years, more
emphasis has been put on the cost that takes place during the service life of the bridge.

With this in mind, there is an increased demand for materials and solutions that
require less maintenance than ordinary carbon steel. One option for reducing the
requirement and so the cost of maintenance is implementing stainless steel instead of
the conventional carbon steel. Up to the moment of writing, stainless steel has
generally not been used for load bearing structures due to the higher initial cost of
stainless steel. In addition, the construction industry is unfamiliar with stainless steel
as a building material.

To elaborate, stainless steel does not require surface treatment. For example, there is
no requisite to paint stainless steel to obtain a passive corrosion resistance, more on
this in chapter 2.1.3 - Corrosion resistance. The fact that paint can be omitted when
implementing stainless steel results in a substantial reduction in maintenance cost.

Painting of carbon steel bridges and also carbon steel structures in general is
otherwise required to be done on a regular basis. This adds to the owverall cost. Note
however, that the maintenance cost varies a lot, this cost can in some instances
surmount to about half of the total material cost, see chapter 5.3 - Comparison of
carbon steel and stainless steel for more details.

Furthermore, paint and the residues of paint can be hazardous in certain environments.
For instance, paint residues can be especially harmful in environments that include
water and ground water. Consequently, it is preferable, if possible, to avoid using

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:118



harmful contaminants all together in a sensitive environment. Something that is
achievable to a better extent when using stainless steel compared against carbon steel.

As discussed in chapter 2.1.2 - Microstructures, there are several types of stainless
steel with different types of microstructures. Of these microstructures, the most
relevant for future bridge constructions is the combination of austenite and ferrite,
called duplex structure. The word duplex roughly translates to double system. More on
the reasons of why duplex is the most relevant microstructure is discussed in 2.5 -
Analysis of existing structures. Though in short, duplex stainless steel has a proof
strength, or effective yield strength, of approximately 460MPa. This can be compared
to the 355MPa of conventional structural carbon steel. A result of the increased
strength of stainless steel is that it enables more slender cross sections, and in turn,
more slender bridges.

However, a downside to more slender cross section is the increased stress amplitudes
when road bridges are subjected to loading, especially traffic load. Of course, this also
hold true for railway bridges as well as road bridges. A consequence of the increased
stress amplitudes is increased cumulative fatigue damage, since it depends very much
of the stress amplitude as well as frequency.

To conclude, stainless steel has many benefits that make it a potentially superior
material for many bridges. Adjacent to the fact that the high strength of stainless steel
enables the ability to build more slender bridges, there is also the prospect of reduced
cost through less maintenance. There are more benefits of stainless steel, many of
them discussed in the following chapters. Of course, the drawbacks of stainless steel
are of equal importance if not of an even higher interest in this thesis.

1.2 Problem description

In the moment of writing, there are very few bridges built with stainless steel for
major load bearing members. In addition, current norms and codes do not consider the
specific properties of stainless steels to a sufficient degree, see chapter 2.4 - Eurocode
in relation to stainless steel for more details.

Moreover, this causes problems where the capacity of stainless steel can be either
overestimated or underestimated, occasionally to a substantial degree. Thus the
uncertainties in design may lead to either unsafe or overly conservatively designed
bridges, which in turn render stainless steel bridges a less viable option for all the
wrong reasons.

A subject that is of particular interest is the fatigue strength of welded connections.
For instance, some test data suggests that welded connections with duplex stainless
steel have a fatigue strength that is at least on the same level as carbon steel, more on
this in subchapter 2.3 - Fatigue of stainless steel. However, the test data also
sometimes the strength is substantially higher, near twice as much as for carbon steel
connections. Of course, this is a benefit to stainless steel that should be utilized.

Another area where research about the different properties of stainless steel leaves
much to be desired is on the topic of instability. This is due to the fact that duplex
stainless steel does not have a distinct yield point, which is a fundamental assumption
for many instability phenomena when designing carbon steel structures.
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To conclude, stainless steel has a lot of potential both from an economical point of
view as well as structural. However, current research ranges from adequate to little,
even sometimes as non-existent. Consequently, if to utilise stainless steel to its fullest,
it is important to know what research exists, what is missing and what requires
improvement. This is the main topic this thesis works with. Also, to better understand
the impact of different aspects of stainless steel, there is also a parametric study.

1.3 Aim

The aim of this thesis is split into two major aims; first one being a literature study
and second being a parametric study. Both of these parts have their own separate
goals and achievements.

As stated, the first part is a literature study which looks into the topic of available
current research. In short, it aims to give an overview of the total knowledge in
academia about the structural use of stainless steel. In addition, the aim of the
literature study is to analyse the viability of implementing stainless steel in bridge
constructions.

For convenience and clarity, the literature study has been broken down into the
following questions:

e What are the important properties of stainless steel?

e What is currently known in both the commercial field and scientific
community about stainless steel?

e What are the known problems when using stainless steel in
constructions and especially bridge constructions?

e What are the benefits of using stainless steel in bridge constructions?
e Under what conditions is it suitable to use stainless steel?

e Are there any problems that are currently not being considered
adequately when using stainless steel?

Lastly, an additional aim, which somewhat transcends the scope of this master thesis,
pertaining to the literature study is to give a foundation for further research within this
topic. In other words, this thesis aims to shed some light on research topics for
stainless steel that requires more research in the future. In addition, highlight
promising aspects as well as the less desirable properties within stainless steel in the
construction industry.

For the second part of the thesis the aim is to assess how stainless steel bridges can be
optimised in design. An additional objective pertaining to this aim is to show if and
when stainless steel bridges are a better option than carbon steel bridges.
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1.4 Method

During the initial phase of the master thesis a literature study was carried out. In this
study the current knowledge about stainless steel and bridges made from stainless
steel was researched in all available literature. Also, some specialists and companies
were consulted about their knowledge about stainless steel. Finally, case studies of
existing structures have been conducted. The findings from this literature study can be
found in Chapter 2 - Literature Study.

For the second part of the thesis a parametric study was conducted. The study looks
into, among other things, on how different aspects affect dimensions, material
consumption and cost of the bridge. In short, the topic of the parametric study is to
research how much of an impact stainless steel has on a steel bridge.

The parametric study was conducted via hand calculations, FEM model and script as
well as Matlab calculations. The supporting documents, such as calculations, can be
found in their respective appendixes. Needless to say, the results of the parametric
study can be found in the result chapter.

Note that all hand calculations are in accordance with the most recent edition of
Eurocode.

1.5 Scope and limitation

The focus of this thesis lies on the use of stainless steel in load bearing bridge
constructions. Note that with regard to stainless steel, the focus will be on duplex
stainless steel and austenitic stainless steel, albeit to a lesser extent.

Also, another limitation is that this thesis mainly focuses on road bridges. In other
words, railway and pedestrian bridges are basically omitted. However, to some extent
the results presented in this thesis may be applicable to other bridge types as well. For
instance, stainless steel has a higher proof strength than conventional carbon steel,
regardless of whether it is a railway bridge or a road bridge.

Effort has been put into selecting the most important and relevant parts for the final
thesis. However, not everything can be included in this thesis, which already of a
considerable size. Consequently, the most important aspects have been selected. The
selection is based upon relevance, impact, importance and whether they can be
hazardous for the structural integrity.

Below follows a list of what is not considered in this thesis:

e Aesthetic aspects; focus lies instead purely on the structural load
bearing capacity.

e Laboratory and experimental work has not been performed due to
shortage of resources and time. Instead there has been an emphasis on
numerical analysis.

e Life cycle analysis (LCA) has not been conducted, see previous
motivation.M
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2 Literature Study

If stainless steel is to become a viable alternative for structural engineering, it is
necessary to have an understanding of the material itself and its behaviour. Thus, a
literature study has been conducted and this chapter aims to present important aspects
of stainless steel pertaining to bridge construction in a condensed form. This is to
create a solid foundation of the current knowledge about stainless steel as a
construction material.

2.1 About stainless steel

The first aspects of stainless steel to recognise are that it is an alloy and it is not a new
material per se. There are many examples of corrosion resistant alloys throughout
history. A classic historical example of corrosion resistant alloys is the ancient Iron
Pillar of Delhi, which obtains its resistivity through a phosphor-iron alloy
(Balasubramaniam, 2000).

However, the modern type of stainless steel is defined by a chromium-iron alloy
(Finnas, 2012). An example of this modern stainless steel put to use is the cladding on
top of the Chrysler Building in New York, United States of America. As Finnds points
out;

"Built in 1930 it is still as new after more than 80 years [of
service]". — Finnas, 2012

Though, despite the fact that stainless steel has been available for many decades, it is
only in recent years that stainless steel has once again emerged into consideration in
the field of structural engineering. The earliest bridge with major load carrying
components in stainless steel is the Waldeck-Rousseau Bridge. This bridge was
erected in France in 1998 (ArcelorMittal, 2009). This bridge, was erected a little more
than 15 years ago, which is not a very long time span when considering bridges. The
fact that this bridge was the first stainless steel road bridge and that it was built so
recently justifies the fact that stainless steel in structural engineering is a rather new
material.

As will be clear in this report, stainless steel has many desirable aspects in comparison
with structural carbon steel. However, since stainless steel has seen very limited use
as a construction material, the full potential of stainless steel still remains largely
unexplored. To elaborate, compared to other more established materials, such as
concrete and carbon steel, the construction sector is somewhat unfamiliar with
stainless steel and how to best use fit.

In addition, practical guidance in codes and guidelines for the proper use of stainless
steel is limited and dispersed.
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2.1.1 Basic mechanical properties

This chapter presents some of the most basic mechanical properties of stainless steel.
In general, the metallic properties of stainless steel, ranging from density to electrical
properties, are quite well known and documented. As a clarification, this thesis does
not go in depth about the material properties of stainless steel within the field of
metallurgy, but rather how well suited stainless steel is for construction purposes. As
such, a thorough analysis of the material properties of stainless steel is not of
particular interest for this thesis.

For further information about metallurgical properties of stainless steel, the following
sources can be of help:

e Machinery’s Handbook, 2009, by Horton et al
e EN Standard 10088, part 1-5

e Rostfria St&l Handbok 4 utgéva 6 (Handbook of Stainless Steel 6, 4"
edition), 2000, Swedish Material and Mechanical Standard.

If to briefly discuss the mechanical properties of stainless steel, it can be said that
stainless steel is generally stronger than ordinary carbon steel, see table 2.1. For
instance, duplex stainless steel is usually compared with the carbon steel class of S460
as a reference grade. Note that the most common carbon steel grade is S355 and that
S460 is considered to be high strength steel.

Table 2.1: This table displays proof strength, ultimate strength and elongation for some
of the more common stainless steels used in construction. Note that the duplex
stainless steel is generally stronger than S355 carbon steel and is in fact on
par with S460 carbon steel. All values are obtained fromthe EN 1993-1-4:
Supplementary rules for stainless steel standard and the EN 10088-4 standard.
(Finnas, 2012).

Proof . Elongation
Strength Ultimate atultimate
Type EN Steel Grade g Strength u
[MPa] [MPa] strength
[%]
1.4301 210 600 40
Austenitic
1.4401 220 520 45
1.4162 450 650 30
1.4362 400 630 25
Duplex 1.4662 480 680 25
1.4462 460 640 25
1.4410 530 730 20
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Regarding the strength of stainless steels it should be emphasised that both austenitic
and duplex stainless steel do not have a pronounced yield limit (Abidelah et al., 2008).
The implication of this is that it is not possible to easily measure yield strength of the
material. To explain in short, the yield strength is defined as the stress at which the
yield point is reached. Thus, without a yield point it is not possible to measure the
yield strength in the same fashion as for carbon steel.

However, since it is somewhat difficult to measure yield strength when there is no
pronounced yield limit, a proof strength is used instead. The proof strength can be
used since it is not dependent on a yield point; instead the proof strength considers the
remaining plastic strain after a given total strain. For an illustration of how the proof-
strength is defined see figure 2.1.

Stress [MPa]

0.2% Proof stress

e T —

I — >

0% 0.2% Strain [-]

Figure 2.1:  Illustration of how the proof strength is defined and measured. Note that the
proof strength can be measured for materials that have a yield point as well.

The amount of strain used for the proof strength can be chosen freely, although a
strain of 0.2% is the most common and established choice. As a matter of fact, in
Eurocode the 0.2% proof strength can be used instead of the yield strength in most
calculations, when no yield strength can be measured.

Concerning the proof strengths of stainless steels the values themselves is by some
considered overly conservative (Fanica et al., 2008). When the proof strength was
examined it was shown that the plastic deformation actually was between 0.09% and
0.15% at most. As mentioned previously the proof strength, with the full name of
0.2% proof strength, should result in a plastic strain of 0.2%. The values are supposed
to be conservative, but the low amount of strain indicates that the values are overly
conservative according to some test data. In conclusion, the proof strength of stainless
steel can arguably be much higher than what it is today with current tolerances of
safety.

Further information about the nonlinear behaviour of stainless steel can be found in
Stainless Steel Plasticity - Material Modelling and Structural Applications which is
written by Anders Olsson.
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2.1.2 Microstructures

To understand stainless steel, it is imperative to comprehend the governing
microstructures. In this thesis there are three main microstructures that are of interest:
austenite, ferrite and austenite-ferrite. Note that austenite-ferrite is usually referred to
as duplex and this thesis uses this convention. Lastly, even though it is not one of the
three aforementioned structures, a fourth microstructure known as martensite is also
included, albeit briefly. Martensite is included since it is sometimes an unintended by-
product during manufacturing and welding of stainless steel and thus is a relevant
usually undesired by-product.

To exemplify how the microstructures affect the properties of stainless steel one needs
only to look at the stress-strain curves. Representative stress-strain curves can be
found in figure 2.2. Note however that they can vary widely depending on what alloys
are used and how the specific steel has been manufactured and treated. Consequently,
the accuracy of these characteristic stress-strain curves is not overwhelming.
However, they will suffice as a representation of how the different microstructures
behave under typical circumstances.

As can be seen in figure 2.2, martensite has the highest ultimate strength. However,
the ductility of martensite is far too low for constructional purposes. Therefore, it is
mostly used for details and specific applications were ductility is not a concern.

Stress [MPa]
A Martensite
Duplex
Austenite
Ferrita \
0 Strain [-]

Figure 2.2:  Typical work curves for the steel microstructures considered. Note that
martensite is very hard and brittle. Conversely, austenitic steel grade have the

highest ductility (SMS, 2000).

Whilst on the topic of ductility, in figure 2.2 it is also possible to see that austenite
generally have a high amount of ductility, which is also exemplified in table 2.2. This
ductility is one of the two major advantages of austenite, the other being relatively
high corrosion resistance even when compared to other stainless steel microstructures.
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There are two noteworthy observations pertaining to duplex stainless steel. First,
duplex stainless steel does not have a pronounced yield limit (Abidelah et al., 2008).
Moreover, besides lacking a well-defined yield limit, there is also no well-defined
plastic plateau that follows the yield point. Secondly, duplex stainless steel does not
have a constant Young’s modulus of elasticity. This is also an important aspect that
affects much of the material response in structures. Great consideration should be
shown for these two aspects, since stainless steel does not have the same structural
response as that of carbon steel.

Table 2.2: This table shows typical proof strengths and maximum elongation. Note that
the values are only representative values. All values are obtained fromthe EN
10088-4 standard, in particular, fromtable 7 and 9 in the standard.

Grade Proof strength [MPA] Elongation [%]

Ferritic steel 220-320 18-25

Austeniticsteel 200-420 30-45

Duplex steel 400-650 20-30
Austenite

Of all the microstructures presented in this chapter, austenitic steel have the highest
corrosion resistance (Vélon, 1996). However, when considering the mechanical
properties, such as proof strength and ultimate strength, austenitic steel generally
performs less than other microstructures (Finnds & Olsson, 2002). Notwithstanding,
there is one aspect where austenitic steel excels, which is the ductility. This can be
seen in figure 2.2, even though the figure shows only a typical stress-strain
relationship. An example of an austenitic microstructure can be seen below in figure
2.3.

Figure 2.3:  Austenitic microstructure froma polished and etched sample, enlarged under
a light microscope (IMOA, 2009). To obtain this microstructure alloying is
required. In particular nitrogen and nickel is used to form austenite.

However, as previously mentioned, austenitic steels have higher ductility than the
other microstructures considered in this thesis. This in turn infers that austenitic steels
can withstand considerably more deformations than would be feasible for other steels.
Consequently, austenitic steel enables the ability to form complicated cross sections
with small bend radi.
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Also worth noting about austenite is that it is not a naturally stable structure at room
temperature (Johansson & Liljas, 2002). This means that the austenite is prone to
transform into other microstructures, especially martensite, during manufacturing. At
a glance, the higher mechanical strength of martensite might appear to be beneficial.
However, as explained in the beginning of this subchapter, martensite entails a far too
low ductility to be a viable option for construction. Thus, to avoid martensite and
obtain austenite or ferrite measures must be taken. This usually is in the form of
alloys; however there are other alternatives in production that can help promote an
austenitic structure. But that goes beyond the scope of this paper.

Nevertheless, austenite has the benefit of being insensitive to brittle fracture when
treated with solution annealing (CEN, 2009). Moreover, austenite has the benefit of
not having a distinct transition temperature. This is despite the fact that distinct
transition temperature is characteristic for most other steel.

As a final remark, the austenitic grade is considered non-magnetic by default (Horton
et al., 2008). However, the austenite is cold worked which means some amount of
magnetic properties can be obtained, although small. Usually, this is of no concern for
most applications. Still, it is an aspect that should be considered in applications where
austenitic steel is involved.

Ferrite

Compared to austenite, ferrite entails a much lower corrosion resistance than that of
austenite (Vélon, 1996). This is especially the case in more acidic environments,
where ferrite is significantly weaker than austenite. However, ferrite in general has
better mechanical properties. An example of a ferritic structure can be found in figure
2.4,

Figure 2.4:  Ferritic microstructure froma polished and etched sample, enlarged under a
light microscope (IMOA, 2009). This is a stable structure without
contamination of other phases.

Unlike austenite, ferrite is a stable microstructure at room temperature (Evertsson,
1993). Furthermore, due to the fact that iron has a ferritic microstructure at room
temperature the ferritic structure is n turn often referred to as “pure iron”.

Similarly to pure iron, ferritic stainless steel grades have a more pronounced Yield
limit. Moreover, the mechanical properties of ferrite are higher than that of austenite,
though not as high as duplex or martensitic steels.
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As for the chemical composition of ferritic stainless steel, it contains between 11-27%
chromium by weight to achieve the stainless status (Evertsson, 1993). Note however
that the percentages are only the approximate numbers since the passivation of the
steel in question is dependent on several factors.

Ferrite, much like austenite, cannot be worked with heat treatment, as this degrades
the crystalline structure (Horton et al., 2008). Also, ferrite has magnetic properties by
default. Much like earlier, the magnetic properties are usually not of great concern in
most applications, but should be noted.

To conclude, ferritic stainless steels are iron-chromium alloys. However, they can also
contain other alloying elements. For instance, titanium and niobium can be
implemented to act as stabilisers during welding (Brown et al, 2012). Though, the
most important properties of ferrite are that it contributes with exceptional mechanical
properties, such as significantly improved ductility.

Duplex (Austenite-Ferrite)

As the title of this section suggests, duplex is a combination between two metallic
phases or microstructures. Of course, it is possible to have many other metallic
phases. Still, when speaking of duplex steels it exclusively refers to the austenite-
ferrite combination. For the sake of convenience, this thesis sticks to the convention
of duplex.

As explained in subchapter 2.5 - Analysis of existing structures, duplex is the most
relevant microstructure for future construction with stainless steel. Though in short,
the most beneficial property of duplex stainless steels are that they have a superior
strength compared to both austenitic and ferritic steels. Also worth mentioning is that
the most common duplex grade is EN 1.4462, also referred to as UR45MNo
(Johansson & Liljas, 2002).

Note however, that there are alternatives to EN 1.4462 that should be mentioned since
1.4462 is an expensive highly alloyed stainless steel. The cheaper alternatives are in
the category of lean-duplex steels.

The high strength of duplex steel rivals that of martensitic grades and also, duplex
steel have a better ductility and toughness compared to that of martensite. Though,
unlike martensitic steel which gains its strength directly from the small grains in the
microstructure, duplex obtain its properties from the fact that there are two phases
present (IMOA, 2009). In addition, the large content of nitrogen in duplex steel also
has a positive impact on the strength properties.

Much like austenite, or because of the austenite, duplex steel has no clear yield point
and plastic plateau (Sobrino, 2006). Instead it is common practise to utilise 0.2%
elongation strength as proof strength. Note that it is difficult to measure where plastic
strains start and where elastic strain ends.

Lastly, duplex stainless steel does not polish as easily as austenitic grades, which
makes them more expensive if a certain finish is desired. (Brown etal., 2012)

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:118 11



Martensite

In general, martensite is very stiff and quite strong compared to ferrite and austenite.
However, it is also brittle in comparison, making it perform rather poorly when it
comes to ductility and fatigue. These are the major reasons for why martensite is
unsuitable for construction purposes.

Martensitic crystalline structures are formed by tempering the steel followed by
letting it cool quickly, or by deliberately quenching the steel. Generally, martensite is
not a desired crystalline structure for constructions. However, when welding steel
martensite might form as a by-product of the rapid heating and sometimes rapid
cooling (IMOA, 2009).

2.1.3 Corrosion resistance

First and foremost, stainless steel has an outstanding natural corrosion resistance in
comparison with carbon steel (Fanica et al, 2008). Available test data supports the
claim that properly designed and executed structures in stainless steel will at most
suffer only miniscule and negligible corrosion damage. Thus, stainless steel truly
earns its name when used in the right way. However, a word of caution is that even
stainless steel can corrode if implemented incorrectly. If the stainless steel starts to
corrode the structural integrity is atrisk just as it would be for carbon steel.

In fact, if stainless steels begin to corrode for some given reason, the whole point of
utilising stainless steel then becomes superfluous. Thus, this subchapter is dedicated
to further investigation on corrosion and how it relates to stainless steel. Also included
in this thesis are different corrosion modes and how they originate, more on this in
subchapter 2.1.4 - Corrosion modes.

First and foremost, corrosion is one of the major problems when it comes to carbon
steel structures. Still, contrary to what the name stainless steel implies, it is not
stainless in the true sense of the word. To elaborate, even stainless steel corrodes,
although at a much slower rate than conventional carbon steel does. The intention of
stainless steel is that the corrosion rate is so miniscule that it is negligible for all
intents and purposes that the steel might just as well be truly stainless.

Before delving into the matter of different and specific corrosion modes applicable to
stainless steel, it is best to understand how stainless steel works in general with regard
to corrosion. Also included before corrosion modes are how stainless steel is selected
and what the pitting resistance equivalent number (PREN) is.

The first question to answer is; how does stainless steel obtain a natural resistance
towards corrosion?

To put it simply, stainless steel gains a natural resistance towards corrosion by
forming a thin layer, only 2.5nm thick, of chromium oxide (Finnds & Olsson, 2002).
An llustration of this passive film can be seen in figure 2.5. This thin layer of
chromium oxide halts further corrosion from taking place by preventing oxygen to
reach the steel. Regarding terminology, this type of corrosion protection is referred to
as passivation. In addition, if the thin film of chromium oxide were to be scratched or
damages, it would almost instantly reform and regaining its protective abilities.
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Figure 2.5:  An illustration of howthe chromium oxide forms a thin filmthat passivate the
stainless steel. Note that the chromium oxide reforms after the original film
has been damaged, possibly by a scratch. The reforming of the filmis referred
to as the self-healing properties of stainless steel.

On the subject of alloying steel with chromium, note that stainless steel is always
alloyed with more elements. For instance, nickel is used to stabilize the austenitic or
duplex microstructure. More on the alloying elements can be found in chapter 2.1.5 -
Alloying elements.

Moving on to the next topic of corrosion, which is environmental classification and
how to accordingly select the right type of stainless steel.

Unfortunately, the alloying elements in stainless steel are expensive, especially
nickel'. Thus, the alloying elements present in stainless steel are one of the major
reasons for why the steel is more expensive by weight than carbon steel.
Consequently, in the interest of keeping the cost of the raw material down it is
desirable to select a stainless steel without an excessive amount of alloying elements
for the given circumstances.

With regard to this, the stainless steel type is selected as to correspond to the
environmental class. In other words, the environmental class determines how
corrosion resistant the steel has to be. When the corrosion resistance is determined,
the type of stainless steel is also determined. Or to be more precise, the family of
stainless steel is decided. From that point onward it is other factors that determine the
selection of a specific stainless steel.

Moving on to discuss a bit about the classes themselves, a summary of the classes can
be found in table 2.3. A highlight of the table and the classes therein, is that normal
indoor climate is omitted in the C-classes. The reason is partially explained in EN
1993-1-4 Annex A.1, which reads as following:

“Although stainless steel can be subjected to discolouration and
staining (often due to carbon steel contamination), they are
extremely durable in buildings.” — EN 1993-1-4. A.1-(9)

What is also implied is that stainless steel is extremely durable in building and indoor
climate. Of course, this statement does not cover unusual or industrial application of
stainless steel.

1 Anders Finnds (Segment Business Manager on Stainless Steel, Outokumpu) interviewed by the
authors, 2014-02-11
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Table 2.3: Guidelines for duplex stainless steel selection. Also, gives example of what the
different C-classes correspond to (Baddoo & Kosmac, 2011).

1S0 9223 Typical outdoor environment Suitable duplex grade
Atmospheric
Corrosion Class

c1 Deserts and arctic areas (rural) 1.4162
Cc2 Arid and low pollution (rural). 14162, 1.4362
Cc3 Coastal areas with low deposits of salt. Urban or | 1.4162, 1.4362, (1.4462)

industrialised areas with moderate pollution.

Cc4 Polluted urban and industrialised atmosphere. 1.4462, (1.4362), other
Coastal areas with moderate deposits. Road higher alloyed duplexes.
environments with de-icing agents.

Cc5 Severely polluted industrial atmospheres with 1.4462, other higher
high humidity. Marine atmospheres with high alloyed duplexes.
degree of salt deposits and splashes.

Grades suitable for a higher class may be used for lower classes but might not be cost-effective.
Grades within brackets denote use/need in special cases.

As previously mentioned, in contrast to traditional carbon steel, which is selected by
its mechanical properties, stainless steel is selected by its corrosion resistance.
Moreover, it is the alloying elements that constitute the increased material cost of
stainless steel. Note that it is the alloying elements that give stainless steel its
corrosion resistance. Thus, the more resistant the steel has to be the more alloys are
required and the cost increases with the alloys. Consequently, to keep the price down,
stainless steel is selected by its desired corrosion resistance and preferably not much
more as not to have overcapacity with regard to corrosion resistance.

Of course, stainless steel has been tested in both laboratories and with field testing.
There is also a noteworthy example of a full scale test of duplex stainless steel
bridges. This test, conducted by Fanica et al. and commissioned by the European
Commission of Research, is one of the few where duplex stainless steel in a bridge
construction was tested in full scale. Among many results from this research, they
concluded that stainless steel is indeed as corrosion resistant as advertised. As a
matter of fact, the test data yielded that the stainless steel is likely more corrosion
resistant than expected.

To elaborate further, the result tells that duplex stainless steel, grade EN 1.4462 in the
test, withstand all the C-classes without succumbing to anything more than superficial
corrosion (Fanica et al., 2008). Though the superficial corrosion is questionable
whether it is from the stainless steel or some other contaminant on the steel surface.

As a comparison, in the C5 category carbon steel is expected to corrode within the
interval of 80 to 200um/year (Fanica et al., 2008). Whilst duplex stainless steel, grade
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EN 1.4462 tested in synthetic sea water, corrodes at a rate less than O0.5pum/year.
Needless to say, stainless steel corrodes at a considerably lower rate than carbon steel.
To conclude, the corrosion rate of stainless steel can be kept negligible when the
correct steel grade is chosen. In addition this implies that there will be no notable
reduction of the cross section caused by corrosion.

In light of the aforementioned statements it is possible to draw a conclusion that
stainless steel has more capacity in the aspect of corrosion than what is currently
utilised. Furthermore, this may allow for lesser steel grades with lower corrosion
resistance to be used, effectively rendering the stainless steel less expensive to use.
However, the corrosion rate is not a one dimensional problem, and using less
corrosive resistant steel grades might cause unexpected problems.

As a closing statement for this subchapter, there is no true stainless steel. The best that
can be done is to slow down the corrosion progress. There are too many ways of
preventing corrosion damage to list or discuss comprehensively within this thesis.
However, the intent of stainless steel is always to slow the corrosion progress until the
rate is sufficiently low that it can be considered negligible for the given application
and environment.

Pitting Corrosion Equivalence number

It is generally acknowledged that stainless steel is not particularly sensitive towards
general corrosion. However, when the environment of application becomes too severe
some localised corrosion phenomena, like pitting- and crevice corrosion, usually
occurs (Comer, 2003). Furthermore, at marine environments where chlorides are in
abundance, it is usually crevice corrosion that occurs as the first mode of corrosion,
more on this can be found in subchapter 2.1.4 - Corrosion modes.

However, pitting corrosion bears a special significance for stainless steel compared to
other types of corrosion modes. For this reason the corrosion resistance of different
steel grades are usually compared by means of the pitting corrosion resistance. This
makes it possible to compare the corrosion resistance of different stainless steel types.
Note however, that the comparison of pitting corrosion resistance is mostly relevant
when comparing stainless steel of similar alloy composition.

As previously mentioned, different stainless steel types offer different amounts of
corrosion resistance. For instance, there are some grades that handle crevice- and
pitting corrosion better than others. Note however, that the specific resistance towards
corrosion is determined by many interrelated factors. Consequently, corrosion
resistance can only be reliably determined on a case-by-case basis.

With that in mind and to simplify, it is possible to say that corrosion resistance is
largely determined by the alloy composition of the steel in question, which in turn
affects the price. Of course, the microstructure also affects the corrosion resistance in
combination with the alloy composition since the microstructure determines what
amount of alloys that can be used and the effect of said alloys.
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Consequently, in the interest of not overcompensating the corrosion resistance of a
stainless steel a tool by the abbreviation PREN is often put to use (Eurolnox &
Stalbyggnadsinstitutet, 2006). The abbreviation PREN stands for Pitting Resistance
Equivalence Number. The number is calculated according to equation (2.1) and
equation (2.2), see (Comer, 2003). Note that the equation differs somewhat depending
on whether it is an austenitic or a duplex stainless steel.

PRENgp1ex = (%Cr) +3.3 % (%Mo) + 16 = (%N) (2.1)

PREN = (%Cr) + 3.3 * (%Mo) + 30 * (%N) (2.2)

austenitic

Where

%Cr = Percentage chromium content by weight
%Mo is the molybdenum content
%N is the nitrogen content

However, for duplex grades containing both nitrogen and tungsten there is a modified
version for the pitting resistance equivalence number, see equation (2.3).

PREN gupiex = (%Cr) +3.3 * (%Mo + 0.5 * %W) + 16 * (%N) (2.3)

Where
%W = Percentage tungsten content by weight

In short, this number is a scalar to give an approximation of how a given stainless
steel performs against pitting corrosion based on the alloy composition of said steel.
Note however, that PREN only gives an approximation. The true pitting corrosion
resistance needs to be measured by more sophisticated means. For instance, it can be
done in accordance with the ASTM-G-150 standard.

In table 2.4, for the sake of comparison some common stainless steels and
corresponding PREN are listed. In general, when the number reaches about 40 it
indicates that there is no more than a minimal risk of pitting corrosion (Comer, 2003).
However, this varies somewhat and in some instances literature advocates that a
PREN of 30 or more is satisfactory.

Note that duplex grades generally tend to have a better pitting corrosion resistance
than that of austenitic grades. Though, in the end it is largely dependent upon the
specific steel in question and also in what environment the steel is implemented in.
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Table 2.4: This table exemplifies some values of the PREN for the more common
stainless steel grades. Note that the pitting resistance equivalence number
(PREN) increases with duplex and the more alloyed the steel is (ESAB, 2012).

Type EN Steel Grade PREN
1.4307 18
Austenitic
1.4401 24
1.4482 23
1.4162 26
Lean Duplex 1.4062 26
1.4362 26
1.4655 26
1.4362 26
Duplex
1.4462 35
1.4507 39
Super Duplex 1.4410 42
1.4501 42

As an additional note pertaining to the PREN, it is claimed that there is a good
correlation between the PREN and fatigue limit of stainless steel in seawater (Comer,
2003). However, a more in-depth analysis of this correlation is not included in this
thesis.

On the other hand, care must be taken as not to overly rely on the PREN. As stated
earlier, the PREN is fairly accurate in predicting corrosion resistance of a given
stainless steel. However, the number in question omits several aspects that play a vital
role in the corrosion resistance of a given stainless steel. For instance, the PREN
assumes perfectly treated material and without any alloy discrepancies. Or for that
matter, how alloys interact with other alloying elements. In the end, the PREN is a
good estimate of corrosion resistance, though only an estimate and should not be
taken for true corrosion resistance in any circumstance.

As a final remark about the measuring of corrosion resistance, despite focusing on the
PREN, there are many other options available for determining corrosion resistance.
For instance, it is possible to look into the resistance of stress corrosion cracking
(SCC) or crevice corrosion resistance (CCR) (IMOA, 2009). There is also a
chromium equivalence number and a nickel equivalence number. However, they are
not as important or widely used when estimating the corrosion resistance of stainless
steel.
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2.1.4 Corrosion modes

Even though corrosion might appear to be just corrosion, there are actually many
different Kinds of corrosion modes. In addition, these corrosion modes have different
appearances and they also operate differently from each other. Consequently, it is
important to understand how the different corrosion modes operate and what causes
them to appropriately thwart corrosion from taking place.

For this thesis, corrosion has been divided into the following categories:

e General corrosion

e Intergranular corrosion
e Pitting corrosion

e Crevice corrosion

e Stress corrosion cracking
e Bimetallic corrosion

e Corrosion with heat

General corrosion

General corrosion, in a word, occurs over the whole metal surface. This type of
corrosion affects the metal surface uniformly. As far as stainless steel is concerned, in
outdoor and indoor environments, this is not an issue for stainless steel (Finnas,
2012). Of course, this statement is only valid for normal environments. For instance,
certain industrial applications involving intense heat and very acidic environments
give cause for corrosion even for stainless steel. Lastly, the statement is only valid if
the stainless steel is correctly implemented. If incorrectly implemented, even stainless
steel can corrode.

General corrosion is a minor issue when considering stainless steel. Usually, to avoid
the problem of general corrosion altogether when alloys are utilised. The most
important alloy in respect to general corrosion is chromium (Comer, 2003). The
reason is that chromium forms the passive layer that prevents general corrosion from
taking place. An illustration of this passive layer can be found in figure 2.5.

On the other hand, it is still possible for stainless steel to succumb to general
corrosion. If this happens, there are two likely explanations. The first one being that
the steel might contain too little alloying as to properly form a passive layer or that the
passive layer is simply insufficient in strength. The other reason, being similar to the
first, is that the environment is too exireme or contains unforeseen difficulties. For
instance, iIf the environment contains too strong acids or entailing a considerably
higher temperature than specified during the selection of stainless steel type.

However, general corrosion is in almost all cases not an issue for stainless steel in
bridges and buildings. Industrial usage of stainless steel is another matter that brings
other challenges and conditions, but those considerations are not included in this
thesis.
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Intergranular corrosion

Intergranular corrosion is a particular mode of corrosion that appears between the
grain boundaries on a microscopic level. It is a mode of corrosion that is relevant for
all stainless steel (Comer, 2003). As a matter of fact, it is one of the corrosion modes
that stainless steel is somewhat more susceptible to compared to other corrosion
modes, especially with welded stainless steel members.

Intergranular corrosion occurs after alloyed steel has been heated and the grain
boundaries are depleted of chromium. For the sake of comparison, austenitic steel has
to be heated, and then kept, within the temperature interval of 450 to 850°C (Eurolnox
& Stalbyggnadsinstitutet, 2006). There is no critical time for chromium depletion to
occur, though it ranges from a few minutes to about half an hour. The reason why
there is no critical time is due to the fact that there are several factors that affect the
phenomena of chromium depletion. An example of a possible cause for chromium
depletion is when welding stainless steel and then letting the metal slowly cool
through the critical temperature interval.

=

Figure 2.6:  Example of intergranular corrosion. Note that the corrosion forms on the
grain boundaries. Of course, the corrosion product reduces the strength of the
steel. Thisin turn increases the risk of cracking due to tensile stresses (Groth

& Johansson, 1991).

When the steel has reached a given temperature, carbon diffuses to the grain
boundaries. At these boundaries chromium carbides form due to the high affinity of
chromium to form compounds with carbon. A micrograph showing the formation of
chromium carbides can be found in figure 2.7. The carbides themselves are not
problematic. However, these carbides tend to deplete the chromium content at the
grain boundaries which leaves no chromium left to form a passive film of chromium
oxide. Needless to say, without the passive film there is nothing preventing corrosion
from taking place, especially at the grain boundaries. It is from this intergranular
corrosion originates. An example of how intergranular corrosion can cause cracking
can be found in figure 2.6.
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Figure 2.7: A micrograph showing the formation of carbides. Note that these carbides

indicate that there is a depletion of chromium on the grain borders. This in
turn implies an increased risk of intergranular corrosion.

The problem of intergranular corrosion was particularly relevant for the earlier
stainless steels due to the fact that these types of steels contained a lot more carbon
than the modern stainless steel does. To elaborate, modern stainless steel usually
contains less than 0.03% carbon content by weight. This effectively reduces the
formation of carbon carbides due to the fact that there is insufficient carbon to form
carbides with.

However, modern stainless steel is effectively saturated with nitrogen. Chromium also
has an affinity with nitrogen. Nitrogen can similarly to carbon form compounds with
chromium, which are then called chromium nitrides (Muthupandi et al., 2003). The
formation of chromium nitrides can also cause chromium depletion. A more elaborate
analysis of the formation process and also preventative measurements can be found in
subchapter 2.2 - Welding of stainless steel.

Lastly, duplex stainless steel has a particularly good resistance towards intergranular
corrosion. This is due to the combination of microstructure together with low carbon
content (Outokumpu, 2013). However, even duplex stainless steel is not immune
towards intergranular corrosion.

Pitting corrosion

Pitting corrosion is in some ways the opposite of general corrosion. For instance,
pitting affects a very local region on the steel surface instead of being spread across
the whole of the surface, see figure 2.8 (SMS, 2000). In addition, it is harder to
determine the actual corrosion rate of pitting corrosion. Consequently, it makes it
more difficult to determine life expectancy of a given construction member in the case
of active pitting corrosion.
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Figure 2.8:  Example of pitting corrosion on a stainless steel sample. Note that the pitting
corrosion is a localized corrosion phenomenon, whereas the intermittent

surfaces remain largely intact. The sample metal is of the type Zeron 100. The
sample is synthetically corroded in a lab environment (Comer, 2003).

Though pitting and crevice corrosion bear many similarities, pitting corrosion is not
the same as crevice corrosion. It is especially the initiation processes that differ
between pitting- and crevice corrosion. Though, a relatively easy way to tell them
apart is that pitting corrosion does not require a tight gap which crevice corrosion
does. As mentioned earlier, pitting corrosion can occur on a flat and open surface.

The classic method of illustrating pitting corrosion is by a droplet of water on a flat
steel surface, see figure 2.9. To put it simply, there is a scarcity of oxygen supply in
the middle of the droplet whilst at the borders of the droplet the oxygen supply is
much larger due to oxygen diffusion through the water. This difference gives cause to
a galvanic cell and renders the central part anodic (Comer, 2003). From this point on,
pitting corrosion can occur.

Water droplet Corrosion Product

Z
“ x .

—

Low oxygen content f

Pit formation

High oxygen content

Figure 2.9:  Anillustration of how pitting corrosion is initiated, in this case, via a drop of
water. Note that pitting corrosion is a localized phenomenon that occurs in the
middle of the water droplet.

For steel bridges, which are only exposed to atmospheric conditions, the most
important types of corrosion to consider are pitting corrosion and crevice corrosion
(Finnds, 2012). The reason is that stainless steel, as mentioned earlier, have a more
than adequate resistance towards general corrosion. Consequently, general corrosion
is typically not of great concern.
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However, a higher concentration of more aggressive substances in combination with a
sufficiently high oxidising electrochemical potential can initiate pitting corrosion. An
example of a highly aggressive substance is chloride ions, which are prevalent in both
de-icing agents for roads and in marine environments.

Also worth mentioning is that the rate of pitting corrosion, as well as many other
corrosion phenomena, is influenced by temperature (Fanica et al, 2008). In normal
circumstances, an increase in temperature entails an increase in corrosion rate and
sometimes by quite much. For instance, an increase in temperature from 20 to 60°C
entailed an increase in pitting corrosion rate by a factor of 50.

To give a few words on the preventative measures against pitting corrosion. Firstly,
there is a possibility of increasing the chromium content, which leads to a stronger
passive layer of chromium oxide. As the strength of the chromium oxide layer
increases so does the corrosion resistance. In other words, due to the fact that pitting
corrosion is caused by a localised concentration of more aggressive reactants, like
chloride ions, the passive film prevents pitting corrosion to some extent.

In addition to chromium, there is also the possibility of alloying with molybdenum.
This alloy is considerably more effective towards pitting corrosion than chromium
(IMOA, 2009).

By the same token, nitrogen is also a more effective alloy than chromium in
increasing the pitting corrosion resistance. An added benefit for nitrogen compared to
molybdenum and chromium is that it can be extracted from the air and thus is much
more inexpensive. Consequently, the nitrogen content of modern stainless steels is
kept high, in some cases the content is close to saturation. Note however, that there
are additional benefits to alloying with nitrogen besides increasing the pitting
corrosion resistance. More on nitrogen and other alloys can be read in subchapter
2.1.5 - Alloying elements.

There are numerous tests conducted on pitting corrosion. They are far too many to
list, though one in particular is worth highlighting, a test on pitting corrosion on
duplex stainless steel type EN 1.4462, though called UR45Mo in the test. This
specific grade was tested in synthetic sea-water by Fanica et al. The test data shows
that pitting corrosion on the tested steel could not be observed. Thus, it is shown that
duplex stainless steel exhibit an exceptionally good pitting resistance. Especially since
any other steel is expected to show little to severe pitting corrosion. Part of the test
data obtained by Fanica et al. can be seen in figure 2.10. For more information, the
reader is referred to the report by Fanica et al.
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Figure 2.10: Laboratory results showing Critical Pitting Temperature (CPT) in degrees of
Celsius according to the ASTM G48-03 method-E standard (Fanica et al.,
2008). Note that the authors of this thesis took the liberty of including an
approximate translation of the metal classes according to the EN10080
standard, see parentheses. Also note that the duplex grade UR45MNo shows
an exceptional pitting corrosion resistance.

Crevice corrosion

Crevice corrosion is in many ways related to pitting corrosion. For instance, they both
appear as localised forms of corrosion. Though, pitting and crevice corrosion are
caused by different processes. Lastly, in marine environments where duplex stainless
steels are used crevice corrosion is the most common corrosion mode (Finnas, 2012).

For crevice corrosion to appear, there are a few requirements that needs to be fulfilled.
First and foremost, some kind of crevice is required for this corrosion mode to be able
to intiate. Note that it is not the crevice itself that is harmful, but the fact that there is
a lower supply of oxygen and at the same time an increase in chloride ions (SMS,
2000). Of course, there are other particles beside chloride ions that can initiate crevice
corrosion. However, chloride ions from both de-icing agents on roads and from
saltwater are well acknowledged for being the most predominant cause of crevice
corrosion (Comer, 2003).

To shed some light on the electrochemical process that is crevice corrosion, the reader
is referred to figure 2.11. In a simplified manner, crevice corrosion is caused by a
concentration of chloride ions within a crevice (Comer, 2003). As these ions
accumulate, the protective passive film breaks down. In short, the crevice allows for
chloride ions and similarly aggressive substances to accumulate. Due to the high
concentration of aggressive substances the local environment within the crevice
becomes much more severe than the surrounding environment. Of course, this is only
a simplified explanation. For more information the reader is referred to Corrosion
Fatigue of Duplex Stainless Steel Weldments in Aggressive Environments by Anthony
Comer.
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Figure 2.11: An illustration of how crevice corrosion propagates. Note that crevice
corrosion does not require two metals, but rather two separate environments
and only one metal (Comer, 2003)

A quite important trait for crevice corrosion is the fact that it does not require two
metal surfaces. Instead, any crevice will do, as can be seen in figure 2.11. Some
examples of crevices can be under rust deposits, rubber, sand, under weld spatter,
flanged joints and so on (SMS, 2000). That is to say, there are a lot of unintentional
crevices that can cause crevice corrosion. Lastly, the tighter the gap, the more likely it
is that crevice corrosion will occur.

Stress corrosion cracking

Stress corrosion cracking is a terminology referring to cracks that are formed through
a combination of tensile stresses and corrosion. That is to say, tensile stresses and
corrosion have a synergic effect that helps create cracks. In other words, tensile
stresses or corrosion alone would not be sufficient to create a given crack, but when
the two phenomena work in tandem they have the ability to create cracks.

In general, it is only austenitic stainless steels that are susceptible to stress corrosion
cracking. Conversely, both duplex and ferritic grades exhibit a considerable resistance
towards this particular mode of corrosion (Baddoo & Kosmac, 2011).

For reason explained in chapter 2.1.2 - Microstructures, austenitic steel is only of
peripheral interest in this thesis. The most relevant material to analyse for bridges is
the duplex grades. Also note that stress corrosion cracking is a problem that is mostly,
or only, relevant for the austenitic stainless steels. Consequently, besides briefly
mentioning stress corrosion cracking, this paper will not further elaborate on this
particular corrosion mode.

Bimetallic corrosion

Bimetallic corrosion shares some similarities with crevice corrosion. However,
instead of it being one metal that is connected with two environments, bimetallic
corrosion requires two metals and only one environment. In short, when two metals
come into contact, the most active, or less noble, of the metals is consumed whilst the
more noble metal remains intact during the corrosion process, see figure 2.12 for
example. Also see anode-cathode reactions for further details.
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Figure 2.12: Example of bimetallic corrosion. Note that the stainless bolt remains bereft of
corrosionwhilst the padlock is severely corroded. The small amounts of rust
that can be found on the bolt are most likely superficial rust from surface
contaminants or rust deposit from the padlock.

Between carbon steel and stainless steel, it is the carbon steel that is the more active of
the two. In other words, carbon steel that is in contact with stainless steel corrodes at a
much higher rate than it would otherwise (SMS, 2000). An example of a practical
application where bimetallic corrosion needs to be considered, is in fasteners and
details. To elaborate, it is disadvantageous to use carbon steel details and bolts on an
otherwise stainless steel bridge, since the smaller carbon steel details would corrode at
a considerably higher rate than otherwise.

Note however, that bimetallic corrosion can also be utilised as a measure to
circumvent active corrosion damage on a structural steel member. For instance, it is
possible to protect a metal part from corrosion by connecting it to a more active metal.
Thus, the active metal would be sacrificed whilst the nobler would remain intact. This
method of active protection is applicable to stainless steel (Outokumpu, 2013).
However, it is usually considered under given circumstances. Though, a by far more
effective protection is to rely on the natural passivation of stainless steel, given that it
Is correctly implemented.

If to avoid bimetallic corrosion, especially since stainless steel is relatively noble in
this aspect, the method of isolation is usually put to practise. Example of this can be
found in figure 2.13.
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Figure 2.13: Example of rubber isolation to avoid unintentional bimetallic corrosion, the
rubber is arrowed. The role of thumb to avoid bimetallic corrosion is to break
electric contact between the two metals in question. Note that this extra step in
construction entails extra risk, cost and work. Moreover, it also slightly

complicates the detail itself.

Corrosion with heat

Needless to say, corrosion and the rate of corrosion are affected by many interrelated
factors. One worth mentioning is the impact of temperature, especially higher
temperatures.

For instance, test data shows that the electrochemical potential of stainless steel is
significantly reduced when the temperature is increased from 20 to 80°C (Comer,
2003). To clarify, when the electrochemical potential is decreased the resistance
towards pitting corrosion, as well as other types of corrosion, is also decreased. As a
matter of fact, it is commonplace to measure the pitting corrosion resistance through a
concept of critical temperature. An example of this can be seen in figure 2.10.

In figure 2.14 partial results is presented from a research conducted by Fanica et al. In
this figure it is possible to see that in a given solution, synthetic brine to be specific,
even a small temperature increase of 10°C can make the difference between no
corrosion occurring and initiated pitting corrosion.
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Figure 2.14: Laboratory results showing electrochemical potential for two duplex stainless
steels in accordance with the ASTM G48-03 method-F standard (Fanicaet al.,
2008). Note that the authors of this thesis took the liberty of including an
approximate translation of the metal classes to the EN 10088 standard, see
parentheses. Also note that the duplex grade UR45MNo has an exceptional
pitting resistance. In addition, the diagrams have been modified to increase
readability. Lastly, the importance of this figure is the decrease of
electrochemical potential with increased temperature.

However, the relationship between temperature increase and the increased likelihood
of corrosion or the rate of corrosion is very complex. Generally it has to be

determined on a case by case basis. The impact of temperature with regard to
corrosion goes outside the scope of this thesis.

2.1.5 Alloying elements

Alloyed steel, or simply alloys, play a vital role in both mechanical and the chemical
behaviour of stainless steel. To a large extent, stainless steel is defined by the
involved alloys and their composition. Consequently, this subchapter is dedicated to
give a rudimentary overview of the different alloys and their most important
properties.

Of course, this chapter will only mention the most important alloys for stainless steel
that are used in constructions. That is to say, alloys that are used in stainless steel
intended for industrial purposes are omitted. In addition, to further narrow down the
scope of alloys, residual elements that are not intended or accounted for is not
considered in this chapter.
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Lastly, some alloys are omitted even though they are used for stainless steel. These
are the following:

e Aluminium enhances corrosion resistance. However, only if added in
substantial amounts.

e Copper, which is used to promote austenitic microstructure and enhance
corrosion resistance. Is mainly used for industrial application.

e Carbon, which significantly increases mechanical properties. Though most
modern stainless steel use less than 0.030% carbon by weight to increase
weldability (Brown etal., 2012).

e Cobalt almost exclusively in martensitic steels to increase strength and
tampering abilities at high temperatures.

e Tungsten is sometimes used for improving pitting corrosion. Also, usually
exists as an impurity

e Vanadium forms carbides and nitrides at lower temperatures and is used for
steels that can be hardened.

Of course, there are more uncommon alloys that are not at all included, cerium for
instance. That is to say, there are more alloys and no real limit to the amount of
possible combinations. Below are some of the more important alloys and their
properties, which are discussed in a somewhat more elaborate manner.

Chromium

As stated in the beginning of this chapter, chromium is one of the most important and
frequently used alloys for stainless steel in construction. It is chromium that gives
stainless steel its passivation film of chromium oxide.

For stainless steel to be able to form a passivation film the steel must have a
chromium content of at least 10-11% by weight (Brown et al., 2012). Note that there
is no absolute lower limit of chromium content, as it depends on a lot of other factors.
Similarly, there is also no clearly defined upper limit for the chromium content.
However, for the sake of comparison the maximum chromium content is in the
vicinity of about chromium content 30% by weight.

Another important aspect of chromium is that it promotes the formation of a ferritic
microstructure (IMOA, 2009). Consequently, chromium might require to be balanced
with an alloy that promotes an austenitic structure, as not to overcompensate with
ferrite in the manufacturing of duplex stainless steel.

Molybdenum

As can be read in subchapter 2.1.4 - Corrosion modes, pitting corrosion is considered
to be one of the more likely corrosion modes for stainless steel. To counter pitting
corrosion it is possible to alloy with molybdenum. This alloy increases the resistance
towards pitting corrosion considerably. In addition, molybdenum also slows down the
corrosion rate when pitting corrosion is in an active state.

8 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:118



Moreover, molybdenum is particularly effective when the chromium content exceeds
18% by weight (IMOA, 2009). However, due to the accumulative detrimental effects
of molybdenum, such as promoting formation of unfavourable intermetallic phases,
there is usually a limitation of maximum allowed molybdenum content. For instance,
the content is limited to about 7% by weight for austenitic steels and 4% for duplex
grades.

Nickel

As can be read in subchapter 2.1.2 - Microstructures, the formation of austenitic
microstructures requires a stabilizing alloy. A particularly adept alloy for this purpose
is nickel.

Besides the aspect of promoting an austenitic microstructure nickel also have the
benefit of decreasing the corrosion rate in the active corrosion state. In addition, it
also reduces the sensitivity towards stress corrosion cracking (CEN, 2006).

However, nickel has some disadvantages to consider. One of the major disadvantages
of nickel is the cost. When considering the alloys typically required for stainless steel,
nickel is by far the most expensive by weight (Johansson & Liljas, 2002). As a matter
of fact, the price fluctuation of nickel causes problematic price fluctuations for
stainless steel as a whole. Consequently, it is often desired to keep the nickel content
as low as possible asto obtain a more stable market price for stainless steel.

A method of decreasing the nickel content is by substituting some of the alloy with
manganese and nitrogen (Johansson & Liljas, 2002). By lowering the nickel content,
the goal of also lowering the price fluctuations of stainless steel is also achieved.

However, the downside to reduced nickel content, among other things, is that the steel
obtains a reduced impact toughness and workability. (Johansson & Liljas, 2002)

Nitrogen

Much like nickel, nitrogen is a strong austenite former. However, nitrogen comes at a
much cheaper price than nickel. An additional benefit of nitrogen is that it
substantially increases strength properties of the stainless steel (IMOA, 2009).
Moreover, nitrogen has the added benefit of delaying the formation of detrimental
intermetallic phases. This simplifies, and to some extent enables, the manufacturing of
duplex grade steels.

The downside of nitrogen is that it reduces impact toughness as well as corrosion
resistance in the ferritic microstructures (Outokumpu, 2013).

Titanium

Titanium is used for stabilising austenitic structure during welding (Brown et al,
2012). Titanium entails a much greater affinity for carbon than chromium. As such,
carbides and nitrides are much more readily formed with titanium rather than
chromium. Thus, with titanium it is possible to circumventing the problem of
chromium depletion in welds. More on chromium depletion can be read in subchapter
2.2.3 - Chromium depletion.
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Titanium, unfortunately, lends a certain hue to the material finish. In addition, the
titanium gives certain aesthetical discrepancies when polished. As such it is not
generally used for decorative purposes or when aesthetics are of concern. Thus, the
titanium alloys are in this case replaced in favour of low-carbon stainless steel. This is
almost as weldable, though with much greater results when it comes to polishing.
(Brown etal., 2012).
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2.2 Welding of stainless steel

To begin, most of the common welding techniques available for carbon steel can also
be successfully applied for welding of stainless steel (Eurolnox &
Stalbyggnadsinstitutet, 2006). An exception to this rule is laser beam welding (LBW)
which as of now have proved inappropriate for use on stainless steel. However, even
if the welding technique is possible to use there remain certain considerations specific
to welding of stainless steels. This chapter will highlight both the benefits and
problems that should be considered when welding stainless steel.

It should be noted that welds are an important and yet vulnerable part of the structure,
for this reason certain aspects pertaining to welds are also covered in chapter 2.1.3 -
Corrosion resistance and in chapter 2.3 - Fatigue of stainless steel.

A benefit pertaining to the welding of stainless steel is that for most weld techniques
no preheating of the parent metal is required (Fanica et al., 2008). Note that laser
beam welding once again is an exception to this rule since it requires excessive
amount of preheating, further on laser beam welding can be found in subchapter 2.2.5
- Limitations. Nonetheless, it is very beneficial not to need preheating of the structure
since preheating requires additional time, work and equipment. Also, substantial
amounts of energy can be saved during assembly due to the fact that no preheating is
needed.

One of the main reasons why preheating is not required for both duplex and austenitic
stainless steel is that hydrogen is highly soluble in the austenitic phase. This stands in
contrast to ferritic steels and carbon steels where the presence of hydrogen may lead
to cracking in the weld. In order to prevent said cracking in carbon steel preheating is
used for these steels.

The preheating is used to dissipate the hydrogen present in the parent material and
thus decrease the risk of hydrogen induced cracking. Since both duplex and austenitic
stainless steel is not susceptible to this kind of cracking the need of preheating is
significantly reduced.

However, note that preheating is also used to achieve other desirable properties for the
welding. An example is that the cooling speed is slower when preheating is used. In
the case of laser welding this is a very important property since slower cooling speed
helps to reduce the residual stresses in the weld. Additionally, preheating can also be
utilized in order to improve mechanical properties of the weld. Examples of such
mechanical properties are ductility and notch toughness.

Furthermore, regarding multi-pass welding, there have been no problems that are
specific to the use of stainless steel (Liljas & Ericsson, 2002). Although to preserve
the correct microstructure the inter-pass temperature should be kept below 150°C. Of
course, still remaining are the all too common problems with welding, such as lack of
fusing.
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2.2.1 Cleaning of welds

To begin, a concern that is specifically tied to the use of stainless steel is that without
any treatment the corrosion resistance of the weld is lowered (CEN, 2006). Due to this
fact all welds in stainless steel have to be cleaned and treated after the welding
process is completed. This implies that all welds have to remain accessible after
welding, something that has to be considered in design (Finnas, 2012).

The chief reason for the lower corrosion resistance lies in that chromium easily
oxidise and that during welding chromium is drawn to the surface (Euro Inox, 2004).
This phenomenon is visible as a tint around the weld due to a thickening of the
passivation layer, see figure 2.15. While the passivation layer is thickened it also
implies that the surface layer underneath is depleted of chromium. In conclusion,
unless this chromium depleted layer is removed the weld remains prone to future
corrosion.

Figure 2.15: Visible weld tint of stainless steel weld. The tint indicates that chromium has
reacted and subsequently is depleted at the surface (Euro Inox, 2004).

Further, the removal of the chromium depleted layer is often chemical. (Euro Inox,
2004). Chemical cleaning is done through pickling, which works by dissolving the
surface layer with acids. After this procedure is carried out the corrosion resistance is
restored and a new passivation layer is formed, see figure 2.16.

A.\\ A
Figure 2.16: Weld after pickling, the tint of has been removed and the corrosion resistance
has been restored (Euro Inox, 2004).

In addition, when welding is performed there is also risk of spatter, slag and other
irreqularities which have to be removed (CEN, 2006). The spatter may otherwise
induce both pitting corrosion and fatigue crack initiation, for an example of spatter see
figure 2.17 (Fanica et al, 2008). Stainless steel is generally more sensitive to the
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induced pitting corrosion since no additional layer will be applied later to protect the
steel from corrosion.

With regard to the cleaning, it should be noted that rotating grind tools may cause
crack initiation and therefore should be used sparingly and with caution. Finally, note
that certain welding techniques cause no spatter, and thus making mechanical
cleaning unnecessary. An example of such a welding technique is the laser beam gas
metal arc welding (LB-GMAW).

Figure 2.17: Photo of weld spatter. If left untreated, weld spatter may induce both pitting
corrosion and fatigue crack initiation (Outokumpu, 2010).

Finally, any contamination from carbon steel should be avoided, as to not induce
corrosion in the stainless steel. One way to avoid contamination is to use tools that are
devoted solely for stainless steel use. In addition, steel brushes and other tools that are
used on the steel have to be made from stainless steel as well.

2.2.2 Alloy and microstructure composition in the weld

For duplex stainless steel, which is composed of the two microstructures austenite and
ferrite, the ratio between these two phases is of utmost importance. To clarify, an
imbalance in the phase distribution will affect both mechanical properties and the
corrosion resistance of the steel negatively. This becomes of special concern in
welding due to a limited control of heating, cooling and the alloy composition of the
weld. The distribution and grains may also differ; see figure 2.18 for a micrograph of
the difference in microstructure.
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Figure 2.18: Micrograph of the parent metal, lower right, and weld metal, upper left,
showing the difference in microstructures (Outokumpu, 2010).

What is important to emphasise in this subchapter is that two different kinds of
compositions are discussed. They are the alloy composition and the composition of
microstructures respectively and they should not be confused. As mentioned, the
composition of microstructures determines both mechanical properties and corrosion
resistance of the weld. However, the alloy composition in combination with heating
and cooling conditions determine the composition of the microstructure. On the other
hand, the ferrite is providing the high strength of duplex stainless steel which stands in
contrast to austenitic steel.

For duplex stainless steel it is the presence and distribution of types of microstructures
that provides the many beneficial properties. The high strength is for example mostly
attributed to the smaller grain size that is formed. In addition, the ferrite also generally
has a lower corrosion resistance and may therefore render the stainless steel more
prone to corrosion when the ferrite content increases.

In addition, the property of the grain of a certain microstructure is also very much
dependent on the specific alloy composition in the grain. To further complicate
matters, it is not possible to determine the alloy composition of the different
microstructures independently; rather they are dependent on the owverall alloy
composition of the metal.

Ideally the ratio of austenite and ferrite should be kept the same in the weld as in the
parent metal (Fersini et al., 2010). However, this is rarely possible to achieve and a
certain imbalance can be accepted as long as sufficient properties of the weld are
obtained. Usually, the austenitic content is lower than the ferrite content. Generally,
austenite content below 30% is discouraged, since beyond this point the detrimental
effects of low austenite content becomes more pronounced.

For this reason the aim when welding is to achieve as high an austenitic content as
possible, as long as it does not exceed that of the parent metal (Fersini et al., 2010).
For the weld there are two zones to especially consider, the fused zone (FZ) and the
heat affected zone (HAZ) respectively, see figure 2.19 as well as figure 2.20.
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For the heat affected zone it is not possible to specifically control the alloy
composition, and the heat generally causes more ferrite to form. On the other hand the
resulting phase composition in the fused zone can be controlled with the choice of
weld consumables. Finally, it should be noted that a lack of fusion in the fused zone
may lead to corrosion (Fanica et al., 2008).
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zone (HAZ)
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Figure 2.19: Illustration of the weld with nomenclature. Note the heat affected zone (HAZ)
and the fused zone (FZ) (Outokumpu, 2010).

Figure 2.20: Photo of the cross-section of a weld. The heat affected zone (HAZ) is marked
with arrows (Outokumpu, 2010).

As mentioned, consumables can be used to improve the austenite content of the weld
when arc welding. This can be achieved by using a consumable that contains alloys
promoting the forming of austenite (Fersini et al., 2010). Another way is to use highly
alloyed super duplex as a consumable, which will often yield austenitic contents of
30-35% in the weld. Furthermore, using super duplex as a consumable will also
provide a higher pitting resistance due to the high alloy content.

However, when it is not possible to sufficiently control the alloy content of the weld
the austenite content may become too low. To go into further detail, the
aforementioned problem is especially distinct for laser beam welding (LBW) where
the alloy composition of the weld becomes very similar to that of the parent metal,
even if consumables are used (Fersini et al., 2010). This is due to the fact that in laser
welding the parent metal dilutes the metal in the fusing zone. In effect, the fused zone
has practically the same alloy composition as the parent metal.
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To elaborate, for laser welding there is little to no benefit of using high alloy
consumables since it will be diluted by the parent metal, which means the beneficial
effect of the consumable will be lost. As a result the austenite content can fall between
15-20%, which is deemed to be too low. For such low austenite content the weld loses
both ductility and corrosion resistance.

However, this does not imply that laser hybrid welding techniques cannot be used. For
example, laser beam gas metal arc welding (LB-GMAW) has shown to have many
beneficial aspects. When using laser beam gas metal arc welding slightly lower
austenite content has been observed, however, unlike for laser beam welding, the
content is within the limits of what can be accepted.

2.2.3 Chromium depletion

Chromium is, as described in chapter 2.1.3 - Corrosion resistance, what primarily
provides the corrosion resistance of stainless steel. Thus it is of importance to have
sufficient levels of chromium present in the steel. However, chromium can react with
other elements and consequently the chromium can be depleted, particularly during
welding. This phenomenon of chromium depletion is also referred to as sensitisation
of the stainless steel.

There are several ways this chromium depletion may occur. An example of this can be
seen in figure 2.21. For duplex stainless steel, one of the more common elements that
chromium reacts with is nitrogen (Muthupandi et al., 2003). This leads not only to
depletion of the chromium, but also to the forming of chromium nitride, see figure
2.22.
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Figure 2.21: lllustration of chromium depletion with three of the common reactions.
(Comer, 2003).

There are reasons why chromium nitride can form during welding of duplex stainless
steel. Firstly, very high nitrogen content is desired in the weld since this yield a high
PREN. Further information on this can be found in chapter 2.1.3 - Corrosion
resistance. Secondly, the solubility of nitrogen in ferrite decreases rapidly with falling
temperature. Consequently, the ferrite may become oversaturated with nitrogen when
the weld cools.

In addition, oversaturation at rapid cooling may also cause entrapment of small gas
bubbles inside the weld. This phenomena has been observed for laser beam welding
and, to some extent, laser beam gas metal arc welding where the fused zone have a
certain porosity (Fersini et al., 2010). The phenomenon was more severe in the laser
beam welding due to a faster cooling rate for this technique.

36 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:118



Figure 2.22: Electron micrograph of weld where chromium nitride has formed. The nitride
is marked with arrows in the figure (Muthupandi et al., 2003).

However, the austenite can hold significant amounts of nitrogen, thus preventing the
formation of chromium nitride. To elaborate, the nitrogen that can no longer be
contained within the ferrite will instead be absorbed in the austenitic phase
(Muthupandi et al, 2003). Nonetheless, when the austenitic content is low, in
combination with rapid cooling, the nitrogen cannot dissipate to the austenite fast
enough. To conclude, the forming of chromium nitride becomes more problematic
both when the austenite content is low and when the cooling of the weld is rapid.

However, it is not only in the weld that chromium nitride can form. It can also form in
the heat affected zone (HAZ), which also experience heating and cooling
(International Molybdenum Association, 2009). In the heat affected zone the
chromium nitride may form at the borders between grains. As one might suspect it is
not an issue of austenite-austenite boundaries, due to the good solvability of nitrogen
in austenite. On the other hand the nitride may form at ferrite-ferrite and ferrite-
austenite boundaries.

In addition, an issue that is related to the oversaturation of nitrogen is that it may form
gas pores inside the weld. Though not directly tied to chromium depletion, it still
remains very relevant. An example of this occurrence occurs with laser beam gas
metal arc welding (LB-GMAW) which has been shown to contain small trapped pores
(Fersini et al., 2010). The pores in question are about 0.1 to 0.4mm in size. A critical
aspect of these pores is that they may cause fatigue crack initiation. Initiation inside
the weld, where it is hard to detect, is of special concern.

To continue, chromium depletion may also occur when chromium reacts with the
carbon in the steel (Eurolnox & Stalbyggnadsinstitutet, 2006). In further detail, the
carbides are formed during thermal fluctuations and deposited at the grain boundaries.
The thermal fluctuation may be caused by multi-pass welding and the grains are then
depleted of chromium.

Although, it should be noted that the forming of chromium carbide is rarely a concern
for duplex stainless steel since duplex contains very low amounts of carbon which
makes the forming of chromium carbides unlikely. (International Molybdenum
Association, 2009). For further information of alloy composition see chapter 2.1.5 -
Alloying elements.
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Yet another way that chromium may be depleted is by the formation of secondary
austenite (Shin et al., 2012). Here the secondary austenite refers to austenite that
forms from ferrite due to heat input when welding. The secondary austenite in
question has high alloy content and is in itself not susceptible to corrosion; instead it
is the surrounding ferrite that is depleted of chromium, molybdenum and nitrogen. In
turn the depleted ferrite will render the weld prone to pitting corrosion.

2.2.4 Distortion and residual stresses

All metal, to some extent, suffers from distortion and shrinkage when welded. With
regard to duplex stainless steel this effect is not notably worse compared to carbon
steel. However, for austenitic stainless steel the distortions are a more pronounced
problem. This chapter will clarify why this is the case, and why it is not severe for
duplex stainless steel.

The explanation for this is related to the thermal expansion and conductivity of
different kinds of steel. To be more specific, large thermal expansion naturally causes
larger movements and distortions when welding. In conjunction with the thermal
conductivity of the material, this affects how the material behaves when rapidly
heated and cooled.

Thus, as can be seen in table 2.5 the difference between carbon and duplex steel is
much lower compared to that of austenitic stainless steel and carbon steel. Comparing
the thermal expansion coefficient of duplex stainless steel with that of carbon steel,
the duplex stainless steel is about 4% higher. Note however, when comparing
austenitic stainless steel with carbon steel, austenitic is about 33% higher than that of
carbon steel.  Furthermore, austenitic steel also have a lower thermal conductivity
than duplex steel in relation to carbon steel, at 47% and 67% respectively.

In conclusion, duplex stainless steel should show slightly higher distortion than
carbon steel. However, distortion of duplex stainless steel is not a pronounced issue.

Table 2.5:  Thermal conductivity and coefficient of thermal expansion for carbon and
stainless steels (SMS, 2000)

Steel type Carbon steel Austenitic steel | Duplex steel
Thermal conductivity ~30 ~14 ~20

[W m-1K-1]

Coefficient of thermal expansion ~12 ~16 ~125
[10-6/C]

In fact, certain welding techniques, LB-GMAW and SAW, have been noted to
provide both small fused zone (FZ) and almost negligible heat affected zone (HAZ)
(Fersini et al., 2010). This in turn means that both residual stresses and distortion are
reduced for the weld.
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Nonetheless, there have also been reports of angular distortions that have been greater
for duplex stainless steel (Fanica et al, 2008). Though not crucial, it implies that
additional care has to be applied when choosing the shrink angle, especially for butt
welds and complex geometries.

2.25 Limitations

Although welding in stainless steel is achievable as long as proper procedure and
considerations are followed, there are still certain limitations. A selection of these
limitations are presented in this chapter.

One of these limitations is that laser beam welding (LBW) cannot be recommended
for duplex stainless steel. Firstly, as previously mentioned, laser beam welding results
in low austenite content in the fused zone (FZ) which leads to both inferior
mechanical properties and lowered corrosion resistance. Secondly, there is a need for
an excessive amount of preheating, in the range of 250°C (Fersini et al., 2010).
Achieving this level of preheating is deemed impractical for welding of bridge
structures and in combination with inferior properties renders laser beam welding a
poor alternative.

A further limitation related to the use of duplex steel is that annealing, which is heat
treatment at high temperatures, should be used with caution. The reason for this is
twofold; firstly, depending on the alloying of the steel the ferrite content may increase
at these temperatures. Secondly, the ferrite in the steel may become brittle when
exposed to temperatures close to 475°C. The latter phenomenon is usually referred to
as 475°C embrittlement. For further reading on the subject, see Plastic Deformation of
Duplex stainless Steel written by M. Nystrém.
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2.3 Fatigue of stainless steel

When regarding the fatigue strength of stainless steel, in particular duplex stainless
steel, it is important to be aware that there is a limited amount of testing that has been
performed. For such a complicated and sensitive phenomenon as fatigue, empirical
data is crucial and the current level of research leaves much to be desired.
Nevertheless, this chapter aims to highlight what is known and what requires further
investigation.

To begin, when it comes to fatigue and fatigue testing it is important to note there are
different stages of fatigue. The first phase, which is crack initiation, amounts for a
vast part of the fatigue life. Nonetheless, the crack initiation phase is not applicable in
bridge constructions, since there are always imperfections present which induce
fatigue cracks.

Furthermore, there are indications that the chromium layer of stainless steel increases
the fatigue strength (Groth & Johansson, 1991). While this may at a first glance seem
favourable; the positive effect is only obtained in the crack initiation phase, which as
mentioned is not applicable for steel constructions. The chromium layer is only a few
nanometres thick, in comparison to imperfections that are several hundred
micrometres. In a word, the effect of the chromium layer is negligible in relation to
the imperfections that are present.

Also noteworthy is the effect of two different phases within duplex stainless steel,
austenite and ferrite, is indicated to retard fatigue crack initiation in duplex stainless
steel (Liljas & Ericsson, 2002). However, this phenomenon does not likely affect the
fatigue life in the propagation phase: It is still an important difference compared to
both ferritic and austenitic steel.

However, even though the research regarding fatigue in stainless steel at the moment
of writing is both scattered and scarce, some relevant research still exists. Regarding
fatigue, most research shows that duplex steel has a superior fatigue strength
compared to conventional carbon steel (Liljas & Ericsson, 2002). In fact, the superior
fatigue strength was not only observed for the parent metal, but also for the welds in
these steels.

For example, when submerged arc welding (SAW) was used on duplex, the fatigue
strength measured for the weld was higher than for the parent metal (Liljas &
Ericsson, 2002). However, a word of caution as many factors can affect the fatigue
life substantially. A prominent factor is imperfections, which are always present to a
varying degree in structural welds. Nonetheless, it is a noteworthy observation that
requires some attention. This since it indicates that duplex stainless steel may have
good fatigue properties.

Concerning the fatigue limit of the parent metal of duplex stainless steel, it can be
noted that it is at the same magnitude as the tensile yield strength of the material. In
fact, there is some amount of correlation between the fatigue strength and tensile
strength. An approximation of this correlation is that the fatigue strength is two thirds
of the tensile strength (Groth & Johansson, 1991).
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By the same token, a sign of this correlation might have been observed for gas
tungsten arc welding (GTAW) of duplex stainless steel (Liljas & Ericsson, 2002). In
the experiment it was shown that the fatigue strength of the weld was improved with
increased strength of the material. In addition, the duplex weld was compared to a
corresponding austenitic weld, which showed lower fatigue strength due to a lower
tensile strength.

Going into further specifics, multi-pass welds are also at least on par with the parent
material when tested (Liljas & Ericsson, 2002). However, this is not valid for all types
of welding techniques. For instance, welding of thinner material, about 3mm, with gas
tungsten arc welding or gas metal arc welding (GMAW) results in lower fatigue
strength than that of the parent material.

Furthermore, a series of tests has been carried out specifically on structural joints in
bridges. The test in question showed that duplex stainless steel had a fatigue strength
that was either on par or better than the values used for carbon steel in Eurocode
(Fanica et al., 2008). For certain weld details the fatigue strength of duplex stainless
steel was substantially higher, see table 2.6 for a breakdown of the test results.

Moreover, as can be seen in table 2.6, for certain details there are two values of the
fatigue strength. The reason for this is due to the nonlinear behaviour and varying
elastic modulus of the duplex steel in combination with a stress range that can be
measured by either load or strain. To elaborate, the corresponding stress range that is
calculated from strain measurements should use the real modulus of elasticity at the
current stress level (Fanica et al., 2008).

Table 2.6: Fatigue strength of duplex stainless steel details in comparison with
corresponding values for carbon steel (Fanica et al., 2008)[Modified].

Carbon steel Duplex steel
Derived from load Derived from strain
Detail _ measurements, AP/A measurements, Ae oE
95% Fatigue
strength [MPa] ] ]
95% Fatigue Increase over | 95% Fatigue Increase over
strength [MPa] | carbon steel strength [MPa] | carbon steel
Al 56 72 29% 88 57%
A2 87 85 -2% 103 18%
A3 80 88 10% 107 34%
A4 71 162 127% 159 124%
A5 71 73 3% 86 21%
A6 80 122 53% - -
B2 71 98 38% - -
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Regardless of the potential of duplex stainless steel, without sufficient data supporting
the claims, the high fatigue strength cannot be taken into account. For further
information on how fatigue of stainless steel is currently considered in design, see
chapter 2.4 - Eurocode in relation to stainless steel. On the whole, it is currently
recommended to use the fatigue classes given in Eurocode, even though they are most
likely overly conservative for duplex stainless steel (Fanica et al., 2008).

Thus, when designing bridges, the fact that duplex stainless steel as well as austenitic
stainless steel has stronger fatigue strength is disregarded in favour of safety (Fanica
et al, 2008). On the other hand, if the superior fatigue strength were to be
implemented in bridge design, it opens up for the possibility of saving material. As
shown in the results of the parametric study, quite a bit of material can be saved. This
in turn is beneficial for both the material cost and also decreases the self-weight of the
bridge, further on this is to be found in chapter 2.5.2 - Benefits of stainless steel in
bridges.

In the same way as for carbon steel, the fatigue strength of duplex stainless steel
connections is dependent on the type of weld technique that is used, see subchapter
2.2 - Welding of stainless steel. Note that in figure 2.23 the fatigue strength is well
above the corresponding class of C100 given in Eurocode for the corresponding
carbon steel detail. On the other hand, as can be seen in figure 2.24, the fatigue
strength of automatic welds is superior to that of manual welds. This is similar to the
case of carbon steel where the fatigue strength is improved by automatic welding in
comparison to manual welding. Note that in the latter case it is the reduction of
imperfections which leads to the increase in fatigue strength.

Furthermore, something that is of great interest is the use of post-weld treatment to
improve the fatigue strength. These post-weld treatments are not to be confused with
other types of post-weld treatments like annealing or pickling. It should however be
noted that these treatments might have some effect on the fatigue strength, though it is
usually not their main purpose. An example of a fatigue improving post-weld
techniques is ultrasonic impact treatment.

Unfortunately, at the moment of writing, there is no known data available about
fatigue improving post-weld treatment of stainless steel. However, it should be noted
that post-weld treatment has proved very beneficial for carbon steel bridges
(Kostakakis & Mosiello, 2013). For this reason it would not be farfetched to assume
that stainless steel bridges may benefit from fatigue improving post-weld treatments
as well. Consequently, a recommendation for further research is the fatigue properties
of stainless steel, more on this in chapter 7 - Discussion and Recommendations.

Assuming that post-weld treatment could have similar beneficial effects on stainless
steel it is certainly a field that deserves further research. Coupled with the prior
knowledge of the outstanding properties of duplex stainless steel with regard to crack
initiation, it would not be farfetched to assume that there is great potential in this field.
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Figure 2.23: S-N curves for both the parent metal and welds in EN 1.4462 (Liljas &
Ericsson, 2002)
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Figure 1-18: Constant amplitude fatigue tests on stiffener-to-deck joint.

Figure 2.24: S-N curves for the stiffener-to-deck joint, which also is referred to as detail
A4. Note the difference in the fatigue strength between automatic and manual
weld methods (Fanica et al., 2008).

Another specific area is corrosion fatigue, which takes into account the combined
effect of fatigue and corrosion, see Stress Corrosion Cracking in chapter 2.1.4 -
Corrosion modes. This is relevant for bridges that can be exposed to seawater or other
corrosive environments. In order to observe the difference in fatigue strength, the
same fatigue test is performed both in air and in a corrosive environment, which for
example can be synthetic seawater.
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The result from this test showed that both duplex and austenitic steel exhibited
lowered fatigue strength when submerged in seawater (Liljas & Ericsson, 2002). To
be more precise, for duplex the fatigue strength was decreased with about 10%, while
for the austenite the decrease was up to about 25%.
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Figure 2.25: S-N curves for B2 detail in different exposure to synthetic seawater. Note that
the fatigue strength is slightly higher in air than in seawater. (Fanica et al.,

2008).

As a final conclusion there are three things to take special note of concerning fatigue
strength of stainless steel. Firstly, there are only a few fatigue tests on structural weld
connections in existence. Secondly, a common element in the fatigue test that has
been performed is that the strength of duplex stainless steel is either at the same level
or higher than that of carbon steel. As a final remark; further investigation and testing
is needed for both structural connections and effects of fatigue post-weld treatment.
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2.4 Eurocode in relation to stainless steel

Eurocode is a standard for structural design of structures within the field of
engineering. Since 2010 the guidelines and rules of Eurocode are mandatory for all
public construction in Sweden (Akhlaghi, 2009). There are also plans to make
Eurocode a de facto standard for both the private sector as well as the public sector in
the construction industry.

That being said, there is actually a part of Eurocode that specifically pertains to
construction with stainless steel, namely: EN 1993-1-4:2006 — Supplementary Rules
for Stainless Steel.

This subchapter aims to give a brief overview on how the standard treats stainless
steel. To elaborate, the chapter will discuss briefly what aspects are covered and also
parts poorly covered.

24.1 Covered by the standard

Stainless steel, in particular duplex stainless steel, lacks a well-defined yield point. To
circumvent this issue the strength at 0.2% plastic deformation is utilized instead. This
strength is generally referred to as the proof strength or more specifically the 0.2%
proof strength.

With this in mind, Eurocode utilises a proof strength for the stainless steel materials.
There is both an explanation on how the proof strength is defined as well as common
values for all the standard steel defined according to the EN 10088. Note that the
values for specific steels can be found in EN 10088 and not in EN 1993-1-4.

As previously stated, stainless steel exhibits a nonlinear behaviour with regard to the
stress-strain  relationship. Consequently, the nonlinear behaviour means that the
modulus of elasticity will vary depending on the stress level. This behaviour is present
both above and below the proof strength. As a comparison, carbon steel that is used in
construction generally has a distinct yield point which allows for a simpler material
model.

In the standard, nonlinear behaviour is considered in two different ways. Firstly, a
simplified approach incorporating a fix modulus of elasticity can be used for global
analysis. The value of this fix modulus of elasticity is then chosen with regard to the
steel grade that is used, see table 2.7.
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Table 2.7: This table illustrates the Young'’s modulus of elasticity that may be used in
global analysis of stainless steel structures. Of course, these values are only
viable for certain steel grades, these can be found in EN 1993-1-4:2006 -
table2:1 (European Committee for standardization, 2006).

Steel grade Modulus of elasticity
[GPa]

Austenitic and Duplex grades | 200

Austenitic grades 1.4539,

1.4529 and 1.4547 195

Ferritic steel grades 220

Note however, that the simplified values for the modulus of elasticity are only valid
for the global analysis. When local analysis is considered in design, or deflection, the
modulus of elasticity should be taken for the more precise values in calculations. For
this purpose the secant modulus of elasticity is used. To elaborate, the secant modulus
gives a more accurate approximation.

However, it should be noted that the secant modulus of elasticity is calculated by
means of the Ramberg-Osgood equation. As is discussed in further detail in the
following subchapter, a more accurate model might be more suitable when designing
with stainless steel.

Furthermore, for beams in bending the nonlinear behaviour implies that the modulus
of elasticity varies along the cross-section. In order to simplify calculations a mean
value for the modulus of elasticity is used. The mean value is taken for the stress level
in the compression flange and in the tension flange.

In addition, the corrosion resistance of stainless steel is considered to be “very good”
according to Eurocode. It is also stated in the standard that even in aggressive
industrial or marine environments the corrosion resistance remains satisfactory.
Furthermore, it is mentioned that any crucial corrosion will, in most cases, occur
within the first three years of the service life.

However, the standard also speaks of a risk of rust stains appearing on the steel
surface. The stains, which could be caused by contamination from carbon steel, can
still be deemed as unacceptable by the owner.
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Another subject that is covered by the standard is cold working of stainless steel.
More specifically, cold working may be used to increase the strength of austenitic
stainless steel. There are however some restrictions for the use of ultimate strengths
exceeding 700MPa. For these high strengths a full scale test has to be performed, as to
ascertain that the strength requirements are fulfilled. When the test is performed,
ultimate strength up to 1000MPa may be used in design. In conclusion this allows for
significantly higher strength than is ordinarily achievable with austenitic stainless
steel.

Nonetheless, some areas that are treated in the standard, specifically for stainless steel,
may still remain overly conservative. For example, the ultimate shear resistance has
been adjusted to better suit the properties of stainless steel (Fanica et al., 2008). In fact
it is less conservative, by about 15%, compared to the rules for carbon steel yield.
Unfortunately, despite the adjustments, the standard still remain overly conservative.

Lastly, a final subject that is aptly covered in the standard is buckling. For buckling
there are specific partial factors pertaining to calculations for stainless steel (Fanica et
al., 2008). When the rules for carbon steel are applied on stainless steel, the obtained
results are on the unsafe side. On the other hand, when using the values given in the
standard specific to stainless steel, the wvalues are neither unsafe nor overly
conservative. Furthermore, this holds true both when designing buildings and bridges.

2.4.2 Not covered in the standard

In the current revision of Eurocode there are unfortunately quite a few subjects that
are either treated insufficiently or not at all. The consequence of this is twofold.
Firsty, and most critical, the design may become unsafe, putting both life and
property at risk.

Secondly, structures designed in accordance with the standard can end up overly
conservative. While conservative designs naturally are on the safe side, they will
instead lead to unnecessarily high material consumption and cost for the bridge. In
either case, it is required of the Eurocode standard to be both accurate and
dependable.

The purpose of this chapter is therefore to illuminate a few of the issues with the
current revision of Eurocode. More specifically, consideration is taken to the part of
Eurocode that is pertaining to stainless steel structures.

First of all, a major drawback in the current standard is that no special consideration is
taken to the fatigue properties of stainless steel. As can be seen in EN 1993-1-4
chapter 8, the standard says that all stainless steel should be treated as if it has the
same fatigue properties as carbon steel.

However, as can be seen in chapter 2.3 - Fatigue of stainless steel, there are strong
support to assume that duplex stainless steel has higher fatigue strength than carbon
steel. In conclusion, the standard is very likely overly conservative in its current state.
As mentioned, by being overly conservative the design will be kept on the safe side.
However, it will also lead to an excessive material consumption, increased cost and
also an increased environmental impact.
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Furthermore, there is no consideration taken to the use of post-weld treatment for the
purpose of improving fatigue life of stainless steel. This can in large be attributed to
the lack of tests performed on this subject. Regardless, if post-weld treatment were to
be included in the standard it could lead to major saving in material. Further on post-
weld treatment can be found in chapter 2.3 - Fatigue of stainless steel.

Another area where stainless steel is assumed to have the same properties as carbon
steel is in fire resistance. However, austenitic stainless steel actually maintains its
mechanical properties much better than carbon steel at high temperatures (Eurolnox &
Stalbyggnadsinstitutet, 2006).

In further detail, the strength of austenitic steel is preserved much better at
temperatures exceeding 550°C, when compared to carbon steel. Moreover, the
stiffness of austenitic steel is also retained much better, at any temperature, compared
to carbon steel. To conclude, in the current state, none of these favourable properties
of austenitic stainless steel is utilised in the design of structures.

Additionally, research conducted on high strength steel welds in bridge constructions
suggests that Eurocode is overly conservative in many regards (Gunther H.-P., 2008).
Note that this is pertaining not exclusively to stainless steel, but is true for high
strength steels in general. In particular it was concluded that the current standard yield
welds that are excessive in size.

Another subject that could be further improved is the nonlinear modelling of stainless
steel. The model currently used in the standard is the Ramberg-Osgood equation in
conjunction with the 0.2% proof strength of stainless steel. These curves are rather
simplistic and a more accurate model should preferably be utilised (Lukezic, 2013).

In fact, there are at least two suggestions given for more accurate models. One of
these is the Ramberg-Osgood-Rasmussen model, which has the advantage of taking
into account a non-fix proof strength (Fanica et al., 2008). Another suggestion is the
Sigmoid-model. The latter model can describe the non-linearity of the yield point, just
as the former. However, the Sigmoid-model has the additional advantage of being
able to describe anomalies in a more accurate way (Lukezic, 2013).

Furthermore, the strain hardening of stainless steel is only considered for austenitic
steel grades. Thus the substantial strain hardening of duplex stainless steel is
neglected in its entirety. The strain hardening becomes of interest when the proof
strength is exceeded and the member is subject to large deformations. More
information about strain hardening and mechanical properties of the different steel
grades can be found in chapter 2.1.2 - Microstructures.

Finally, a subject that needs further investigation is how stainless steel performs with
regard to instability. The concern is that the current models of instability might not be
applicable on stainless steel. The cause of this concern is the nonlinear behaviour of
stainless steel, which differs significantly from that of carbon steel. To elaborate, a
common assumption in instability models is that stresses can be sufficiently
redistributed. Due to the difference in stress-strain behaviour this may not necessarily
hold true for stainless steel. To conclude, stainless steel might behave differently with
regard to instability. If such is the case, a revision of the current models will be
needed.
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In conclusion, there are definitely areas in the current revision of Eurocode that
require improvement. However, as can be seen in this chapter, most of the standard
appears to be owverly conservative rather than unsafe. However, that does not mean
that further research should be neglected, since there are still many uncertainties. And
to repeat once more, these uncertainties may lead to both excessive dimensions and
increased risk of failure.

2.5 Analysis of existing structures

This chapter consists of three major parts. The parts are the following: a study of
existing structures, a description of the benefits of stainless steel in construction and,
finally, a description of the considerations that has to be made.

In the moment of writing, only a handful of bridges that incorporate stainless steel in
the load bearing structure exist. The majority of these bridges are foot-bridges, at least
15 footbridges have been built in stainless steel around the world. Other examples of
bridges built in stainless steel include about seven road bridges and only one known
railway bridge.

The long term durability and maintenance of the stainless steel bridges is not well
known, since all the bridges studied found in this review are from 1998 or later. Even
so, there have been no reports about problems related to the stainless steel bridges.

The load bearing structures of the bridges are made from either austenitic or duplex
stainless steel (ArcelorMittal, 2009). It should be noted that austenitic steel is also
frequently used in non-load bearing details, for example guardrails. Nevertheless, in
recent years the use of austenitic steel for load bearing members has subsided. Instead
it has been superseded by duplex stainless steel.

The prominence of duplex stainless steel can foremost be attributed to the
significantly higher strength compared to austenitic stainless steel. Furthermore, the
content of expensive alloys, such as nickel, can generally be kept lower in duplex
grades than in corresponding austenitic grades. In conclusion, the higher strength
implies that duplex stainless steel requires less material, which in turn can be kept less
expensive. For this reason it is understandable that duplex stainless steel has become
the preferred alternative.

2.5.1 Noteworthy examples

As mentioned, there are only a handful stainless steel bridges in the world. For some
of these bridges the available information is quite scarce. To describe the currently
existing road bridges, two bridges have been selected as representatives. The chosen
bridges are comparatively well documented.

The first bridge that has been selected is the Cala Galdana Bridge in Spain. This is a
road bridge with a structure made from duplex stainless steel. In fact, it is the earliest
known example of a duplex stainless steel road bridge (Sobrino, 2006). Furthermore,
this bridge is built in a highly corrosive marine environment, which should ensure that
the corrosion resistance of the steel has been put to the test.
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Even though the Cala Galdana Bridge was built as early as 2005, it is still built in
accordance with the same standards that are used in the moment of writing. The
standard in question is Eurocode, and more information about it can be found in
chapter 2.4 - Eurocode in relation to stainless steel.

The second bridge that has been chosen is built in Nyndshamn, which is situated in
Sweden. This bridge is also a road bridge built from duplex stainless steel. However,
it has quite a different structure compared to the Cala Galdana Bridge. In addition,
this bridge is situated in a far less corrosive environment, and is therefore made from
a leaner duplex grade.

The bridge in Nyndshamn was also selected for other reasons. The thesis is written in
Sweden in collaboration with  NCC, the company that built the bridge. This
collaboration allowed access to data and information about the bridge which is not
publically available. Thus, with more information available, a more extensive and
deeper analysis could be made.

Cala Galdana Bridge

This bridge was built in Menorca, which is an island situated in Spain. The bridge is
the first road bridge in Europe constructed from duplex stainless steel (Sobrino,
2006). The bridge was finished in 2005 and has a total span of 45m. The structure has
two arches made from stainless steel, see figure 2.26 below.

Figure 2.26: Cala Galdana Bridge in Menorca, Spain. The structure consists of two arches
which support the reinforced concrete deck.

The stainless steel used in the Cala Galdana Bridge was of the type EN 1.4462 duplex
stainless steel (Sobrino, 2006). The reason for this choice was the demand caused by
the highly corrosive environment in addition to the high strength of the duplex. As can
be observed in table 2.8, the measured strength of the steel greatly surpassed the
minimum values that are specified in the standard.
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Table 2.8 Properties of the hot rolled duplex stainless steel plate used in Cala Galdana
Bridge compared to other steel types (Sobrino, 2006).

Mechanical Stainless Stainless Carbon | Stainless
property steel Duplex | steel 1.4404 | steel S- | steel Duplex
1.4462 (ASTM-316L) | 355 1.4462
(Minimum (used in
specified Cala
values) Galdana
Bridge)
Tensile Strength
[MPa] 640 530 510 767
Conventional yield
stress fo2 [MPa] 460 220 355 535
Elongation [%] 25 40 >15 35

The bridge was designed in accordance with Eurocode 1993-1-4:2005 (Sobrino,
2006). This part of the code contains supplementary rules for design of stainless steel
structures and is previously described in chapter 2.4 - Eurocode in relation to
stainless steel. Note that the standard that was used in the bridge is an earlier version
of Eurocode since the bridge was finished in 2005 and the current version was
released in 2006.

It should also be mentioned that the structure showed smaller deflections than was
expected. This is an indication that the steel has a higher stiffness compared to what
was assumed. The average modulus of elasticity used was 200GPa. This value is
taken according to the standard, further information can be found in chapter 2.4.1 -
Covered by the standard.

In fact, the measured deflections were only about 80% of the calculated values. Based
on this, it can be concluded that the steel had an elastic modulus 16% higher than
what had been assumed in the calculations. Note that this was an older standard, and
that account is also taken for the nonlinear behaviour of stainless steel in the current
standard, see chapter 2.4.1 - Covered by the standard.

Furthermore, the deflections from the static load recovered almost entirely. This is of
interest since duplex stainless steel show no clear limit between elastic and plastic
responses, as has been previously mentioned in chapter 2.1.1 - Basic mechanical
properties. The concern is that plastic deformations can occur even at small load
levels. If these deformations are larger than estimated, it follows that the final
deflection of the bridge may become too large.

When constructing the bridge, several welding techniques were used. These welding
techniques included the following: shielded metal arc welding (SMAW), gas metal
arc welding (GMAW), flux-cored arc welding (FCAW) and submerged arc welding
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(SAW) (Sobrino, 2006). There were no problems reported with any of the welding
techniques, so in lack of further data it can be assumed that the results were
satisfactory. Also, all welds were treated after welding, which is required for stainless
steel in order to obtain full corrosion resistance. In short, the welds were treated by a
pickling paste in order to remove contaminations and oxides. By doing so it is ensured
that the protecting chromium oxide layer is reformed. Further on the subject can be
found in chapter 2.2.1 - Cleaning of welds.

Road Bridge in Nynashamn, Sweden

As suggested by the title, this chapter will describe the road bridge situated in
Nynashamn, Sweden. In fact, in the moment of writing, this bridge is one out of two
stainless steel road bridges that has been built in Sweden. The other bridge, which is
of similar design, was built in Orrehammar, Sweden. Furthermore, the bridge in
Orrehammar was constructed in 2009. The bridge in Nynashamn on the other hand
was built two years later, in 2011.

Both bridges were built by the company NCC. As previously mentioned, this thesis
was written in cooperation with the company NCC. Due to this collaboration a deeper
and more thorough analysis of the bridge will be possible as the authors had access to
additional information through the cooperation with NCC.

The bridge in Nyndshamn is maintenance free, like all stainless steel bridges are,
further information can be found in chapter 2.5.2 - Benefits of stainless steel in
bridges. Not to mention, there are no indications that maintenance should become a
problem, at least not within the foreseeable future.

Furthermore, a reason to why this bridge alternative was chosen is because the owner
did not want any disruption of the road traffic (Sall & Tiderman, 2013). The
maintenance free bridge fulfilled this specific requirement.

However, it is time to go into detail about the bridge itself. The bridge is a composite
structure consisting of two I-girders in conjunction with a reinforced concrete deck
(Finnas, 2012). For clarity, see figure 2.27. Moreover, as seen in the figure, the bridge
only has one single span. The length of the span is 42m.

Figure 2.27: Road bridge in Nyndshamn, Sweden. The composite bridge structure consists
of two stainless steel I-girders and a reinforced concrete deck (Finnas, 2012).
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Furthermore, the stainless steel used in the girders was manufactured by Outokumpu
and has the trade name of LDX2101 (Finnds, 2012). In addition, this steel is a duplex
stainless steel that is classified as EN 1.4162 in accordance with the standard
EN10088. Also, this is the same steel grade that was used in the bridge in
Orrehammar.

This grade is a leaner type of duplex when compared to the grade that was used in
Cala Galdana Bridge. The motivation for using this leaner grade is because the
environment in Nyndshamn is not as corrosive. On the other hand, the Cala Galdana
Bridge is exposed to chlorides from the nearby sea. Consequently, in Nyndshamn the
conditions are different and thus a less expensive grade could be used. For further
information about the choice of steel grades see chapter 2.5.3 - Considerations
pertaining to construction in stainless steel.

Owing to the choice of stainless steel the building cost of the bridge will be higher, in
comparison to a carbon steel alternative (Finnds, 2012). This remains true even if a
leaner steel grade is used. However, the higher initial cost can be compensated by a
much lower maintenance cost during the service life. This is once again in comparison
to a carbon steel alternative.

For the bridge in Nyndshamn a life cycle cost (LCC) analysis was performed and used
to motivate the higher initial cost. The argument being that the owerall cost of the
bridge would become lower for the stainless steel alternative. For this particular
bridge the length of the service life for the bridge was chosen as 80 years. If a longer
service life would have been chosen, the stainless steel alternative would potentially
have become even more favourable.

To continue, the design of the two bridges in Nyndshamn and Orrehammar is as
mentioned quite similar. This is of course not a coincidence, but a deliberate choice.
The designs are made similar in order to make the design process more efficient. To
elaborate, since the design is not started from scratch each time, additional time can
be spent on optimising the structure. This in turn yields more well designed, efficient
and reliable bridges.

Furthermore, with only minor changes in the design the bridge can be made to span
different lengths. The bridge in question is for example 42m long (Finnds, 2012).
However, while still using the same concept with I-girders, the bridge should be able
to span up to 70m. On the other hand, if the I-girder is exchanged for a box girder, the
span can be made up to 100m long. Thus certain flexibility is provided in the design.
This since it is possibility to choose the most suitable solution with regard to the
current location.

It should be noted that the current design only allows for a single span. However, with
the possibility of spans of up to 100m long, this should still be sufficient for most
situations. Conversely, there is a certain advantage of a bridge without any additional
support. To elaborate, the foundation for additional supports can be both expensive
and disruptive, especially when situated in water.
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To continue, a key element of the bridge design is that the abutments are integrated
into the loadbearing structure. In practise, this means that the bridge forms a stiff
frame together with the abutments. This brings a few advantages, with the most
striking one being that there are no bearings needed at the supports. This reinforces
the maintenance free nature of the bridge, since bearings otherwise is a wulnerable
part of the structure.

Moreover, the bridge was designed in accordance with Eurocode. For more
information about the standard see chapter 2.4 - Eurocode in relation to stainless
steel. As is noted in the aforementioned chapter, there are some shortcomings in the
current revision of Eurocode. However, this does not mean that the design becomes
more complicated to carry out. What it means instead, is that the resulting design may
become overly conservative in some areas and unsafe in others.

However, as of the moment of writing, there have been no reported problems with the
bridge. In fact there have not been any notable problems, or at least that has been
detected, in any of the building phases; not in manufacturing, assembly nor erection.
By the same token, no defects or problems have been detected during the service life
of the bridge.

In a final conclusion, the bridge works just as intended and has proven that there is
great potential in stainless steel bridges. This is supported in everything from the life
cycle cost analysis to the final performance of the bridge.

2.5.2 Benefits of stainless steel in bridges

The single most important aspect of stainless steel, compared to conventional carbon
steel, is the fact that stainless steel require negligible maintenance (Hechler & Collin,
2008). In fact, the only maintenance needed is washing and routine inspections
(Fanica et al., 2008). Moreover, it should be noted that carbon steel bridges also
require this fundamental maintenance. In fact, carbon steel bridges require washing
and routine inspections at a higher frequency than stainless steel bridges.

The explanation for the maintenance free nature of stainless steel lies in that it is
corrosion resistant, further details can be found in chapter 2.1.3 - Corrosion
resistance. To elaborate, with an inherent corrosion resistance there is no need for an
additional protective layer to prevent corrosion. Consequently, since no protective
layer is needed, no maintenance of said layer is needed either.

As a matter of fact, the largest part of the maintenance cost for carbon steel bridges is
associated with the maintenance and renewing of the protective layer (Hechler &
Collin, 2008). Thus, with the help of life cycle cost (LCC) analysis, it can be assessed
that the higher initial cost of a stainless steel bridge is counterbalanced by the
decreased cost of maintenance. Also, the additional benefit of stainless steel is that the
cost of the bridge becomes both stable and predictable for the bridge owner.

In addition to the lower maintenance, stainless steel gains an advantage over carbon
steel already in the production phase. This is caused by the fact that carbon steel
requires several layers of paint before delivery. Each layer of paint requires time to
dry before the next layer can be applied. Thus stainless steel bridges can generally be
manufactured faster compared to an equivalent carbon steel bridge.
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Furthermore, since there is no protective layer on the structural members, the
assembly of the structure on site becomes faster (Paulsson-Tralla, 2012). This applies
to both welds and bolted connections. Part of the reason is that there is no need to
repair the protective layer after the connection is performed. Paint, for example,
requires good weather- and temperature conditions in order to dry. Such external
events, which are hard to predict and control, is not a problem in stainless steel
structures.

In addition, an advantage for stainless steel structures is that bolted connections can
be drilled on site, since the connection is not required to be painted prior to assembly
(Paulsson-Tralla, 2012). In fact, since the protective layer reforms, other planned or
unplanned work can also more easily and reliably be performed on site. Examples of
such activities are cutting and drilling of members.

Another aspect related to the erection phase of the bridge is the advantage of not
needing to weather proof the structure and structural elements before the final
assembly (Paulsson-Tralla, 2012). Carbon steel structures may have surfaces that are
left unprotected to allow for welding on-site.

Apart from the high corrosion resistance, duplex steel also have a high inherent
mechanical strength compared to commonly used carbon steel, see chapter 2.1.1 -
Basic mechanical properties. In fact, duplex grades are often compared to the high
strength carbon steel S460, which has approximately the same mechanical strength.

The high mechanical strength, in combination with high fatigue strength, results in a
lesser need for material to carry the same amount of load. Thus, there is the possibility
to design more lightweight structures. Moreover, lightweight structures yields a lower
self-weight which renders the dead load smaller and thus allows for further savings in
material. However, this is exempting the possibility where fatigue acts as a
determining factor or bottle neck if you will.

In addition to the material saving, lightweight structures are also easier to lift, handle
and assemble (Finnds, 2012). The effect of this is that savings can be made in both
time and expenses for the assembly and erection of the bridge. A shorter building time
is especially desirable for roads, railways and waterways with high traffic flows.

The high strength of duplex also results in that fewer supports can be used to span the
same distance, since the individual spans can be made longer. The benefit of this is
that construction of supports can be expensive, especially when they require
foundation in water.

Problems pertaining to maintenance of carbon steel

As mentioned, one of the main advantages of stainless steel is that it does not require
maintenance. To fully understand the benefit of a maintenance free bridge, it is
necessary to first know what maintenance is typically required. Thus the aim of this
subchapter is to give a brief description of maintenance of carbon steel.
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To begin, during the service life of the bridge the state of the protection has to be
assessed periodically. Whenever maintenance related deterioration arise these
problems have to be corrected. Also, the inspections are carried out in addition to a
chosen combination of partial and full renewal of the protective layer, occurring
several times during the service life. However, it should be noted that at the moment
there is no unifying standard as to how often or which type of maintenance should be
performed (Fanica etal., 2008).

In further detail, the renewal of the protective layer involves a few aspects and costs
in and of itself. Firstly, it involves the removal of the old layer before applying the
new protective layer. This is a costly procedure that may require temporary
scaffolding and closure of the bridge.

It is worth mentioning that for severely corrosive environments, such as marine
environments, the required maintenance will have to be more recurring and also more
comprehensive. Albeit, this can be put in comparison to the stainless steel that
requires more corrosive resistant grades in corrosive environments. To conclude, both
carbon and stainless steel becomes more expensive as the corrosiveness of the
environment increases.

The closing of a bridge in turn leads to redirection of traffic flows, which usually
cause indirect costs due to loss of economic income (S&ll & Tiderman, 2013). For
example, in certain cases, like with the Stonecutters Bridge in Hong Kong, closure of
the bridge is deemed unacceptable due to the overwhelming economical loss it would
cause.

In addition to an economic loss, painted bridges also cause a negative environmental
impact (Séll & Tiderman, 2013). Generally, this mostly affects the local environment
when both paint and residues are spread. The paint residues are emitted through
spillage, peeling, blasting and removal of old paint layers. The damage could be
assessed through the help of life cycle analysis (LCA) of the bridge.

Furthermore, the example of Stonecutters Bridge illustrates another benefit of
stainless steel in construction. To elaborate, maintenance is sometimes very hard to
perform if not outright unfeasible. For instance, the pylons of the Stonecutters Bridge
are approximately 300m high. Consequently, to perform substantial maintenance at
such a height imposes severe difficulties. In addition, the difficulties in maintenance
generally entail a high cost as well. To conclude, sometimes stainless steel is the
preferred option in situations where maintenance proves too great a challenge.

2.5.3 Considerations pertaining to construction in stainless steel

The aim of this chapter is to summarise important aspects that should be considered
when building a stainless steel bridge. However, note that many of the aspects
mentioned in this chapter have been covered in more detail in other subchapters
within the literature study. To aid the reader there are references to the appropriate
subchapters where more information can be found.

To begin, one of the more prominent concerns for stainless steel bridges is the higher
initial cost compared to a carbon steel alternative. This initial cost is partly or fully
offset by reduced costs during the service life. Nonetheless, the fact remains that the
higher initial cost can be a crucial consideration for the buyer of the bridge.
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There are two main factors that contribute to the higher cost. These factors are the
cost of the steel material and the cost of assembly in the workshop.

Firstly, the cost of stainless steel is governed by the alloy composition. For more
information about the alloys that are used in stainless steel, see chapter 2.1.5 -
Alloying elements. To elaborate, the price of certain alloys, like for example nickel, is
much higher than the price of iron. Thus, if high amounts of alloys are used, the
stainless steel will become more expensive. On the other hand, it should be noted that
some of the alloying elements, like nitrogen, are comparably inexpensive.
Nonetheless, to save cost, it is preferred to use as little of the expensive alloys as
possible.

In fact, the choice of stainless steel is primarily determined by the required corrosion
resistance. The reason being that the corrosion resistance of stainless steel is
determined by the alloy composition, see chapter 2.1.3 - Corrosion resistance. In
short, to achieve higher corrosion resistance the alloy content has to be increased.

Furthermore, the assembly of the bridge is another area that is more expensive for
stainless steel than for carbon steel (Fanica et al, 2008). The increased costs are
partially caused by more expensive welding consumables and faster wear of cutting
tools. In addition, the tools that come into contact with stainless steel should not be
made from or used on carbon steel. The reason for this is that the stainless steel
otherwise can become contaminated by the carbon steel. Finally, a rough estimation is
that the workshop cost is approximately 30% higher for stainless steel than for carbon
steel. However, the actual workshop cost will of course fluctuate and is dependent on
many other factors.

Another area that requires careful consideration is the welds of the structure. For the
welds two of the most important aspects are corrosion resistance and fatigue strength.
A common element for all welds in stainless steel, regardless of welding technique, is
they have to be treated after welding. This is done in order to achieve full corrosion
resistance of the weld, for further information see chapter 2.2.1 - Cleaning of welds.

However, all the other aspects pertaining to welding are too numerous to reiterate on
in this chapter. Thus, for more details about welds and welding in general see chapter
2.2 - Welding of stainless steel. Also, information related to the fatigue strength of
welds can be found in chapter 2.3 - Fatigue of stainless steel.

Of less importance, but still worthy of mention, is that the surface appearance of
stainless steel can be determined by different surface treatments. Examples of such
treatments are coating, blasting and peening. They can be used to obtain everything
from mirror polish to more subtle mate finish. The latter has been used where highly
reflective surfaces may otherwise blind nearby traffic.

Another consideration is that the internal components of a stainless steel structure can
be made with carbon steel or a stainless steel grade with lower corrosion resistance.
Such is the case of the Waldeck-Rousseau Bridge where two different austenitic
grades were used (ArcelorMittal, 2009). More specifically, the higher alloy grade with
higher corrosion resistance was used on the outside while the lower alloy was used for
the internal structure.
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In this way a less expensive material can be used for parts of the structure without
sacrificing the owverall durability of the bridge. The premise which has to be fulfilled is
of course that the internal structure is not exposed to the corrosive environment. In
addition, it should go without saying that the internal steel is not allowed to corrode.

Concerning the use of two different metals in the same structure there is the risk of
bimetallic corrosion. Bimetallic corrosion is described in further detail in chapter
2.1.4 - Corrosion modes. Although the corrosion rate may be substantially increased
due to bimetallic corrosion it rarely becomes an issue unless there is a risk of
corrosion to begin with.

This is the reason for why different types of stainless steel can be used in the same
structure, like in the aforementioned Waldeck-Rousseau Bridge. In this case neither
the exterior nor the internal structure was exposed to an environment that would cause
corrosion to the respective steel. To summarise, the internal structure need only to
resist the mild internal environment. As long as the steel can fully resist the
environment that it exposed to the detrimental effect of bimetallic corrosion is
negligible.

On the other hand, bimetallic corrosion can become critical when the less noble metal
Is exposed to an environment in which it corrodes. An example of this is when carbon
steel girders are used in conjunction with stainless steel girders in an open structure.
In short, bimetallic corrosion occurs when two metals such as stainless steel and
carbon steel is in contact with each other. When they are in contact the more noble
metal, the stainless steel, will increase the corrosion rate of the less noble metal,
namely the carbon steel.

The solution to the issue of bimetallic corrosion is to separate the different metals in
the structure. Without the connection the electric current cannot travel between the
metals and the bimetallic corrosion cannot take place. Separation can be ensured with
the help of spacers made from material that breaks the electric current. If the
bimetallic corrosion is not prevented the structural integrity may be put at risk due to
the accelerated corrosion.

Finally, an issue worth considering when building and handling stainless steel is that
there is little to no possibility of covering up any cosmetic damage (Finnas, 2012).
The reason for this is that stainless steel is rarely painted, as described in chapter 2.5.2
- Benefits of stainless steel in bridges. To elaborate, minor damage in carbon steel
bridges can be repaired, and the repairs can then be hidden by the paint layer.
However, for stainless steel this is not possible and damage to the bridge should
therefore be avoided. Thus, additional care is required during production and erection.
This in turn may require longer construction time, which often leads to an increased
cost.
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3 Parametric Study

The parametric study is carried out in order to observe the behaviour of stainless steel.
In more detail, the parametric study has been used to investigate both the strong and
weak points of stainless steel in bridge structures. Both the structural behaviour of the
stainless steel and the economic aspect of using stainless steel instead of carbon steel
have been examined.

The three parameters which are considered as the most important are the fatigue
strength, fatigue assessment method and steel grade. The fatigue strength and fatigue
assessment is important since in most cases they have a significant influence on the
design of the bridge. Just as important, the comparison of the steel grades is of interest
since carbon steel is the main alternative to stainless steel. For further information
about these and other parameters see subchapter 3.3 - About the parameters and their
relevance.

The calculations for the parametric study consist of analytical hand calculations in
Mathcad and fatigue calculations in Matlab and Octave. The fatigue calculations also
utilise data which is obtained from the finite element model which is scripted in
Abaqus/Brigade. The hand calculations, which are performed in accordance with
Eurocode, are described further in subchapter 3.2 - Hand calculations. The fatigue
assessment on the other hand is described in chapter 4 - Fatigue Assessment.

Finally, each case in the parametric study has been optimised with regard to the
utilisation ratios and steel consumption. Nevertheless, although the cross-section has
been optimised, some features of the original design have been retained. Example of
features that has been retained is the location of the splices in the web and flanges.
The original design has been partially preserved in order to not yield too extreme
solutions and also limit the workload for each step in the study.

3.1 Structural behaviour of the Nyndshamn Bridge

In this chapter the structural behaviour of the Nyndshamn Bridge will be described. In
addition, further information about the bridge can be found in chapter 2.5.1 -
Noteworthy examples.

When describing the structural behaviour it is important to note that the self-weight is
carried by the steel main I-girders alone. Additionally, the imposed loads are instead
carried by the entire composite cross-section. This owes to the fact that the main I-
girders carry the entire self-weight of the structure when the concrete deck is cast.
When the concrete achieves sufficient strength to contribute to the load bearing the
self-weight will still be carried by the steel girders.

Note that in this study no regard is taken to shrinkage or creep of the concrete. These
effects may otherwise lead to a redistribution of stresses.

Moreover, the main I-girders are simply supported in both ends at casting and the
moment from the self-weight is therefore distributed accordingly, see figure 3.1. The
effect of this is that the self-weight cause no moment at support. Instead, it leads to a
more significant negative bending moment at the middle of the span. In comparison,
for the composite action the bridge has fixed supports at both ends, which lead to
large positive moments at the supports.
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Figure 3.1:  Figure illustrating the bending moment in the ultimate and fatigue limit state.
The self-weight is distributed according to a simply supported case while the

imposed loads take into account fixed supports.

In addition, the positive moments at the support region will cause tension in the
concrete. When the reinforced concrete is subjected to tension the contribution from
the concrete is neglected. Instead only the reinforcement is considered for the bending
resistance. The implication is that the bending resistance is noticeably reduced at the
support region for the current design.

In conclusion, the bending moment from the self-weight dominates in the middle of
the span and the bending moment from the imposed loads dominates at the support
region. Consequently, in the middle of the span the utilisation in the ultimate limit
state will often be more critical than the utilisation in the fatigue limit state. In the
same manner the fatigue limit state, which depends on the imposed loads, will tend to
have the highest utilisation at the support region.

3.2 Hand calculations

The majority of the parametric study is based on hand calculations carried out in
accordance with the rules and recommendations given in the current Eurocode. The
hand calculations has been performed and written in the software Mathcad, for a full
review of the hand calculations see Appendix F.

Note that the hand calculations in Mathcad have been used in conjunction with Matlab
functions. In short, the Matlab functions can be divided into two categories. First,
there is a set of functions that is used to extract and store the data obtained in the hand
calculations. Second, another set of functions are used to calculate the fatigue life of
the main I-girders. The functions in question can be found in Appendix D and E
respectively.

The hand calculations are structured in to three major parts which are: Input data and
parametric study, calculations and results. Each part is briefly described below, in this
subchapter.
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Input data and Parametric study

In the chapters Input data and Parametric study all the variables and constants used in
the calculations are initialised and declared. In more detail, the input data which is
changed in the parametric study will supersede the data given for the original design.
To clarify, the data which is not changed in the parametric study will remain intact.

Furthermore, the values given specifically for the parametric study are imported from
an Excel document. Keeping the data external allows for fast editing and easier
storage of the input data. For an example on how the input data in the excel document
is structured see Appendix A.

Calculations

The by far largest part of the hand calculations consists of the actual calculations. Due
to the length of the calculations this partis divided into distinct subchapters.

Here is given a list of the subchapters included in the calculations part. Note that the
description only includes the most notable content and that each subchapter may
include additional calculations.

e Cross-sectional constants. This subchapter contains the calculation of cross-
sectional constants in each section. Examples of such constants are; area, first
and second moment of area and global and local z-coordinates.

e Loads. In this subchapter the loads on the bridge structure is calculated for the
section along the span. Loads which are included are self-weight, traffic load,
fatigue load and wind load.

e Bending moment resistance. In this subchapter the various bending resistances
and corresponding utilisation of the cross-sections is calculated.

e Shear resistance. The shear resistance subchapter contains the calculation of
the shear and shear bending resistance of the main I-girders.

e Interaction between shear force and bending moment. This subchapter
contains a check of the combined effect of shear force and bending moment.

e Fatigue assessment. Here the fatigue life of the main I-girders is calculated
with the damage equivalent method.

Results

The purpose of the final chapter is twofold. Firstly, in this chapter all the results
obtained in the calculations are collected for a better overview. Secondly, some of the
data obtained in the hand calculations is exported in this document. Data which is
exported includes the results which are of interest in the parametric study in addition
to all the data which is required for the external fatigue calculations.
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3.3 About the parameters and their relevance

In this chapter the parameters and their corresponding values are described.
Furthermore, note that the measurements of the cross-section are not considered as
parameters in this study per se. Nonetheless, they are important since they determine
the capacity and are the means with which the bridge is optimised.

Fatigue design

The fatigue limit state is assessed and designed according to the results obtained with
either the damage equivalent method or the more advanced Palmgren-Miner
cumulative damage method. Further information about the fatigue assessment
methods can be found in chapter 4 - Fatigue Assessment.

Span length

The span length has a major influence on many parts of the bridge and is of course
strongly dependent on the bridge site. In the parametric study there are three different
sets of span lengths which are used in the different studies, see the list below.

e 10-80m in steps of 10m
e 10,40 and 70m
e 40m

The span length of 40m serves as a reference point since the original bridge was 40m
long.

Increased fatigue strength

The fatigue strength is increased in the calculations so that the influence on the bridge
design can be observed. The increased fatigue strength which is considered is the
inherently higher fatigue strength of stainless steel and the benefit of fatigue
improving post-weld treatment.

For the inherently higher fatigue strength the strength is increased for fatigue cracking
mode C and D. In the case of post-weld treatment the fatigue strength of all the
fatigue cracking modes are increased by two and three classes. Further information
about the fatigue cracking modes and the increased fatigue strength is given in chapter
4.2 - Fatigue cracking modes.

Design life

The design life of the bridge is chosen in conjunction with the fatigue load which is
applied to the bridge alternatives. The design life of the bridge is taken as 80, 100 or
120 years which corresponds to low, medium and high fatigue load.

Fatigue loads

The influence of fatigue load caused by traffic is studied by considering three levels
of traffic load. The load levels are chosen to be representative for the extreme cases of
minimum and maximum fatigue load in addition to a case of medium fatigue load.

The fatigue load is decided by the traffic category, traffic type and the design life of
the bridge. The combination which is used for each fatigue load level is shown in
table 3.1.
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Table 3.1 Traffic category, traffic type and design life which corresponds to the chosen
fatigue load levels used in the parametric study.

Fatigue load level Traffic category Traffic type Design life
Low fatigue load Category 4 Local 80 years

Medium fatigue load Category 2 Medium range 100 years
High fatigue load Category 1 Long range 120 years

Steel grades

In this parametric study three steel grades are considered. The steel grades in question
are the duplex stainless steel grade EN1.4162 and the two carbon steel grades S355
and S460.

EN1.4162, which also is known under the trade name of LDX2101, is chosen since it
is used in the original bridge and is also representative for duplex stainless steel. The
carbon steel S355 and S460 is representative for ordinary structural steel and high
strength structural steel. Furthermore, the high strength steel grade S460 has
mechanical properties which are similar to that of the stainless steel EN1.4162.

Cost and interest rate

The costs, both the initial cost of the steel and the cost of maintenance, are included in
the parametric study. A high and a low estimate of the cost have been included to
account for the uncertainty related to the costs.

Furthermore, the interest rate has also been considered and is also taken as a high and
low estimate. The interest rate is used in conjunction with the maintenance costs so
that a present value can be calculated. The high interest rate is taken as 3.5% and the
low value as 1.5%.

For all the values and calculations considered for the cost of the bridge alternatives
see Appendix A.

3.4 Limitations

Due to limitations of time and resources it is not possible to take everything into
account in the parametric study. Here is outlined the most prominent limitations to the
parametric study.

Firstly, the influence of creep and shrinkage of the reinforced concrete deck is
neglected. Furthermore, for the concrete deck the geometry, concrete class and
reinforcement has not been changed in the parametric study. In the case of a real
bridge it may be of interest to change the concrete deck to further optimise the
structure.

Secondly, there is no fatigue assessment performed for the concrete, reinforcement or
the shear studs connecting the deck to the steel main I-girders.
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Thirdly, in the serviceability limit state only the deflection is checked. It could be of
interest to also include a check of stresses and dynamic behaviour for a more detailed
study.

Finally, the optimisation of the bridge has been limited to involving just the
measurements of the cross-section. In a more advanced study the design could be
changed even further. Examples of additional things to consider in the design is the
placement and number of splices in the web and flanges as well as the use of
stiffeners for the web.
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4 Fatigue Assessment

In this thesis there has been a focus on the fatigue strength, fatigue life and fatigue
assessment methods which are applicable to stainless steel in particular. This chapter
will clarify which methods and assumptions are used and why they were chosen.

With regard to the fatigue assessment methods there are three different methods that
have been implemented, utilised and compared in the parametric study. Out of these
three methods the first two have been utilised in the design of the bridge.

The first and most basic fatigue assessment method is the damage equivalent method
in combination with analytical hand calculations. For this method the fatigue load
model 3 was used.

The second method is also based on analytical hand calculations but instead uses the
more advanced Palmgren-Miner cumulative damage method. For this method the
fatigue load model 4 was used, however fatigue load model 5 could also be applied.

Finally, the third method uses the Palmgren-Miner method in conjunction with a finite
element model which is used to derive the stress spectra. As for the analytical
counterpart fatigue load model 4 was used in the parametric study and the calculations
permit the implementation of fatigue load model 5.

The fatigue assessment methods are described in more detail in subchapter 4.3 - The
damage equivalent factor method and subchapter 4.4 - The Palmgren-Miner
cumulative damage method. The fatigue load models which are used for the fatigue
assessment methods are described in subchapter 4.1.1 - Fatigue load model 3 and
subchapter 4.1.2 - Fatigue load model 4.

Finally, the fatigue strength has been considered with different values. The basic
values are taken according to recommendations in Eurocode for both stainless steel
and carbon steel. However, for the stainless steel higher fatigue strength through
inherent properties or post-weld treatment has also been considered. More about the
fatigue strength can be found in subchapter 4.2 - Fatigue cracking modes.

4.1 Fatigue Load Models

The fatigue load models are used to assess the fatigue life of the bridge. They are used
in conjunction with fatigue assessment methods such as the damage equivalent
method and the damage cumulative Palmgren-Miner method. The fatigue load models
that are given by the current Eurocode can be found in EN 1991-2. Section 4.6.

In total there are five different fatigue load models given in Eurocode, which are
simply referred to by number. In this parametric study fatigue load model 3 and 4 is
utilised. These fatigue load models will therefore be described in more detail in
subchapter 4.1.1 - Fatigue load model 3 respectively subchapter 4.1.2 - Fatigue load
model 4.

To begin, the three first fatigue load models are primarily used to find the difference
between the highest and lowest value of stress. For this reason they are suitable for
use with the damage equivalent method, since the damage equivalent method requires
only a largest value of the stress range.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:118 65



By the same token the three first load models are not recommended to be used with
the Palmgren-Miner method. This since the Palmgren-Miner method in contrast to the
damage equivalent method takes into account all the stress ranges and the
corresponding load cycles which can be derived from the stress spectrum. To
reiterate, the Palmgren-Miner method should not be used in conjunction with fatigue
load model 1, 2 or 3.

In more detail, fatigue load model 1 and 2 is intended to be used when the fatigue life
is assumed to be infinite. Load model 3 on the other hand does not assume infinite
fatigue life and is therefore more suitable to be used with the damage equivalent
method in the parametric study.

In contrast to the three first models the fatigue load models 4 and 5 are intended to
produce stress spectra rather than just a difference between highest and lowest stress.
Therefore these two models are suitable to use with the Palmgren-Miner method.
Consequently they also become less suitable to use with the damage equivalent
method.

Load model 4 is based upon a set of characteristic vehicles while load model 5 should
be based upon real vehicles and traffic data. It should go without saying that load
model 5 is more accurate when it is possible to determine the real traffic. For fatigue
load model 4 the estimation of the traffic loads are based upon the traffic category and

type.

Note that the there is no measured traffic data available for the original bridge in
question. Furthermore, the traffic and fatigue load should be varied in the parametric
study. Therefore fatigue load model 4 has been chosen to be used with the Palmgren-
Miner method in the parametric study.

4.1.1 Fatigue load model 3

In the parametric study fatigue load model 3 is used with the damage equivalent
method. This since fatigue load model 3 is recommended to be used with the damage
equivalent method. Additionally, fatigue load model 3 takes into account a fatigue life
which is not infinite, in contrast to fatigue load model 1 and 2.

Fatigue load model 3 uses a single vehicle model. The vehicle model is illustrated in
figure 4.1. Each axle in the model has a load of 120kN, bringing the total weight of
the vehicle to 480kN.

Furthermore, an additional vehicle can be considered in the same lane for bridges that
has a length of 40m or longer. The second wvehicle is placed at a distance of 40m
behind the first vehicle. Additionally, the second wvehicle has a markedly lower axle
load of just 36kN compared to the axle load of 120kN for the first vehicle.
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Figure 4.1:  Illustration of the vehicle model in fatigue load model 3.

4.1.2 Fatigue load model 4

Fatigue load model 4 is used with the Palmgren-Miner method in the parametric
study. The fatigue load model 4 is similar to fatigue load model 5, but doesn’t require
measured or estimated data of the real traffic. As such it can be used to estimate the
fatigue life where the traffic data is not available or incomplete.

The fatigue load model takes into account a set of five vehicles which are defined in
EN 1991-2: Table 4.7. Additionally, in the model are defined three types of axles
which are used for the different vehicles. Alas, in the parametric study the axles and
wheels are simplified as point loads for both the analytical calculations and the finite
element model.

Moreover, based on the road category the fatigue load model 4 allows for an
estimation of the amount of heavy traffic. The estimation gives a value of the total
number of heavy wvehicles that will pass the bridge in each slow lane per year.
Moreover, the composition of the wvehicle types is decided by distance which the
heavy traffic is presumed to travel. For long range transports the vehicle mix contains
mostly of heavy vehicles while for local transports the vehicle mix is dominated by
light vehicles.

Finally, fatigue load model 4 may take into account the occurrence of multiple
vehicles passing the bridge at the same time. This is however not included in the
model as standard, instead it may be taken into account by modifying the load model
when needed. In the parametric study performed in this thesis the effect is assumed to
be negligible in order to simplify the calculations. Further details about how to modify
the load model are given in Background to fatigue load models for Eurocode 1: Part 2
Traffic Loads written by Croce P.
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4.2 Fatigue cracking modes

For the fatigue assessment of the bridge only the main I-girders will be considered. To
clarify, no fatigue assessment will be carried out for the reinforced concrete or the
shear studs connecting the concrete deck to the main I-girders. Nonetheless, for the
main |-girders there are six fatigue cracking modes which are considered in the
calculations.

In addition to fatigue strength given by Eurocode the fatigue strength has also been
increased in parts of the parametric study. The fatigue strength is increased in order to
take into account both the benefit of the inherently higher fatigue strength of stainless
steel and the effect of fatigue improving post-weld treatment. Further information and
background for the higher fatigue strength of stainless steel can be found in chapter
2.3 - Fatigue of stainless steel.

In this chapter the fatigue cracking modes will be described briefly. For further
information about the fatigue cracking modes and the related calculations see
Appendix F.

Here is given a brief explanation of the fatigue cracking modes which are used in the
parametric study. Please note that the mode names are taken arbitrarily and bear no
significance outside the use in this thesis.

Fatigue cracking mode A

Fatigue cracking mode A takes into account the fatigue cracking that starts from the
longitudinal welds between the web and the flanges. The fatigue cracking is caused by
both the direct stress and shear stress in the web. Here the effect of each stress is
considered individually and then added together.

The fatigue strength of the detail with regard to direct stress is based upon detail 3 in
EN 1993-1-9: table 8.2. Note that detail 3 is selected since the weld is a continuous
but contains stop/start positions. For the shear stress the fatigue strength is based on
detail 6 in EN 1993-1-9: table 8.1. For an illustration of the fatigue cracking mode see
figure 4.2.

Figure 4.2: lllustration of fatigue cracking mode A, which is initiated from the
longitudinal weld between web and flanges. Note that this mode takes into
account both the direct and shear stress in the web.
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Fatigue cracking mode B

Fatigue cracking mode B takes into account the cracking that starts from the welded
splices in the flanges. The stress which is considered is direct stress in the relevant
flange. The fatigue strength of this detail is reduced when the thickness of the flange
is increased above 25mm.

The fatigue strength and the associated reduction factor for size effect can be found in
EN 1993-1-9: table 8.3 for detail 2 and 4. For an illustration of the fatigue cracking
mode see figure 4.3.

Figure 4.3:  lllustration of fatigue cracking mode B, which is initiated from the splices in
the flanges of the main I-girders.

Fatigue cracking mode C

Fatigue cracking mode C takes into account the fatigue cracking that starts in the weld
between the vertical stiffener and the web at the support. For this detail the principal
stress should be used in calculations. The fatigue cracking mode is illustrated in figure
4.4.

The fatigue strength is taken for detail 7 in EN 1993-1-9: table 8.4. Note that the
fatigue strength of this detail is increased when the inherently higher fatigue strength
of stainless is considered. For more information about the higher fatigue strength of
this detail and stainless steel see chapter 2.3 - Fatigue of stainless steel.

Figure 4.4:  lllustration of fatigue cracking mode C, which is initiated from weld between
the vertical stiffener and the web. Note that this mode takes into account the
principal stress in the web.
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Fatigue cracking mode D

Fatigue cracking mode D originates form the vertical stiffener just like mode C but
instead considers the fatigue cracks which start from the weld between the stiffener
and the flanges. The stress which is considered here is the direct stress in the surfaces
of the flanges at which the stiffener is welded to. To clarify, for the upper flange this
is the lower surface and for the lower flange this is the upper surface. The fatigue
cracking mode is also illustrated in figure 4.5.

The fatigue strength is taken for detail 7 in EN 1993-1-9: table 8.4. Note that the
fatigue strength of this detail is increased when the inherently higher fatigue strength
of stainless is considered. For more information about the higher fatigue strength of
this detail and stainless steel see chapter 2.3 - Fatigue of stainless steel.

Figure 4.5: lllustration of fatigue cracking mode D, which is initiated from weld between
the vertical stiffener and the flanges.

Fatigue cracking mode E

Fatigue cracking mode E takes into account fatigue crack in the longitudinal welds
between web and flanges, see figure 4.6. Here it is the shear stress in the weld which
is considered. The fatigue strength for the weld is taken for detail 8 in EN 1993-1-9:
table 8.5.

Figure 4.6: Illlustration of fatigue cracking mode E, which is initiated in the longitudinal
weld between the web and the flanges.
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Fatigue cracking mode F

Fatigue cracking mode B takes into account the cracking that starts from the welded
splices in the web. The stress which is considered is the direct stress in the web. The
fatigue strength of this detail is reduced when the thickness is increased above 25mm.

The fatigue strength and the associated reduction factor for size effect can be found in
EN 1993-1-9: table 8.3 for detail 2 and 4. For an illustration of the fatigue cracking
mode see figure 4.7

Figure 4.7:  lllustration of fatigue cracking mode F, which is initiated from the splices in
the web of the main I-girders.

4.3 The damage equivalent factor method

The damage equivalent factor method is a method that uses several factors to estimate
the damage that is sustained in the fatigue limit state. The method is alternatively
referred to as the A-factor or lambda-factor method. Note however that in this thesis it
is referred to as the damage equivalent method.

The method is taking into account the complex fatigue calculations into one single
factor, which is called the damage equivalent factor. The value of the damage
equivalent factor is obtained in Eurocode through the use of four factors.

The aspects which are considered in the damage equivalent factor are:

e The length of the span. The span length determines the influence line and the
amount of damage that each vehicle causes.

e The amount of traffic on the bridge. The weight and amount of passing
vehicles is a major factor in determining the amount of damage that is caused.

e The design life of the bridge. The longer the design life of the bridge, the more
vehicles will pass the bridge in total. The number of load cycles naturally has
an effect on the damage which is sustained.

e The number of lanes with heavy traffic. If there are multiple lanes on the
bridge there will be additional damage sustained when more vehicles pass over
the bridge. In addition, the presence of multiple vehicles on the bridge
simultaneously should be taken into account since they further increase the
stress range.
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Finally it should be noted that the damage equivalent factor is limited so that it may
not exceed a certain value that is determined by the span length.

For further information about the damage equivalent method see the calculations
pertaining to fatigue assessment in Appendix F. In the calculations reference is given
to the relevant sections in Eurocode which applies for this method.

4.4 The Palmgren-Miner cumulative damage method

The Palmgren-Miner method is a cumulative damage method and is used to calculate
the damage which is sustained due to fatigue loading. The damage should be kept
below 1. The damage can therefore in many regards be treated as an utilisation ratio.
However note that damage in most regards has a non-linear behaviour and that a small
change in stress range may cause a large change in damage.

In brief the Palmgren-Miner method calculates the damage for each stress range with
regard to the amount of cycles for the current stress range. In this way the damage is
accumulated for all the stress ranges that the detail is subjected to, hence the name
cumulative damage method.

In more detail, the damage is calculated with the help of S-N curves which describes
the amount of load cycles that may be applied until failure at a given stress range. For
steel there is also a cut-off limit for which failure will not occur no matter how many
load cycles are applied. The calculations which are carried out in the parametric study
and the related references to Eurocode can be found in Appendix E.

Furthermore, in order to obtain the stress ranges and corresponding load cycles a
cycle-counting algorithm has to be utilised. Common algorithms for fatigue
calculations are the rainflow counting algorithm and the reservoir counting algorithm.
In this thesis it is the rainflow counting algorithm which has been utilised for the
fatigue calculations.

In short, the cycle-counting algorithm is used to analyse the stress spectra which is
caused by the vehicles in the fatigue load model. More information about fatigue load
model 4 which is used with the Palmgren-Miner method can be found in subchapter
4.1.2 - Fatigue load model 4.

44.1 Stress spectra obtained from analytical solution and finite
element model

The stress spectra that are used to calculate the fatigue damage can be obtained
through analytical calculations or by finite element modelling. In this thesis both
approaches have been utilised and compared. The results from this comparison can be
found in chapter 5.2.2 - Comparison of fatigue assessment with finite element method
and analytical method.

For both approaches the stress spectra for the wehicles in the load model are
assembled from an influence line. The influence line can be for stress in a selected
node or bending moment and shear force in a section.
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The influence line is obtained for a reference axle load and later scaled and assembled
to correspond to a wvehicle in the load model. The influence line is obtained for a
given node or section by moving the axle load along the bridge. The value of interest
is observed for each position of the load.

For the analytical solution the bending moment and shear force is obtained for the
reference axle load. The bending moment and shear force is then assembled into
influence lines which correspond to each vehicle in the fatigue load model. Finally the
stress spectra can be calculated for the influence lines with regard to the capacity of
the cross-section.

For the finite element model the stresses are instead obtained directly from the model.
The implication of this approach is that the superposition principle is utilised for the
assembly to be applicable. A drawback which stems from the use of the superposition
principle is that the principle only holds true for linear systems. In conclusion, for the
approach with reference axles in the finite element model the material models and
behaviour of the model must be kept linear.

In comparison, for the analytical approach consideration can be taken to non-linear
response. For example the difference in the second moment of area for sections where
concrete is in tension respectively compression. This is possible since the analytical
solution calculates an influence line for bending moment and shear force for each
vehicle independent of the cross-sectional properties. There is therefore no need to use
superposition for the stress which is instead calculated directly for each vehicle.

However, it is important to note that non-linear models can be utilised when complete
vehicle models are used instead of reference axle loads. When the vehicle model is
used there is no longer a need for superposition of stresses, which prevented non-
linear models. To summarise, when whole wvehicle models are implemented in the
finite element model the behaviour is allowed to be non-linear.

Nonetheless, the advantage of using a reference load is that the number of calculations
in the finite element model can be reduced. Therefore this simplified method can be
used to make a less accurate but faster estimate of the damage which will be sustained
in the fatigue limit state.

Finally, the full calculations of the stress spectra for the vehicle loads can be found in
Appendix E. In addition, the analytical approach is relying on data which is calculated
in accordance with Eurocode. The calculations based on Eurocode can be found in
Appendix F.

Moreover, the finite element model which is used to obtain the stress spectra for the
reference load is created by scripts in Abaqus/Brigade. A description of the script
which was written and utilised in this thesis can be found in Appendix B.
Additionally, a convergence study of the model which is used in the parametric study
can be found in Appendix C.
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5 Results

In this chapter all the significant results obtained from the parametric study are
presented. For the full set of results and data see Appendix A. In the appendix all the
data obtained from the parametric study is presented in tables and a few additional
diagrams. The diagrams presented in the appendix may be of interest but that did not
fit into the report.

The results are divided into subchapters that focus on the different aspects of the
parametric study. Results included in the study are the influence of span length, grade,
fatigue assessment methods and improved fatigue strength. Note that there may be
some minor overlap between these subchapters.

For additional information about the parametric study and the parameters which are
studied see chapter 3 - Parametric Study and subchapter 3.3 - About the parameters
and their relevance.

5.1 Influence of the span length

The span length is one of the most critical parameters to consider for the bridge.

As such the influence of the bridge’s span lengths has been investigated specifically in
two studies. In the first and more comprehensive study of the span length the span
ranges from 10 to 80m in steps of 10m. In the second study only three span lengths
are selected. Those span lengths are chosen to be representative for a short, medium
and long bridge at 10m, 40m and 70m respectively.

In further detail, in the first study the bridge alternatives are designed with regard to
the lowest fatigue load and shortest design life of 80 years. Furthermore the design is
verified with the damage equivalent method.

In contrast, in the second study the more advanced Palmgren-Miner method is utilised
for the design with regard to the fatigue limit state. In addition, the fatigue load is
increased to medium fatigue load for a design life of 100 years.

Moreover, in both studies the fatigue life will be assessed by both the damage
equivalent method and the Palmgren-Miner method. In this way a comparison of the
two methods can be made in addition to the studies given in subchapter 5.2 —
Comparison of different fatigue assessment methods.

5.1.1 Influence of span length, damage equivalent method

This study will investigate the influence the span length has on the design, utilisation
ratios and material consumption of the bridge. This study will be based on the bridge
subjected to low fatigue load. Moreover, the design is based on the damage equivalent
fatigue assessment method.

First, as can be seen in figure 5.1, the limit states that determines the design in this
study are the ultimate limit state in combination with the fatigue limit state. In more
detail, for this case of very low fatigue load the fatigue limit state is only determining
the design for span lengths of up to 50m.
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Here it should be noted that the utilisation of the capacity in the ultimate limit state is
maximised in the middle of the span. On the other hand the utilisation in the fatigue
limit state is instead maximised at the support region. Further on the structural
behaviour can be found in chapter 3.1- Structural behaviour of the Nyn&shamn
Bridge.

Utilisation in the limit states
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Figure 5.1:  This diagramshows howthe utilisation ratio in the different limit states varies
with regard to the span length of the bridge. The design is performed with
regard to the damage equivalent method for low fatigue load.

Moreover, as can be seen in figure 5.1 the utilisation ratio with regard to the
Palmgren-Miner method is substantially lower than that of the damage equivalent
damage method for all of the investigated span lengths. Note that the damage
sustained according to the Palmgren-Miner method clearly start to decline at the same
point, for spans over 50m, as the utilisation with regard to the damage equivalent
method decline. Thus, while the two methods are not of the same magnitude the
methods still exhibit good levels of correlation.

Additionally, from the span length of 20m to 40m it appears as the damage equivalent
and Palmgren-Miner method are converging for longer span lengths.

When examining the individual utilisation ratios in the ultimate limit state it becomes
apparent that it is the bending of the composite cross-section that is the governing
mode. The utilisation in the ultimate limit state can be found in figure 5.2.
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Utilisation in the ultimate limit
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Figure 5.2:  This diagramshowshowthe utilisation ratio in the ultimate limit state varies
with regard to the span length of the bridge. The design is performed with
regard to the damage equivalent method for low fatigue load.

As a matter of fact, the utilisation of the main I-girders at casting is expected to
remain lower than the utilisation of the composite cross-section. This since the self-
weight which for most span lengths, especially longer spans, is the dominating load
remains mostly the same at casting and in the service life. Thus, the addition of
imposed loads that is carried by the composite cross-section with composite action
will require additional capacity and renders the composite cross-section the limiting
factor with regard to the ultimate limit state.

Nonetheless, it should be observed that the shear capacity of the bridge is hard to
optimise. The shear capacity is largely dependent on the thickness and height of the
web. Due to the small thickness of the web even a small increase in thickness will
lead to a steep increase in capacity. Finally, it should be noted that the thickness of the
web also affects the bending resistance to a certain degree.

Taking a closer look at the utilisation ratios for the different fatigue cracking modes it
is mode C and D that are the most important. See figure 5.3 for a diagram of the
fatigue cracking modes assessed with the damage equivalent method for which the
current set of bridges are designed after. In fact, mode C and D are both caused by the
transversal stiffeners at the supports. Mode C takes into account the principal stress in
the web while mode D takes into account the direct stress in the upper and lower
flanges.
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Utilisation in the fatigue limit state
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Figure 5.3:  This diagramshowsthe utilisation ratio in the fatigue limit state according to
the damage equivalent method for the various fatigue cracking modes. The
design is performed with regard to the damage equivalent method for low
fatigue load.

As mentioned previously the bending moment caused by imposed loads, such as
traffic loads, are high at the support region. The high moment is coupled by a moment
resistance that is generally lower at the section close to the supports. Finally, the
transversal stiffener at the support has one of the lower fatigue strengths of the details
considered in the bridge. In conclusion, these three circumstances are the major
factors that renders mode C and D to be the critical modes in most cases.

In contrast, for this case with low fatigue load the utilisation design obtained with the
damage equivalent method becomes very conservative when compared to the damage
that is sustained according to the Palmgren-Miner method. However, note that this is
the case for the lowest traffic load and shortest design life, and does not generally
hold true for all cases. For further comparison between the two fatigue assessment
methods see subchapter 5.2.1 - Comparison of the design obtained through the
damage equivalent method and the Palmgren-Miner method.

Although, as can be seen in figure 5.4, while the damage sustained according to the
Palmgren-Miner method is significantly smaller the pattern remains similar. In fact,
mode C and D which are the most critical modes with regard to the damage equivalent
method still remains the two most critical modes. Alas, there is a difference in that for
Palmgren-Miner the damage is persistently lower for mode C than for mode D. This
stands in contrast to the case for the damage equivalent method where mode C tends
to be more critical or on the same level as mode D.
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Palmgren-Miner method
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Figure 5.4:  This diagramshowsthe utilisation ratio in the fatigue limit state according to
the Palmgren-Miner method for the various fatigue cracking modes. The
design is performed with regard to the damage equivalent method for low
fatigue load.

In addition, it is of interest to know how the exposed steel area and the weight of the
steel in the bridge vary with the span length. As can be seen in figure 5.5 both the
steel area and steel consumption increases almost exponentially with regard to the
span length.

The steel area is of importance when comparing the stainless steel bridges to the
carbon steel alternatives. This since the exposed steel area has to be painted for carbon
bridges. As such it determines both the initial cost and a major part of the
maintenance cost for carbon steel bridges. More comparisons of carbon steel and
stainless steel in this parametric study can be found in chapter 5.3 - Comparison of
carbon steel and stainless steel.
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Figure 5.5:  This diagramshows howthe steel amount and exposed steel area varies with
the length of bridge. The steel amount is given as the weight for all of the
structural steel in the bridge. The design is performed with regard to the
damage equivalent method for low fatigue load.

Finally, the ratio between area and weight, which can be seen in figure 5.6, is useful
when comparing the stainless steel bridges to the carbon steel alternatives. The current
set of stainless steel bridges is used in order to obtain an indication of how the ratio
between exposed steel area and steel weight correlates with the span length. As can be
seen in figure 5.6 the steel area increase for shorter spans and decrease for longer
bridge spans.
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Figure 5.6:  This diagramthat shows the ratio between exposed surface area and weight of
the steel at different span lengths. The design is performed with regard to the
damage equivalent method for low fatigue load.
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5.1.2 Influence of span length, Palmgren-Miner method

This study will investigate the influence that the span length has on the design,
utilisation ratios and material consumption of the bridge. In comparison to the study
in the previous subchapter this study will consider the bridge when subjected to
medium fatigue load rather than low fatigue load. Moreover, the design is assessed
with the Palmgren-Miner method in the fatigue limit state, instead of the more
simplistic damage equivalent method.

As can be seen in figure 5.7 the fatigue limit state determines the design for span
lengths between 10 and 70m. Note that this behaviour is quite different when
compared to the result obtained for low fatigue load and design by the damage
equivalent method which is described in subchapter 5.1.1 - Influence of span length,
damage equivalent method. In addition, for the short span length of 10m the
utilisation in the ultimate limit state is no longer critical for the design.

Furthermore, the damage equivalent method yields consistently higher utilisation
ratios than the Palmgren-Miner method. This is especially pronounced for shorter
span lengths while for 70m span length the two methods yield almost the same result.
At 70m the utilisation ratio with regard to the damage equivalent method is 106%, this
in comparison to 248% for the span length of 10m.
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Figure 5.7:  This diagram shows howthe utilisation ratio in the different limit states varies
with regard to the span length of the bridge. The design is performed with
regard to the Palmgren-Miner method for medium fatigue load.

The deflection, which is measured in the serviceability limit state, remains sufficiently
low for all the span lengths. Furthermore it doesn’t show any signs to increase
excessively.
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When observing the individual utilisation ratios in the ultimate limit state the result is
similar to the result obtained for the lambda method. The result in question can be
seen in figure 5.8. To clarify, for the utilisation of bending resistance the composite
section is always higher compared to the bending of the main I-girders at casting.
Further, the utilisation of the shear capacity is as previously mentioned fluctuating and
remains mostly independent of the utilisation in bending.

Utilisation in the ultimate
limit state

100% : /] S
80% ' — !
L 0
603 —_
——

sy

N
o o
oo

oo

o
o\

0 10 20 30 40 50 60 70 80 90
Span length [m]

Utilisation ratio

——ULS, Bending, composite
——ULS, bending, main I-girder

ULS, shear, composite

Figure 5.8:  This diagramshowshowthe utilisation ratio in the different limit states varies
with regard to the span length of the bridge. The design is performed with
regard to the Palmgren-Miner method for medium fatigue load.

For the Palmgren-Miner method the critical fatigue cracking mode is mode D. Recall
that in a previous chapter, chapter 5.1.1 - Influence of span length, damage equivalent
method, mode C in conjunction with mode D was critical. Both fatigue cracking
modes originate from the vertical stiffener located at the supports. What is noteworthy
is that the critical mode has shifted from mode C to D.

As previously mentioned the shift from mode C to mode D is due to the fact that in
the damage equivalent method the maximum direct stress and shear stress is assumed
to coincide. This is not the case, and thus the maximum stress which mode C is based
upon will become a lower value. In conclusion, since the stress range is lower the
damage that is sustained from cracking mode C is also lowered.

Another interesting observation is that mode E, which depends on the shear stress in
the welds, will become critical at short span lengths. This is to a large extent due to
the fact that the second moment of area for the cross-section is decreased more than
the first moment of area for the flanges. The calculations can be found in Appendix F.
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Utilisation in the fatigue limit state
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Figure 5.9:  This diagramshowshowthe utilisation ratio in the different limit states varies
with regard to the span length of the bridge. The design is performed with
regard to the Palmgren-Miner method for medium fatigue load.

Furthermore, mode B also becomes more important for longer span lengths since this
mode is dependent on the thickness of the flanges. For longer spans the dimensions
are increased and consequently the fatigue strength of mode B is decreased.

The values for the damage equivalent method are presented in Appendix A.

5.2 Comparison of different fatigue assessment methods

This chapter is composed of two studies of the fatigue assessment methods. The first
study investigates the difference between designs made with regard to the damage
equivalent method and the Palmgren-Miner method respectively. The second study
primarily investigates the difference between using an analytical or finite element
method for obtaining the stress spectra used in the Palmgren-Miner method.

As can be observed in the results presented in chapter 5.1 - Influence of the span
length, the different fatigue assessment methods yields results that can differ
substantially depending of the combination of span lengths and fatigue load. Thus it is
of interest to investigate the result obtained for the two methods in further detail.

5.2.1 Comparison of the design obtained through the damage
equivalent method and the Palmgren-Miner method

In this chapter a brief comparison will be made between the damage equivalent
method and the Palmgren-Miner method. The comparison will be performed for a
span length of 40m and three different levels of fatigue load.
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The utilisation ratios for respective fatigue assessment method can be seen in figure
5.10 and figure 5.11. First and foremost, the damage equivalent method yields a more
conservative design for low fatigue load while for high fatigue load the Palmgren-
Miner method yields a more conservative design.

When comparing the two methods it is important to note that the Palmgren-Miner
scales almost exponentially with the applied stress range while the damage equivalent
method have a linear response.

Furthermore, note that in figure 5.10 the Palmgren-Miner method yields a damage of
120%. This is, of course, not acceptable in a real case but is used here to show that the
design is optimised and close to the fatigue cut-off limit. The smallest increase to the
cross-section will result in zero damage according to the calculations by the
Palmgren-Miner method.

To elaborate, for the high fatigue load the most severe vehicle in fatigue load model 4
is vehicle number 3. Vehicle 3 also corresponds to half of the vehicles passing the
bridge, which are 2 million vehicles per year and lane in this case. This leads to at
least a total amount of 120 million load cycles caused by vehicle 3. Since the fatigue
cut-off limit corresponds to 100 million load cycles the lowest damage is 120 million
divided by 100 million, which is 120%. To reiterate, the damage of 120% is
unacceptable, therefore the damage has to be decreased to 0% by keeping the stress
range below the fatigue cut-off limit.

Design by the Palmgren-Miner
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Figure 5.10: This diagram shows how the utilisation ratio for the different limit states
obtained for the design based on the Palmgren-Miner fatigue assessment
method. The span length is 40mlong. See chapter 3.3 for explanation of the
levels of fatigue load.
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As can be seen from the design by damage equivalent method the small difference in
stress range yields a very large difference in the damage sustained according to the
Palmgren-Miner method. For the case of high fatigue load and a 40m long span the
damage according to Palmgren-Miner is 540%. Such a high value corresponds to the
bridge only lasting about 22 years of the intended design life of 120 years.
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Figure 5.11: This diagram shows how the utilisation ratio for the different limit states
obtained fromthe design based on the damage equivalent fatigue assessment
method. The span length is 40mlong. See chapter 3.3 for explanation of the
levels of fatigue load.

Finally, note that the results from the two different methods are also presented in the
other studies presented in this main chapter, chapter 5 - Results.

5.2.2 Comparison of fatigue assessment with finite element method
and analytical method

The fatigue assessment with the help of finite element model created in
Abaqus/Brigade Plus is compared to the results obtained for the analytical model. For
more information about this fatigue assessment method see chapter 4.4 - The
Palmgren-Miner cumulative damage method.

In figure 5.12 the difference in result for the different fatigue assessment methods are
shown. Note that for the damage equivalent method fatigue cracking mode B, C, D
and F are investigated. On the other hand, for the Palmgren-Miner method fatigue
cracking mode A, B, C and D are investigated instead. Finally, note that for the
Palmgren-Miner method in conjunction with the finite element method mode A and B
sustains miniscule amount damage, see Appendix A for exact values.
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Note that fatigue cracking mode A is not implemented for the damage equivalent
method when used in conjunction with the finite element model. Therefore it is not
included diagram. The damage equivalent method has not been implemented since it
is not intended to be used with the finite element method in this parametric study.
Nonetheless, the other fatigue cracking modes is partly implemented and is used here
as a reference since the damage equivalent method has a linear behaviour in contrast
to the Palmgren-Miner method.
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Figure 5.12: This diagram shows the utilisation ratio for the different fatigue cracking
modes which are obtained through different fatigue assessment methods. This
is the original design with 40m span and low fatigue load.

For the damage equivalent method the finite element method yields values that are
between 70-74% of the values obtained by the analytical solution. In a similar way the
damage that is given by the finite element method and Palmgren-Miner method is also
lower than for the corresponding values of the analytical solution.

For the exact values, please see Appendix A.
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5.3 Comparison of carbon steel and stainless steel

One of the major competitors to stainless steel bridges is without a doubt the carbon
steel alternatives. Thus it is of great interest to compare the performance of the
different materials. The performance is compared with regard to mechanical
behaviour and with regard to economic viability.

The economical parameters are both uncertain and fluctuate with time and conditions.
Therefore the study of the economic cost includes both high and low estimates of the
cost in order to take the uncertainty into account.

Furthermore, note the costs which are considered in this study are the costs directly
tied to the steel grade. In more detail, only the cost of the steel, paint and maintenance
are considered. Also, observe that the maintenance cost which occurs during the
service life is discounted to a present value. This is done using simple economical
models that depends on a fixed interest rate. This is done in order to obtain more
realistic and reliable results.

There are two studies performed for the stainless steel. In the first study the original
design is compared to corresponding carbon steel alternatives of grade S355 and
S460. Since the comparison is made to the original design the carbon steel alternatives
are designed with a regard to a low fatigue load and a design life of only 80 years. In
addition the fatigue limit state is assessed with the damage equivalent method for the
design.

In the second study the span length is kept at 40m, but the fatigue load is increased to
medium and the design life is taken as 100 years. Furthermore, the fatigue limit state
is designed with regard to the more advanced Palmgren-Miner method for the fatigue
limit state.

Finally, the second study also incorporates the stainless steel design with higher
fatigue strength. Further information about the potential of inherently higher fatigue
strength of stainless steel compared to carbon steels is discussed in chapter 2.3 -
Fatigue of stainless steel.

The aim is to give clear indications of the difference between stainless steel designs in
comparison to alternative carbon steel designs.

5.3.1 Comparison of steel grades for 40m span and low fatigue load

In this comparison the two carbon steel grades S355 and S460 are considered and
compared with the stainless steel alternative of grade EN1.4162. The bridges are
chosen with a span length of 40m, a low fatigue load and short design life of 80 years.
Finally, the fatigue limit state is assessed with the damage equivalent method.

The utilisation ratios for the respective limit state can be found in figure 5.13. As can
be seen in the diagram the utilisation ratios for the EN1.4162 and S460 alternatives
are very similar. This result is expected since the steel grades in most regards have the
same properties.
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Worth mentioning is that the stainless steel alternative has a larger deflection than the
corresponding S460 alternative. The increased deflection is an inherent property of
the stainless steel since it has a lower modulus of elasticity. Further information about
the modulus of elasticity for stainless steel can be found in chapter 2.1.1 - Basic
mechanical properties as well as in chapter 2.4.1 - Covered by the standard. Alas,
even with a simplified and conservative calculation of the deflection it remains low
for all the considered steel grades.
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Figure 5.13: This diagramshowshowthe utilisation ratio for the different limit states for
each steel grade that is considered in this thesis. The design is performed with
regard to the damage equivalent method for low fatigue load and 40m span.

When comparing with the more common S355 carbon steel alternative it becomes
apparent that the fatigue limit state is not the governing mode. This could potentially
be changed in the design by optimising the structure further. However, this would
imply large changes to the original design which is undesirable for the purpose of this
study. Therefore the ultimate limit state is limiting the design both at the mid span and
at support region for the S355 alternative. For further data about the individual
utilisation ratios see Appendix A.

As mentioned there are three main factors that determine the final cost of the bridge.
The first, which is investigated here, is the steel grade. The two other factors are the
amount of steel needed and, for carbon steel, the exposed surface area of the bridge.
Since stainless steel doesn’t require any painting the size of the surface area becomes
of little to no concern.

The surface area and the amount of steel needed for each alternative can be found in
figure 5.14 and figure 5.15 respectively. The pattern that can be observed in the two
diagrams is that the S355 alternative requires the most steel in addition to having the
largest exposed steel area. On the other hand, the S460 alternative performs slightly
better than the stainless steel alternative.
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Figure 5.14: This diagram shows the amount of exposed surface area of the steel with
regard to the chosen steel grade. The design is performed with regard to the
damage equivalent method for low fatigue load and 40m span.
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Figure 5.15: This diagramshows the amount of steel, by weight that is required with regard
to the chosen steel grade. The design is performed with regard to the damage
equivalent method for low fatigue load and 40m span.

The importance of both the amount of steel and the exposed steel area can be seen in
the cost of each bridge alternative. A high and low estimate of the costs can be found
in figure 5.16 and figure 5.17 respectively.

As can be seen the higher cost of stainless steel is partially or fully offset by the high
maintenance cost for the carbon steel alternatives. Note that the maintenance included
for the stainless steel alternative will only consist of a fraction of the total cost. This
stands in contrast to the carbon steel which will require maintenance that cost on the
magnitude 50-75% of the initial cost of the steel.
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The maintenance cost is related to both the maintenance and renewal of the paint as
well as the need for in-depth inspections of the structure. As can be seen in further
detail in the data found in Appendix A the major part of the maintenance cost is
pertaining to the painting. Consequently the inspections constitute a smaller, but yet
significant part of the maintenance cost.

For the low estimates of both the initial cost and maintenance cost the bridge
alternatives perform relatively evenly. Note that the S460 alternative in total has the
lowest cost due to lower material consumption and smaller surface area. The stainless
steel also performs quite well despite the higher initial cost of the steel. Compared to
the S460 the alternative the cost of the stainless steel is 3% higher while the cost of
the S355 alternative is 12% higher.
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Figure 5.16: This diagram shows how the estimated cost pertaining to the chosen steel
grade. The maintenance cost is also shown as percentage of the initial cost.
The design is performed with regard to the damage equivalent method for low
fatigue load and 40m span.
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Cost comparison, high estimate
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Figure 5.17: This diagram shows how the estimated cost pertaining to the chosen steel
grade. The maintenance cost is also shown as percentage of the initial cost.
The design is performed with regard to the damage equivalent method for low

fatigue load and 40m span.

For the high estimates of both the initial cost and maintenance cost the disparity is
larger between the alternatives. However, the S460 alternative still remains the
alternative with lowest cost. The S355 grade also remains more expensive, but the
S355 alternative now has only a 9% higher cost. The major difference is that the
higher initial cost has made the stainless steel about 29% more expensive than the
S460 alternative.

Further information and data on the comparison of the steel grades can be found in
Appendix A.

5.3.2 Comparison for 40m span and medium fatigue load

In this study the three steel grades S355, S460 and EN1.4162 are once again
compared. However, now the fatigue load has been increased to medium load and the
design life is increased to 100 years. In addition, the more advanced Palmgren-Miner
method is used for the fatigue assessment.

Moreover, for the stainless steel there are additional alternatives added with higher
fatigue strength than prescribed for the carbon steel and standard stainless steel
alternatives. The included additions are a case with improved fatigue strength of mode
C and D which assumes that the stainless steel has inherently higher fatigue strength.
Two more cases have improved fatigue strength for all of the fatigue cracking modes
and are used to investigate the potential benefit of post-weld treatment.

Note that the benefits of fatigue improving post-weld treatment of the carbon steel
grades are not considered within this study.
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The utilisation ratios of the different methods can be found in further detail in
Appendix A. For all of the alternatives both the ultimate and fatigue limit state are
kept very close to full utilisation. The deflections on the other hand are not critical for
any alternative and are kept between approximately 40 and 60%.

When it concerns the exposed steel area the difference between the steel grades are
negligible at less than 1%. The comparison can be seen in figure 5.18. Note that the
stainless steel alternative is included only as a reference since the exposed steel area is
of little to no concern for the stainless steel. By the same token none of the stainless
alternatives with improved fatigue strength is included in this comparison.
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Figure 5.18: This diagram shows the amount of exposed surface area of the steel with
regard to the chosen steel grade. The design is performed with regard to the
Palmgren-Miner method for medium fatigue load and 40m span.

For the steel consumption the difference is more pronounced, see figure 5.19. The
higher strength of both S460 and EN1.4162 results in a lower steel consumption for
these grades. However, the carbon steel S460, which have a higher stiffness and less
buckling, performs better than the stainless steel without higher fatigue strength.

Nonetheless, when higher fatigue strength of the stainless steel is considered, the
material consumption decreases drastically. Even for the smallest increase in fatigue
strength, which assumes inherently higher fatigue strength of stainless steel renders
the stainless steel structure lighter than the S460 alternative. The pattern is repeated
for the case of improved fatigue strength classes.
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Figure 5.19: This diagram shows the amount of steel, by weight, which is required with
regard to the chosen steel grade and fatigue strength. The design is performed
with regard to the Palmgren-Miner method for medium fatigue load and 40m
span.

In more detail, for the stainless steel the material consumption is decreased by 8.6%,
17.3% and 26% for each increase in the fatigue strength. Since the stainless steel
doesn’t require any substantial maintenance or any additional protective layer this
should equate in a proportional decrease in cost.

The low estimate of the initial cost and maintenance cost for the different alternatives
can be found in figure 5.20. Notable here is that the carbon steel performs similarly
with the S460 alternative being a miniscule 0.5% more expensive than the S355
alternative. The stainless steel is on the contrary more expensive by 12% for the case
with standard fatigue strength.

When inherently higher fatigue strength is considered the stainless steel remains more
expensive, but only with 2% compared with the S355 alternative. For the post-weld
treatment the cost becomes lower than for the carbon steel with 8% and 17%
respectively. However, keep in mind that the cost of the post-weld treatment itself is
not included in the analysis.

Furthermore, as can be seen in chapter 2.3 - Fatigue of stainless steel there is no
experimental tests to support higher fatigue strength through post-weld treatment. As
such the result pertaining to increased fatigue classes serves only as an indication of
the potential which post-weld treatment may have. Finally, it should be observed that
carbon steels may be improved through post-weld treatment as well.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:118 93



Cost, low estimate
1 400 000

1 200 000

=
o
o
o

000 -

800 000 A

600 000 4

400 000 +

Cost [SEK]

200 000 4

5355 S460 EN1.4162 EN1.4162 EN1.4162 EN1.4162
88MPa +2 +3

mInitial cost mMalintenance cost

Figure 5.20: This diagram shows how the estimated cost pertaining to the chosen steel
grade and fatigue strength. The maintenance cost is also shown as percentage
of the initial cost for the carbon steel. The design is performed with regard to
the Palmgren-Miner method for medium fatigue load and 40m span.

With regard to the high estimate of the cost, which can be seen in figure 5.21, the
carbon steel perform persistently better than the stainless steel alternatives. For the
stainless steel with standard fatigue strength the cost is 36% higher than for the S355
alternative. The difference decreases with higher fatigue strength, and for the highest
fatigue strength the difference is almost negligible at 0.3%.

Furthermore, note that the maintenance cost of the carbon steel is approximately
between 50% and 80% of the initial cost of the steel. In contrast, for all of the
stainless steel the maintenance is kept below 1% of the initial cost.

9 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:118



Cost, high estimate

5 000 000
— 4 000 000
2
v 3 000 000 -
L 2 000 000 -
0
© 1 000 000 -
0 -
$355 S460 EN1.4162 EN1.4162 EN1.4162 EN1.4162
88MPa +2 +3

mInitial cost B Maintenance cost

Figure 5.21: This diagram shows how the estimated cost pertaining to the chosen steel
grade and fatigue strength. The maintenance cost is also shown as percentage
of the initial cost for the carbon steel. The design is performed with regard to
the Palmgren-Miner method for medium fatigue load and 40m span.

Further information and data on the comparison of the steel grades can be found in
Appendix A.

5.4 Influence of improved fatigue strength of stainless steel

In this thesis there are two different ways in which higher fatigue strength can be used
for stainless steel in design that has been considered.

The first option is to assume that stainless steel has inherently higher fatigue strength.
This assumption is supported by experimental results which are described in more

detail in chapter 2.3 - Fatigue of stainless steel.

The second option is to assume that the fatigue strength can be improved through
fatigue improving post-weld treatment. The fatigue improving post-weld treatment
has been shown to be beneficial for carbon steel. In this parametric study it is assumed
that post-weld treatment can be applied successfully to stainless steel as well.

The study is composed of two parts where the inherently higher strength is
investigated for different fatigue loads and different span lengths respectively. In the
study of the influence of different fatigue load a span length of 40m is used. For the
study of the influence of different span lengths medium fatigue load is applied.

Further investigation of both the inherently higher fatigue strength and the improved
fatigue strength through post-weld treatment is treated in chapter 5.3.2 - Comparison
for 40m span and medium fatigue load. Additional data can also be found in
Appendix A.
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5.4.1 Improved fatigue strength through inherent properties, 40m
span and different fatigue loads

In this study the increased fatigue strength of stainless steel is considered. The fatigue
strength is assumed to be inherently higher for the stainless steel and applies to the
vertical stiffener at the support. Thus fatigue cracking mode C and D has been
increased from Eurocode’s recommended value of 80MPa to 88MPa. Further
information about the fatigue strength can be found in chapter 2.3 - Fatigue of
stainless steel.

Here is considered a span length of 40m and three levels of fatigue load and
corresponding design life. The design is performed with the Palmgren-Miner fatigue
assessment method.

The utilisation ratios for the different limit states can be seen in figure 5.22. Note that
for high fatigue load the utilisation ratio is displayed as 120%. This is done since the
design is very close to the fatigue cut-off limit which will cause no damage and yield
an utilisation ratio of 0%. Otherwise there are no major differences between the case
of increased fatigue strength and the standard case.
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Figure 5.22: This diagram shows the utilisation ratio in the different limit states for the
alternative with higher fatigue strength. The design is performed with regard
to the Palmgren-Miner method and a span length of 40m. See chapter 3.3 for
explanation of the levels of fatigue load.

In figure 5.23 the utilisation ratio for each individual fatigue cracking mode is
displayed. Note that for all cases the capacity of fatigue cracking mode D remain fully
utilised. However, for the case of high fatigue load mode B also has full utilisation
and therefore this mode will affect the design partly for the case of higher fatigue
strength.
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Figure 5.23:

This diagram shows the difference in damage sustained for each fatigue
cracking mode for the case of standard and increased fatigue strength
respectively. The design is performed with regard to the Palmgren-Miner
method and a span length of 40m.

Finally, the influence of the higher fatigue strength on the material consumption is of
great interest. The difference between the original case and the case with higher
fatigue strength can be found in figure 5.24. As can be seen, for fatigue loads there
will be no difference in the design. Furthermore, there is a larger difference for the
medium fatigue load than it is for the high fatigue load.
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Figure 5.24: This diagram shows how difference in steel consumption for the case of

standard and increased fatigue strength respectively. The design is performed
with regard to the Palmgren-Miner method and a span length of 40m.

For additional data relating to this study, see Appendix A.
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5.4.2 Improved fatigue strength through inherent properties, 10 to
70m span and medium fatigue load

Similar to the study in the previous subchapter, this study also consider the increased
fatigue strength of stainless steel. The main difference is that here the span length is
varied instead of the fatigue load. The fatigue load is taken as a medium load and a
design life of 100 years for span lengths of 10m, 40m and 70m. The design is once
again performed with the Palmgren-Miner fatigue assessment method.

For the case of medium fatigue load the utilisation in the fatigue limit state is kept at
100% for all the chosen span lengths. See figure 5.25 for the utilisation ratios in each
limit state and span length. Note that the ultimate limit state is not fully utilised for the
shorter span length of 10m and that the serviceability limit state is never critical. Also
note that this pattern is similar to the case of standard fatigue strength investigated in
subchapter 5.1.2 - Influence of span length, Palmgren-Miner method.
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Figure 5.25: This diagram shows the utilisation ratio in the different limit states for the
alternative with higher fatigue strength. The design is performed with regard
to the Palmgren-Miner method and medium fatigue load.

Investigating the individual fatigue cracking modes, it is clear that mode D remains a
critical mode in all of the cases, see figure 5.26. Note that for the short span length the
fatigue cracking mode E is also critical. However, mode E is limiting the design in the
middle of the span while mode D is limiting the design close to the supports.
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Figure 5.26: This diagram shows the difference in damage sustained for each fatigue
cracking mode for the case of standard and increased fatigue strength
respectively. The design is performed with regard to the Palmgren-Miner
method and medium fatigue load.

As usual, it is of interest to see how much the steel consumption can be reduced by
assuming higher fatigue strength. The reduction for the current study can be found in
figure 5.27. Note that the greatest reduction is achieved for the span length of 40m
and declines slightly for longer spans. The short span on the other hand has a
markedly lower reduction.

Further results and diagrams pertaining to this study can be found in Appendix A.
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Figure 5.27: This diagram shows the reduction in the amount of steel for the case of
increased fatigue strength in comparison to the case of standard fatigue
strength. The design is performed with regard to the Palmgren-Miner method
and medium fatigue load.
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6 Conclusions

There are several conclusions which have been drawn from both the literature study
and observations made in the parametric study. In this chapter a selection of the most
important and interesting conclusions will be presented. As in the previous parts of
the report the stainless steel alternative has been compared to the well-established
carbon steel alternatives.

In more detail, the parts which are presented pertain to three major subjects; the
structural behaviour, the fatigue Ilife and fatigue assessment and, finally, the
maintenance and initial cost. A list of the conclusions for respective subject can be
found here below.

Conclusions pertaining to the structural behaviour:

e The increased deflection for stainless steel is negligible in this specific
parametric study.

e Stainless steel appears to be more prone to buckling, which is supported by
both calculations and literature.

e Vertical stiffener at support determines fatigue life in the specific bridge
design considered in the parametric study.

Conclusions pertaining to the fatigue life and fatigue assessment:

e For very high fatigue load stresses has to be kept below the fatigue cut-off
limit.

e Fatigue improvement has considerable effect. This holds true both when
higher fatigue strength is assumed according to test results and for the
assumed effect of post-weld treatment.

Conclusions pertaining to the maintenance and initial cost:

e Protective layer affects the initial cost of carbon steel, a cost which is not
present for stainless steel.
Maintenance and maintenance cost for stainless steel is negligible.
Maintenance cost for carbon steel is significant. In combination with the low
maintenance cost of stainless steel it offset the higher initial cost of stainless
steel.

e Maintenance costis highly dependent on the chosen interest rate.

6.1 Motivation for the conclusions

Here is given the underlying motivation behind the conclusions which is presented
previously in this chapter. The motivation of the conclusions is intended as a
complement to chapter 5 - Results and 7.1 - Discussion which presents the result
respectively discusses the implications of the results.
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Increased deflection for stainless steel is negligible in the parametric study

As described in the literature study the stainless steel has a lower stiffness and
modulus of elasticity than common carbon steel. This affects many aspects of the
bridge, especially deflections.

However, in the parametric study carried out in this thesis the deflection for stainless
steel has not been an issue. In fact it has not been noticeably higher than for the
corresponding carbon steel. In effect, when comparing the stainless steel to the high
strength S460 alternative the deflection is only a minuscule amount smaller for the
stainless steel, see chapter 5.3.2 - Comparison for 40m span and medium fatigue load
as well as the results in Appendix A.

Nonetheless, it should be kept in mind that the stainless steel also requires more
material than the S460 alternative, which will result in a larger second moment of area
and therefore reduced deflection. In addition, when considering the more common
S355 carbon steel, with lower strength and higher material consumption, the
deflection was approximately 9% higher for the high strength alternatives.

When comparing the stiffer carbon steel with the stainless steel it is worth mentioning
that the contribution from the reinforced concrete deck will become more pronounced
when the stiffness of the steel decrease. This is based on the assumption that the
concrete deck’s design remains unchanged. When the stiffness of the steel is
decreased the reinforced concrete will carry more of the load and give a larger
contribution to the second moment of area.

Moreover, the deflection remains low for all the cases which have been investigated
in the parametric study. In brief this is due to the choice of fixed supports at both ends
of the span in combination with pre cambering of the beams. The pre cambering is a
simple but effective way to neglect the deflections from the self-weight of the
structure. The self~weight may otherwise lead to substantial deflections before the
imposed loads are even applied.

To elaborate, the fact that the supports are fixed implies that no rotation can take place
at said supports. Since large rotations lead to increased deflection this explains part of
how deflections are decreased. Furthermore, the cross-section is also subjected to
bending moment of less magnitude since part of the moment is carried by supports.
Less bending moment leads to smaller rotation and consequently, less deflection.

Although the supports are considered as rigid in the calculations, the supports are of
course not fully fixated in reality. Therefore, a more accurate assumption is that the
supports act as partial restraints. This can be modelled with springs. The consequence
of the supports being less rigid is that the deflections will increase, since both rotation
at the support region and bending moment at middle of the span increase.

An example of a simplification that has been made is that the resistance of the cross-
section is taken as a minimum value rather than the actual resistance corresponding to
each section, for more details see the calculations in Appendix F. Moreover, for the
stainless steel the second moment of area is not recalculated to take into account the
decreased stiffness of the steel. Note that these simplifications are conservative, in
contrast to the assumption of fully restrained supports.
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Alas, while the deflections are kept consistently low in the parametric study, it is
important to point out that this should not be assumed to be the general case. As
mentioned the special design with fixed supports and composite cross-section leads to
smaller deflections for the bridge. Nonetheless, the deflections were not exceedingly
higher for the stainless steel, which otherwise could prove to be a drawback.

Stainless steel appears to be more prone to buckling

A distinct difference between the otherwise similar steel grades S460 and EN1.4162 is
the inclination to buckling. The stainless steel exhibits a notably higher inclination to
buckling in the calculations. The buckling leads to lower cross-section classes and
higher reduction factor for the same cross-section. In addition, the calculations which
are based on Eurocode can be assumed to be quite accurate and not overly
conservative, see chapter 2.4.1 - Covered by the standard.

The web buckling implies that the web may need to be made less slender by
increasing thickness or decreasing height. Alternatively, the web may also be stiffened
in order to avoid excessive reduction due to the plate buckling.

Note that the original design considered in the parametric study did not incorporate
any stiffener, except at the support. Therefore the web was not stiffened in the
parametric study, but was instead allowed to be partially reduced due to plate
buckling. The consequence is a slight decrease of the bending resistance, when
compared to the carbon steel alternative.

In addition to the web, the slenderness of the flanges is also governed to a certain
degree by the plate buckling. However, for the flanges it is easier to allow for thicker
and less slender design so that the plate buckling may be avoided. The effect is
presumed to be negligible.

To summarise, buckling is an area where the stainless steel have inferior performance
when compared to the corresponding carbon steel.

Vertical stiffener at support determines fatigue life

In the current design and for almost all the cases in the parametric study the vertical
stiffeners at the supports give cause to the critical fatigue cracking modes. The modes
in question are mode C and D, further information about fatigue cracking modes can
be found in chapter 4.2 - Fatigue cracking modes.

These two modes tend to be either the only critical modes or combined with other
cracking modes. An exception is when the fatigue is not critical at all, which is the
case for very moderate fatigue loads. However the two modes still tend to have the
highest utilisation ratio even in these cases.
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As explained in chapter 3.1 - Structural behaviour of the Nyndshamn Bridge the
moment at the support in the ultimate limit state is only caused by imposed loads. The
fatigue cracking modes C and D have relatively low fatigue strength. The result of this
combination is that the stresses caused by the traffic are usually more critical in the
fatigue limit state than the ultimate limit state. The exception is when the fatigue load
is particularly low.

This is also a reason why the height of the web is increased at the support in the
design. The higher web is required to increase resistance of the cross-section at the
support region.

However, when comparing the two modes with the damage equivalent method and the
Palmgren-Miner method respectively, the results differ slightly. To elaborate, in the
damage equivalent method it is mode C that tends to be more critical. On the other
hand, for the Palmgren-Miner method it is mode D that tends to be more critical. As
previously stated, mode C is caused by principal stress in the web while mode D is
caused by direct stress in the flange, see chapter 4.2 - Fatigue cracking modes.

In fact, this is due to a simplification which is made when using the damage
equivalent method. The stress range for mode C is obtained by combining the direct
and shear stress into principal stress. However in the simplification for the damage
equivalent method the maximum direct and maximum shear is assumed to coincide.
This is not the case and thus the real maximum principal stress will be lower than
what is assumed in calculations. In contrast, for the Palmgren-Miner method the
principal stress is calculated accurately for each position of the load.

Since the real stress spectra is considered in the Palmgren-Miner method the
utilisation for fatigue cracking mode D will generally be higher than for mode C.
When designing with regard to the Palmgren-Miner method the difference between
the modes can often be limited by changing the thickness of the web, which
determines the shear stress to a large degree.

To conclude, the design at the support region is highly dependent on the fatigue
cracking modes initiated from the \ertical stiffener. Additionally, for the more
accurate calculation it is the direct stress in the flanges which is tends to be governing.

For very high fatigue load stresses has to be kept below the fatigue cut-off limit

As can be observed in the parametric study, when the highest fatigue load is applied
the bridge has to be designed so that the maximum stress for the fatigue cracking
modes is kept below the fatigue cut-off limit.

To reiterate, the most severe case of traffic which is considered in this study is traffic
category 1 with long distance transports and a design life of 120 years. This traffic
category corresponds to 2 million heavy vehicles per slow lane and year. For the long
distance traffic the vehicle mix is composed of 50% of vehicle type 3. Vehicle type 3
is also the heaviest of the reference vehicles and therefore tends to cause the largest
stress amplitude.

104 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:118



When considering 1 million vehicles per year, half of the total 2 million vehicles per
year, during the design life of 120 years it adds up to a total of 120 million load
cycles. This is a considerable amount of load cycles. Especially so when put into the
context that the cut-off limit for fatigue damage corresponds to 100 million load
cycles. Thus, for any stress range which exceeds the fatigue cut-off limit the damage
which is caused will be at least 120%. In conclusion, when designing for the worst
case scenario the stresses have to be kept under the fatigue cut-off limit.

For shorter span lengths this issue may become more pressing even for less traffic if
each wvehicle causes multiple stress ranges with similar amplitude. Note that this is
partly accounted for in the damage equivalent method by increasing the limit for the
damage equivalent factor from 2.0 to 2.5.

To elaborate, the fatigue strength cut-off limit is approximately 40% of the constant
amplitude nominal fatigue strength. When the damage equivalent factor is 2.4 it will
effectively cause the maximum stress range to be kept under the fatigue cut off-limit.
This since the constant amplitude nominal fatigue strength used in calculations will be
divided by 2.5 and become 40% of the original value. In conclusion the value will be
kept very close to the fatigue strength cut-off limit.

Nevertheless, the fact remains that for very high fatigue load the damage equivalent
method underestimates the damage in comparison to the Palmgren-Miner method.
Furthermore when the Palmgren-Miner method is applied, only the largest stress
range is of importance due to the extremely high number of load cycles.

Fatigue improvement has considerable effect

In the parametric study two cases of increasing the fatigue strength is considered. The
increase is attributed to either the inherent properties of stainless steel or by the
beneficial effect of fatigue improving post-weld treatment.

When considering the higher fatigue strength of stainless steel the stainless alternative
will perform better than the corresponding carbon steel grade S460. In comparison,
when the standard fatigue strength is considered the S460 alternative performs better,
for the results see chapter 5.3 - Comparison of carbon steel and stainless steel.

In a bit more detail, the inherently higher fatigue strength will yield a design which
requires less material than both the original design and that of the S460 carbon steel
grade. When the fatigue is improved further, which is done to indicate the effect of
post weld treatment, the amount of steel can be reduced even further. For each step
the fatigue strength was increased the steel consumption was reduced by
approximately 10% in each consecutive step.

The significant decrease in material consumption proves that improved fatigue
strength post-weld treatment is very beneficial. Since the initial cost of stainless steel
is relatively high any saving in material would lead to substantial savings in cost.

Moreover, for the case of inherently higher fatigue strength the influence was also
investigated for different span lengths and different fatigue loads. Here the effect was
most pronounced for medium to long spans and medium amount of fatigue load. It
should be noted that for low fatigue load the fatigue is never critical, thus the
improved strength has no beneficial effect.
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Not to mention, for very high fatigue load and high amount of load cycles the design
has to be close to the fatigue cut-off limit. In this case the improved strength is
definitely beneficial, however not as distinct as in the case with more moderate
amounts of fatigue load.

To summarise, both the post-weld treatment and the inherently higher fatigue strength
has proven to be beneficial by reducing the material consumption for stainless steel.
Unfortunately, for post-weld treatment there is no data or testing that indicates the
magnitude with which the fatigue strength may be improved. On the other hand, the
inherently higher fatigue strength is of special interest since it would not require
additional cost or work to be utilised in any design.

Nevertheless, the higher fatigue strength of stainless steel is currently not accounted
for in Eurocode, see chapter 2.4.2 - Not covered in the standard. The tests made
support the assumption of higher fatigue strength. However, while showing promising
results the amount of testing is not sufficient to allow the increased fatigue strength to
be accounted for. Therefore more extensive testing has to be performed before the
increased fatigue strength may be utilised in calculations and implemented in the
code.

Protective layer affects the initial cost of carbon steel

For carbon steel the initial painting constitute an important part of the initial cost of
the steel girders, see Appendix A. For the low estimate of the cost of the steel the
initial paint will correspond to almost half of the initial cost. If the high estimate is
used instead the cost will surmount to a more modest 20% of the total initial cost of
the girders.

In conclusion, already at the manufacturing level of the bridge, stainless steel shows
clear advantages. This allows for at least partial off-set of the otherwise higher cost of
stainless steel.

Maintenance and maintenance cost for stainless steel is negligible.

As described in the literature study, one of the main advantages of stainless steel is
that it doesn’t require any major maintenance, see chapter 2.5.2 - Benefits of stainless
steel in bridges. In fact, only routine inspections are considered to be needed in the
parametric study. Therefore the maintenance cost becomes negligible since the
inspections are relatively inexpensive and infrequent. As a result, for all the cases
where the maintenance cost was investigated the cost fell below 1% of the initial cost
of the steel.

To be fair, the estimate is quite rough and also yields what presumably are
unrealistically low values for bridges with short spans. Notwithstanding, the
maintenance cost of stainless steel should remain negligible in most cases.

Maintenance cost for carbon steel is significant

For carbon steel, in contrast to stainless steel, the maintenance constitutes a
substantial part of the total cost of the bridge, see chapter 5.3 - Comparison of carbon
steel and stainless steel. The cost of maintenance for stainless steel is generally
estimated at 50-80% of the initial cost of the steel girders. Note that the high strength
steel grade S460 tend to have lower maintenance cost and higher initial cost compared
to the S355 grade.
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Nevertheless, in the case of a low initial cost estimate the high estimate of
maintenance cost may become up to 177% higher than the initial cost. While this may
be an extreme case it still indicates the importance the maintenance cost has for
carbon steel alternatives.

For carbon steel the main maintenance cost originates from the maintenance of the
protective layer in combination with inspections. The maintenance of the protective
layer, for example paint, brings a large but infrequent cost. On the other hand, the
carbon steel also requires more relatively expensive in-depth inspections. The in depth
inspections will unlike routine inspections lead to significant costs. The inspections,
which are required more regularly than repainting, constitute approximately 25-45%
of the total maintenance cost.

The cost of maintaining the protective layer is presumed to be proportional to the
exposed area of the steel. Thus, the size of the exposed steel area naturally becomes of
importance. Note that with lower material consumption the area tends to decrease,
though not as much. However, the exposed steel area to the amount of steel is shown
to increase for shorter span length, see chapter 5.1 - Influence of the span length.

All things considered, the maintenance cost constitutes a notable part of the total cost
of the carbon steel. However, due to variation and uncertainties it is hard to give an
accurate estimate of the exact magnitude. In addition, for the S460 grade the
importance of maintenance is lessened compared to the S355 grade. However, both
grades have a much higher maintenance cost than that of stainless steel.

Maintenance cost is highly dependent on the chosen interest rate

Finally, the cost of maintenance is very much dependent on which interest rate is
used. If a high interest rate is used the importance of future costs will be diminished.
Since the higher initial cost of stainless steel is offset by the higher maintenance cost
of carbon steel, the interest rate which is chosen is of great importance.

For maintenance costs the present value of the costs should be considered. The
present value of the cost takes into account the interest rate. In addition to the present
value of each individual cost there is a theoretical limit for repeatedly occurring cost,
like for example inspections. In short, if the cost continues for a long time the
resulting present value of the cost will approach a certain limit.

In the parametric study two levels of interest rate has been used, at 3.5% and 1.5%,
for the high and low estimates of the maintenance cost. For the high interest rate the
total present value of the costs will become approximately 94% for a design life of 80
years and 98% if the design life is increased to 120 years. Thus an increase to the
design life will only affect the present value marginally.

Conversely, for a lower interest rate the present value of a repeated cost will be go
from 70% to 84% when the design life is raised from 80 to 120 years. Since the
theoretical limit is more than twice as high the cost will however always be higher for
the case with lower interest rate.

To summarise, the maintenance cost is not just determined by the amount of costs
alone. The rate of interest is just as important to consider and also the time at which
the costs occur. With a high interest rate future cost and maintenance become of much
less importance. Furthermore, a longer design life of a structure may therefore not
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necessarily lead to a noticeable increase in maintenance cost due to the compounded
interest rate.
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7 Discussion and Recommendations

After the literature study, the parametric study, results and conclusions, a lot of
information about stainless steel has been obtained. This chapter aims to discuss some
of the more noteworthy aspects of stainless steel as well as attempting to answer some
of the more important questions about the use of stainless steel in the field of
structural engineering.

This chapter includes three sections, namely; Discussion, recommendations and
finally about the weaknesses of this thesis. Of course, this chapter includes reflections
and observations from the authors themselves.

7.1 Discussion

This section aims at giving reflections and more in depth interpretations of the
conclusions and findings within this report. Also included are the possible
implications of the results and conclusions.

To make the discussion more comprehensible and accessible, it has been broken down
into the following sections:

e s stainless steel a superior option compared to carbon steel?
e An additional note about the economy of stainless steel

e About the fatigue capacity of stainless steel.

e Experience in the structural engineering industry

e When should stainless steel be considered?

Is stainless steel a superior option compared to carbon steel?

This is to a great extent one of the more central questions for this thesis. Much like
any good question it demands and equally good answer. However, there is not a single
short answer. With this in mind, the question has been broken down into sections,
which are the following:

+¢ Is stainless steel superior from an economical point of view?
¢ Is stainless steel structurally superior material?
¢+ Are there ethical and environmental implications of stainless steel?

Economy

Without doubt, it is indeed possible to use stainless steel in the field of structural
engineering. As a matter of fact, it has already been done on occasion. However,
much hinges on the fact whether stainless steel is more economically viable than
carbon steel. Unfortunately, this is the complicated question with many answers.
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First and foremost, the stainless steel material itself is more expensive than that of
carbon steel. Consequently, there must be some saving in material consumption,
manufacturing or maintenance for stainless steel to be worthwhile from an economical
point of view. Fortunately, this is the case as both material consumption can be
reduced somewhat and maintenance cost is significantly lower.

Also, when considering short time investments or bridges with a relatively short life
expectancy, stainless steel is likely going to be a more expensive alternative than that
of carbon steel. In addition, besides being a more expensive in shorter time spans,
there are no significant structural benefits of using stainless steel. Barring the fact that
cross section can be made more slender due to the high strength of stainless steel.

However, most bridges that are erected in modern times have a considerable life
expectancy, ranging from approximately 80-120 years. In these time frames, stainless
steel is a rather promising alternative from an economical point of view. As shown in
the parametric study, the maintenance cost ranges from approximately 25-80% of the
initial cost for carbon steel. Whilst at the same time being insignificantly small for
stainless steel, being approximately 1% of the initial cost. Consequently, for long term
investments, stainless steel shows great promise of reducing the total cost of the
bridge.

An additional noteworthy aspect pertaining to long service life for steel bridges is
where the cost takes place in time. For carbon steel, the total cost is spread over a
rather large timeframe. While stainless steel to the contrary entails most of the cost in
the initial phase of the bridge. In other words, less currency is spent on maintenance
whilst material cost increases. This is arguably somewhat of a benefit for stainless
steel as it gives more steady cost assessments.

So far, it appears that stainless steel is a better option when considering long term
investments. However, there are more aspects to consider, especially price
fluctuations.

As already stated, stainless steel has a higher material cost than that of carbon steel.
This is due to the alloys used in stainless steel. A noteworthy aspect of these alloys is
that the raw material cost fluctuates considerably compared to carbon steel. In
extreme cases, the price of stainless steel does not only vary on a daily basis, but also
during different times of the day. This makes the price of stainless steel material
rather precarious. When the price fluctuates, there is an inherent degree of risk and
insecurity, which in turn leads to increased cost as “risk money” is added for stainless
steel.

There are some measures that are implemented to circumvent the worst of the
fluctuations. Especially noteworthy is the substitution of nickel with nitrogen, since
nickel is both expensive and the price fluctuates.

So for, it appears that stainless steel is somewhat more expensive than it ought to be
due to price fluctuations as. Still, even so stainless steel is a better alternative for long
term investments.
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However, although this thesis only discusses it outmost briefly, there are still people
who make the decisions of which material should be used for a given bridge. These
people might not be overly inclined to opt for an alternative that is more expensive
today for cost saving in a future which might be far off for them. As shown in the
parametric study, the time required for stainless steel to be economically beneficial is
several years. It should be acknowledged that decision makers might be less disposed
to repayment plan of for example 50 years.

The last important aspect of economy is what rate of interest a given contractor or
company uses for future cost. If the rent is sufficiently high, the value of future money
is sufficiently low that the time of repayment becomes nothing short of incongruously
long. In fact, in some cases the initial cost may never be repaid no matter how long
the service life. Conversely, if the interest rate is sufficiently low, stainless steel tends
to be economically superior to that of carbon steel for long term investments.

To conclude the aspect of economy, stainless steel is more expensive in the initial
phase of the bridge. However, in long term perspective stainless steel is in many
regards a superior alternative. However, it is highly dependent on the interest rate and
the initial cost of stainless steel.

Material properties
When comparing stainless steel with carbon steel from the viewpoint of material
properties, there are; similarities, advantages and disadvantages alike.

The advantage of stainless steel is that there is an increased proof strength and
ductility. Test data also suggest that stainless steel might have a superior fatigue
strength compared to carbon steel. Test data shows that the fatigue strength sometimes
is significantly higher than that of carbon steel. This is an aspect that deserves some
emphasis due to its importance. The fatigue strength of stainless steel is discussed a
bit later within this chapter.

One of the greater advantages of stainless steel lies in its superior corrosion resistance.
If correctly implemented, the corrosion is miniscule and there is practically no upper
limit on how durable stainless steel is relation to corrosion. Of course, this does not
imply that stainless steel is everlasting in any sense.

There are also disadvantages to consider for stainless steel. Among other items,
stainless steel has a somewhat lower Young’s modulus of elasticity, about 200GPa for
duplex stainless steel compared to 210GPa for carbon steel.

However, as stated in the literature study, stainless steel does not have a pronounced
yield limit. Though it might sound somewhat benign and easily circumvented by
implementing proof strength, the fact is that stainless steel has another structural
response than that of carbon steel. As shown in the parametric study, instability and
buckling is more severe for stainless steel than carbon steel. This is observation is
further justified by test data, which states that stainless steel is more prone to buckling
than carbon steel.
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To conclude, stainless steel has a higher ultimate strength, on par with high strength
carbon steel. In addition, research suggests that the fatigue strength is considerably
higher. Though stainless steel also entail more austere instability and a structural
response that differ somewhat to that of carbon steel. Still, from a structural point of
view stainless steel shows a lot of potential, even though it is not exclusively so.

Ethical aspects

As with most technologies, they are implemented to improve or benefit mankind,
albeit sometimes to a much localised degree, Of course, there are additional aspects of
technology, that is however a somewhat philosophical debate that goes beyond the
scope of this thesis.

However, a brief section is dedicated to discuss the ethical implications of
implementing stainless steel. This also includes the environmental aspects of stainless
steel.

That being said, stainless steel does not differ much from carbon steel on a larger
scale. Even though the knowledge and introduction of steel has affected early human
history to a considerably degree, the introduction of stainless steel will most likely not
result in a major turning point of cataclysmic proportions. In short, stainless steel
appears to have no direct cost of human living conditions.

However, the environmental aspect of stainless steel deserves some attention.
Stainless steel does not corrode readily nor does it require any maintenance in form of
protective paint coating. Protective paint is quite toxic and often entails a detrimental
effect on ecosystems in the immediate vicinity. Moreover, the detrimental effect can
be further enhanced if water helps spread the paint components. However, as stainless
steel does not require protective coating, this issue is circumvented to the benefit of
both stainless steel and the ecosystem.

Concluding statement

There are several advantages of stainless steel which makes it a promising alternative
to carbon steel. To reconnect to the initial question; whether stainless steel is a
superior alternative. The short answer is that sometimes stainless steel is superior.
Though the conclusion is not as simple as stainless steel being superior in every
aspect, instead it does point out that carbon steel is not always the optimal choice.

Stainless steel is especially promising when dealing with corrosive environments,
such as marine or coastal. Moreover, the material indicates towards a lot of potential
when dealing with higher stress amplitudes and fatigue loading. Which are of interest
if slender cross sections and long service life is desired.

Additional about the economy of stainless steel

Another topic worth discussing pertaining to the economy of stainless steel is that
stainless is most likely considerably less expensive than structural engineer imagine it
to be.
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There are several supporting arguments for this statement. Firstly, contractors and
workshops alike have little to no experience with stainless steel. This holds true at
least when Sweden is considered, although it is a valid statement for almost any given
European country as well. When companies are unfamiliar with a material, they see it
as a greater risk due to inexperience. As such, companies add extra cost to the
material itself. In short, stainless steel is somewhat more expensive for the sole reason
of inexperience within the field of structural engineering and steel workshops.

An additional reason to why stainless steel is more expensive is due to the fact that it
does not draw the full benefit of mass production. To elaborate, stainless steel for
construction industry is somewhat unusual. Thus, stainless steel plates for instance are
produced in lower volumes compared to carbon steel plates. In other words, stainless
steel beams is attributed with an additional cost due to the fact that it is not a common
structural material.

Lastly, as comment from the authors of this paper, there appears to be a tendency to
simply overestimate the true cost of the stainless steel. In short, engineers and
mechanics tend to overestimate the price of stainless steel somewhat. To exemplify,
during this master thesis, the authors did not find anyone that underestimated the price
though on several occasions the price was overestimated. Though, this is only a
comment and observation. There is no reliable supporting fact, study or the like. As
such, this paragraph should be used with caution.

To conclude this section, there are a few reasons to why stainless steel is more
expensive than necessary. These costs are not connected to extra work, more
expensive material and such, but rather, due to the inexperience within the field of
structural engineering. As such, it is reasonable to assume that stainless steel is likely
to become cheaper if stainless steel were to be used to a greater extent.

How is the fatigue capacity of stainless steel?

The fatigue strength is especially relevant, or critical if you will, for road- and railway
bridges. Both of which are subjected to high stress amplitudes and frequent cyclic
loading during service life. Thus, the delimitating circumstance for many steel bridges
is the fatigues strength. Thus, this section is dedicated to answer whether stainless
steel entails better fatigue characteristics than that of carbon steel.

From the conclusions chapter we obtain the following statements:

e In the current standard, Eurocode, the fatigue strength of stainless steel is
neither higher nor lower than that of carbon steel. In short, stainless steel has
no additional benefits when standards are considered.

e Test data however suggests that the fatigue strength of stainless steel is as
high, higher or considerably higher than that of carbon steel.

e Post weld treatment is a promising alternative to increase the fatigue strength
of carbon steel. In theory, there is nothing indicating that it would not work for
stainless steel as well. However, there is no test data available to support this
assumption.
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With this in mind, it becomes clear that stainless steel most likely does not have any
detrimental effect of the overall fatigue strength. As a matter of fact, there are
indications that the fatigue strength is superior to that of carbon steel. Still, it is
important to keep in mind that the test data for the fatigue strength of stainless steel is
scarce and dispersed.

However, to actually use the indicated improved fatigue strength of stainless steel
more research has to be conducted.

As such, currently it is possible to use stainless steel with the same fatigue
characteristics as that of carbon steel, meaning that the materials are on par with each
other. However with the complement that stainless steel might actually be somewhat
better when considering the fatigue strength of the material.

Experience in the structural engineering industry

One of the major questions for this thesis was to find out what is currently known
about stainless steel in structural engineer within the field of academia. Also included,
though on periphery, is what the current knowledge about the material within the
structural engineering industry.

In short, it appears that it is much as one can expect; that the current standards,
especially Eurocode in this instance, influence greatly on the usage of stainless steel.
An example of this is that the previous Swedish standard, Bro 2004, required that all
steel including stainless steel should have protective paint against corrosion. Of
course, this made the whole point of stainless steel somewhat superfluous and the cost
incongruous. To conclude, the current standards holds much sway on how stainless
steel is used within the industry of structural engineering.

Unfortunately, the standards are not very well developed to incorporate stainless steel.
Mostly, the current standard treats stainless steel as another type of carbon steel. Still,
the authors of this thesis would like to make the case that Eurocode does not capture
the behaviour of stainless steel to a sufficient degree.

To exemplify, fatigue is treated the same for stainless steel as for carbon steel. Whilst
the findings in the literature study indicate that this might not be the case. Regarding
the fatigue, where test data is insufficient to raise the fatigue strength of stainless
steel, this is a conservative simplification.

Of course, the issue of a detailed contra simplified standard is an issue with multiple
viewpoints with different priorities. A standard that is too complex to put into practise
might not be very beneficial at all. As such, the authors chose to intentionally
abnegate from directly recommending a more detailed standard. Instead, that the
standard it revised to better capture the behaviour of stainless steel.

To conclude, the expertise within the industry is limited. Few engineers have ever
utilised stainless steel in structures and the material might appear for many as
unfamiliar territory. It should not be neglected that there is a certain threshold to
introduce new ideas in the field of structural engineering. In addition to limited
experience, the standard themselves are not sufficiently developed for stainless steel.
As such, despite the fact that stainless steel appears to be superior in many situations,
it might be neglected due to the aforementioned reasons.
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When should stainless steel be considered

Let it first be stated that there is no given situation where stainless steel always is the
optimal choice. However, there are circumstances that advocates for the use of
stainless steel.

The first and probably most intuitive is when highly corrosive environments are
involved. Stainless steel is also of some use down to medium corrosive environments
as well. It depends a bit on the requirements and tolerances for the specific bridge or
structure in question. However, when corrosion is not an issue, for instance in arid
desert environments, there is no benefit from the corrosive properties of stainless
steel.

Another usage of stainless steel is when slender cross sections are desired, since
stainless steel possesses a high proof strength. In addition, when slender cross sections
are considered, corrosion becomes more critical as a minor reduction in an already
small cross section entails higher consequences. In short, stainless steel is more stable
for slender cross sections.

Lastly, though it is not currently relevant, is that stainless steel given time, attention
and research might include higher fatigue strength than that of carbon steel.
Consequently, with better fatigue if not at least better durability, stainless steel is
likely to be a better choice if long service life is of interest.

In short, stainless steel bridges probably have the most relevant area of
implementation of corrosive environments and where long service life is desired.
Addttionally, it might also be quite relevant where service and inspection of structural
members are difficult or overly expensive, or simple not desired for that matter.

7.2 Recommendations

This thesis is not the last instalment in a long line of previous research, quite the
contrary as a matter of fact. Thus, there are some topics that the authors of this report
would suggest for future research. To give a short overview, the following topics are
recommended:

e Next step in this report: LCC, LCA and calculations
e Complementing stainless steel with corrosion resistant reinforcement

e About fatigue and load modelling
e About instability phenomena

These are only some suggestions from the authors. By no means are these necessarily
the best course of action.

Next step in this report: LCC, LCA and calculations

There are several items that did not make the final cut of the thesis due to limited
resources, especially a limited amount of time. So, if the authors through some lucky
incident found themselves with a considerable amount of time to spend, what would
be the next step?
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First and foremost, this question excludes the possibility of doing a completely new
study from scratch. As discussed in chapter 7.2 - Recommendations, both life cycle
analysis (LCA) and life cycle cost (LCC) are likely to improve the results of this
thesis. In addition, they are also expected to give a better understanding of how
valuable stainless steel is and where it would be the most suitable to implement.

An additional topic is more hand calculations for the parametric study. Some
calculations are omitted for the same reason as LCA and LCCA were omitted. As
such, this leaves a blind-spot. If time allowed, it would be beneficial for this thesis if
the calculations were more encompassing than what they already are.

There are additional steps that could be taken to further increase the quality and scope
of this thesis. However, these were the major ones that did not fit within the time
frame.

Complementing stainless steel with corrosion resistant reinforcement

As stated within this report, stainless steel bridges have a far superior durability when
it comes to corrosion. Omitting the delimitating circumstances of fatigue for a
moment, the stainless steel bridges could in theory remain in service far longer than is
desired. Precisely how much is hard to determine as it is dependent on a variety of
factors. However, a life expectancy of 100 years or more is likely to not propose much
of a challenge.

However, most road bridges today are of a composite cross section, or at least with a
concrete deck. The concrete always, in accordance with current standards, include
reinforcement. This reinforcement however is prone to corrode after a certain time,
for example via chloride ingress within the concrete.

A very interesting thought would be whether the service life could be increased if
combining the durability of the stainless steel with more durable reinforcement. There
are currently two very promising options to achieve this, which are;

e Stainless steel reinforcement
o Fibre Reinforced Concrete (FRC)

Both of these options are corrosion resistant. In addition, FRC also have other
beneficial aspects worthy of consideration all by itself. Note however, that corrosion
resistance alone is not sufficient to assure an increase of the service life of bridges,
fatigue must also be considered, more on this in the next section.

Fatigue and fatigue load modelling

Fatigue damage is often a limiting factor when considering steel bridges. If to increase
the service life of bridges via implementing stainless steel, fatigue becomes an even
more important issue.

Currently, the test data when it comes to fatigue capacity of stainless steel is scarce.
However, the little that is available indicates that stainless steel has more fatigue
capacity than what is currently used.

Of course, this is a topic that simply should not be overlooked. Consequently, the
authors of this thesis give their strongest recommendation that more research is to be
done within this topic.
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There are several promising advantages if this hypothesis of increased fatigue strength
were to be confirmed. Not only would it enable better and more durable bridges, it
would also entail substantial economic savings.

Instability phenomena

The last recommendation is similar to that of fatigue, though instead on the topic of
instability phenomena. But contrary to the fatigue section which hints at increased
capacity, this is more towards the aspect of safe and reliable structures.

The topic is instability phenomena of stainless steel, which might be different from
the behaviour of carbon steel. What is currently known is that the material response of
stainless steel is somewhat different than that of carbon steel. In addition, although
there is only a very small amount of research on this topic, it indicates that instability
might be more severe for stainless steel.

Truth be told, this topic is very uncertain, which is problematic. There is little research
to justify an informed assessment of the instability of stainless steel. Consequently,
the authors recommend that further research is to be done on the topic of instability, to
be able to assess the capacity of stainless steel more accurately.

7.3 Weaknesses of the thesis

This subchapter is dedicated to discuss some of the known weaknesses of this report
and thesis. Although none of them invalidates the already obtained results, it might
still be interesting to highlight the limitation of this thesis.

Of course, it is possible to simply add “more research” to a lot of the items mentioned
herein. However, the authors of this report believe that there are more relevant topics
to study which are more important and in turn yield better results and impact.

First and foremost, this thesis focuses mostly on the steel beams of a given composite
cross section. As such, little attention has been given to what occurs in the concrete
plate or the reinforcement. There might be effects that are completely left out in the
parametric study.

Also, as stated in the chapter 7.2 - Recommendations, LCA and LCC are not included.
These might further justify or disprove the viability of implementing stainless steel in
structures.

Also omitted, is the study of non-linear behaviour that is typical for concrete.
However, as shown in the literature study, even stainless steel has an increased
amount of non-linear behaviour compared to carbon steel. However, to fully
incorporate this in the parametric study, it would require the authors to rewrite the
standard substantially. In short, fully including the non-linear behaviour in the
parametric study was not feasible within the given timeframe of the project.

In addition, some calculations were omitted in the parametric study. Also, not all
phenomena have been taken into account. In the end there are some minor variables
and items missing. However, these have been omitted since they have been deemed to
have a minor or even insignificant contribution to the parametric study.
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Moving on to the next topic, there is also no laboratory or full scale testing of stainless
steel has been carried out within this thesis. This thesis is based on other research, all
of it can be found in chapter 8 - References. Also, since test data is scarce, which is
also reflected in the standards, it is somewhat difficult to capture the true behaviour of
stainless steel.

Finally, moving to the last topic, which is the selected bridge in question and how this
impacts the thesis. It should be quite clear that the second half of this thesis is based
on a single bridge and a specific set of circumstances. There are circumstances and
parameters that are not covered in this thesis.
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Appendix A — Results from Parametric Study

In this appendix all the results obtained from the parametric study is presented. The
data is presented in both tables and a few additional diagrams. Moreover, some
information pertaining to the calculation of the costs is given here as well.

In more detail, appendix A consists of the following parts:

1. Result data

2. Example of the format of the input data
3. Example of the format of the result

4. Data used for the cost estimates

5. Additional diagrams

A.l Result data

Note that the results presented here are just the values obtained in the parametric
study. For further description of the results the reader is directed to Chapter 5 -
Results in the report.

When reading the tables, please note that the value of the parameters is given at the
top of each table. A description of the parameters and corresponding values which are
considered in the parametric study is given in Chapter 3.3 - About the parameters and
their relevance in the report

In more detail, for the fatigue class the values can be:

e Standard, which indicates that the fatigue strength is taken according to the
current recommendations in Eurocode.

e 88MPa, which indicates that the inherently higher fatigue strength of stainless
steel has been considered. This applies to mode C and D, for further
information see subchapter 3.3 - About the parameters and their relevance in
the report.

o +2classes/+3classes, indicates that improved fatigue strength through post-
weld treatment has been considered. For further information see subchapter
3.3 - About the parameters and their relevance in the report.

For the fatigue assessment it is indicated which fatigue assessment method that was
considered in design. The two methods which have been used are the damage
equivalent method and the Palmgren-Miner method. They are indicated on the short
for “Lambda” respectively “Palmgren”.
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Span length [m]

Steel grade

Fatigue load

Traffic [category and type]
design life [years]

fatigue class

fatigue assessment

ULS, bending
ULS, bending

shear,

, composite
, I-girder

composite

10
EN1.4162
Low
4, local
80
default
Lambda

0.892
0.424
0.712

20

0.916
0.765
0.699

30

0.995
0.759
.759

—————

Mode
Mode
Mode
Mode
Mode

0 o Q w =

Mode
Mode
Mode
Mode
Mode

0 o Q w =

Steel amount

Exposed stee

Initial cost

Maintenance

Maintenance

Total cost,
Total cost,

Initial cost,

[kg]
1l area [m2]

low estimate

, high estimate

cost, low estimate

cost, high estimate

low estimate

high estimate

0.185
0.458
0.971
0.888
0.613

0.014
0.000
0.186
0.247
0.009

1823
36

45575
154955

298
543

45873
155498

0.195
0.439
1.001
0.900
0.702

0.009
0.000
0.125
0.161
0.016

8458
110

211450
718930

1382
2520

212832
721450

.232
.564
.994
- 959
.577

OOOOO

.021
.013
.149
.238
.004

o O O o O

17940
200

448500
1524900

2930
5346

451430
1530246

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:118



Span length [m] 40 50 60
Steel grade EN1.4162
Fatigue load Low
Traffic [category and type] 4, local
design life [years] 80
fatigue class default
fatigue assessment Lambda
ULS, bending, composite 0.948 0.990 1.006
ULS, bending, I-girder 0.769 0.874 0.768
shear, composite 0.831 0.853 .909
Mode A 0.244 0.270 0.219
Mode B 0.646 0.597 0.580
Mode C 0.995 1.010 0.937
Mode D 0.975 1.010 0.941
Mode E 0.527 0.379 0.323
Mode A 0.032 0.049 0.044
Mode B 0.038 0.033 0.037
Mode C 0.187 0.263 0.246
Mode D 0.293 0.384 0.352
Mode E 0.004 0.000 0.000
Steel amount [kg] 30000 42830 60460
Exposed steel area [m2] 306 461 616
Initial cost, low estimate 750000 1070750 1511500
Initial cost, high estimate 2550000 3640550 5139100
Maintenance cost, low estimate 4900 6996 9876
Maintenance cost, high estimate 8939 12763 18016
Total cost, low estimate 754900 1077746 1521376
Total cost, high estimate 2558939 3653313 5157116
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Span length [m] 70 80
Steel grade EN1.4162

Fatigue load Low

Traffic [category and type] 4, local

design life [years] 80

fatigue class default

fatigue assessment Lambda

ULS, bending, composite 1.010 1.015
ULS, bending, I-girder 0.786 0.788
ULS, shear, composite 0.980 0.967
Mode A 0.133 0.086
Mode B 0.597 0.531
Mode C 0.799 0.692
Mode D 0.798 0.688
Mode E 0.285 0.243
Mode A 0.024 0.015
Mode B 0.054 0.039
Mode C 0.158 0.115
Mode D 0.213 0.154
Mode E 0.000 0.000
Steel amount [kg] 86670 118400
Exposed steel area [m2] 783 995
Initial cost, low estimate 2166750 2960000
Initial cost, high estimate 7366950 10064000
Maintenance cost, low estimate 14157 19340
Maintenance cost, high estimate

Total cost, low estimate

Total cost, high estimate
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Span length [m] 40

Steel grade S355 S460
Fatigue load Low

Traffic [category and typel 4, local

design life [years] 80

fatigue class default

fatigue assessment Lambda

ULS, bending, composite 1.000 0.988
ULS, bending, I-girder 0.739 0.727
ULS, shear, composite 0.799 0.907
Mode A 0.183 0.329
Mode B 0.591 0.756
Mode C 0.869 0.985
Mode D 0.793 0.966
Mode E 0.544 0.525
Mode F 0.505 0.633
Mode A 0.018 0.053
Mode B 0.024 0.081
Mode C 0.101 0.181
Mode D 0.125 0.285
Mode E 0.005 0.003
Steel amount [kg] 33760 27920
Exposed steel area [m2] 331 304
Initial cost, low estimate 467670 431692
Initial cost, high estimate 1412950 1329320
Maintenance cost, low estimate 353377 302666
Maintenance cost, high estimate 753487 653702
Total cost, low estimate 821047 734358
Total cost, high estimate 2166437 1983022

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:118

-A5 -



Span length [m]

Steel grade

Fatigue load

Traffic [category and type]
design life [years]
fatigue class

fatigue assessment

ULS, bending, composite
ULS,
ULS,

bending, I-girder

shear, composite

Mode
Mode
Mode
Mode
Mode
Mode

0 H O QW @

Mode A
Mode B
Mode C
Mode D
Mode E

Steel amount [kg]

Exposed steel area [m2]

Initial cost, low estimate

Initial cost, high estimate

Maintenance cost, low estimate

Maintenance cost, high estimate

Total cost,

Total cost,

low estimate

high estimate

40
S355
Medium
2, medium
100
default

Palmgren

0.984
0.728
0.643

0.447
1.024
1.199
1.066
1.045
0.728

0.000
0.619
0.773
1.011
0.290

47430
355

580370
1908410

473349
1032673

1053719
2941083

S460
Medium
2, medium
100

Palmgren

0.992
0.746
0.677

.415
.035
.169
.036
.028
.819

O R R P B O

.000
.652
.733
.001
.268

O P O O O

45230
354

602576
2056720

456780
1000963

1059356
3057683
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Span length [m] 40 40 40
Steel grade EN1.4162
Fatigue load Low Medium High
Traffic [category and type] 4, local 2, medium 1, long
design life [years] 80 100 120
fatigue class default
fatigue assessment Palmgren
ULS, bending, composite 0.994 0.982 0.997
ULS, bending, I-girder 0.760 0.737 0.762
shear, composite 0.875 0.665 .486
Mode A 0.590 0.413 0.159
Mode B 0.593 1.013 0.788
Mode C 1.343 1.214 0.836
Mode D 1.307 1.029 0.756
Mode E 0.593 1.045 0.804
Mode F 0.487 0.689 0.562
Mode A 0.000 0.000 0.000
Mode B 0.025 0.537 0.000
Mode C 0.575 0.869 0.000
Mode D 0.827 0.974 1.201
Mode E 0.010 0.290 0.000
Steel amount [kg] 27670 46730 50490
Exposed steel area [m2] 295 352 403
Initial cost, low estimate 691750 1168250 1262250
Initial cost, high estimate 2351950 3972050 4291650
Maintenance cost, low estimate 4673 7892 8527
Maintenance cost, high estimate 9172 15490 16737
Total cost, low estimate 696423 1176142 1270777
Total cost, high estimate 2361122 3987540 4308387
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Span length [m] 10 70
Steel grade EN1.4162

Fatigue load Medium

Traffic [category and type] 2, medium

design life [years] 100

fatigue class default

fatigue assessment Palmgren

ULS, bending, composite 0.710 0.974
ULS, bending, I-girder 0.427 0.738
ULS, shear, composite 0.903 0.877
Mode A 2.432 0.358
Mode B 0.892 0.954
Mode C 1.470 1.061
Mode D 1.242 0.993
Mode E 1.513 0.557
Mode F 1.485 0.529
Mode A 0.153 0.000
Mode B 0.000 0.526
Mode C 0.957 0.692
Mode D 0.977 0.984
Mode E 1.004 0.000
Steel amount [kg] 2324 120300
Exposed steel area [m2] 39 933
Initial cost, low estimate 58100 3007500
Initial cost, high estimate 197540 10225500
Maintenance cost, low estimate 392 20317
Maintenance cost, high estimate 770 39877
Total cost, low estimate 58492 3027817
Total cost, high estimate 198310 10265377
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Span length [m] 40 40 40
Steel grade EN1.4162
Fatigue load Low Medium High
Traffic [category and type] 4, local 2, medium 1, long
design life [years] 80 100 120
fatigue class 88MPa
fatigue assessment Palmgren
ULS, bending, composite 0.994 0.964 0.970
ULS, bending, I-girder 0.760 0.750 0.740
shear, composite 0.875 0.839 .483
Mode A 0.818 0.555 0.216
Mode B 0.662 1.066 0.796
Mode C 1.221 1.181 0.817
Mode D 1.188 1.035 0.763
Mode E 0.593 1.034 0.751
Mode F 0.544 0.840 0.581
Mode A 0.184 0.104 0.000
Mode B 0.042 0.830 1.209
Mode C 0.415 0.762 0.000
Mode D 0.593 0.969 1.209
Mode E 0.010 0.275 0.000
Steel amount [kg] 27670 42730 48260
Exposed steel area [m2] 295 349 402
Initial cost, low estimate 691750 1068250 1206500
Initial cost, high estimate 2351950 3632050 4102100
Maintenance cost, low estimate 4673 7216 8150
Maintenance cost, high estimate 9172 14164 15997
Total cost, low estimate 696423 1075466 1214650
Total cost, high estimate 2361122 3646214 4118097
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Span length [m] 10 70
Steel grade EN1.4162

Fatigue load Medium

Traffic [category and type] 2, medium

design life [years] 100

fatigue class 88MPa

fatigue assessment Palmgren

ULS, bending, composite 0.790 0.990
ULS, bending, I-girder 0.401 0.745
ULS, shear, composite 0.559 0.740
Mode A 1.505 0.504
Mode B 0.977 0.972
Mode C 1.411 1.023
Mode D 1.250 1.013
Mode E 1.499 0.569
Mode F 1.418 0.562
Mode A 0.244 0.195
Mode B 0.000 0.591
Mode C 0.823 0.634
Mode D 0.983 0.976
Mode E 0.955 0.000
Steel amount [kg] 2232 110800
Exposed steel area [m2] 37 914
Initial cost, low estimate 55800 2770000
Initial cost, high estimate 189720 9418000
Maintenance cost, low estimate 377 18712
Maintenance cost, high estimate 740 36728
Total cost, low estimate 56177 2788712
Total cost, high estimate 190460 9454728
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Span length
Steel grade
Fatigue load
Traffic [cat
design life
fatigue clas

fatigue asse

ULS, bending
ULS, bending
ULS, shear,
Mode A

Mode B

Mode C

Mode D

Mode E

Mode F

Mode A
Mode B
Mode C
Mode D
Mode E

Steel amount

Exposed stee

Initial cost

Initial cost

Maintenance

Maintenance

Total cost,

Total cost,

[m]

egory and typel
[years]
s

ssment

, composite
, I-girder

composite

[kg]
1l area [m2]

, low estimate
, high estimate
cost, low estimate
cost, high estimate
low estimate

high estimate

40
EN1.4162
Medium
2, medium
100
+2 classes

Palmgren

0.990
0.736
0.660

0.424
0.879
1.151
1.047
0.834
0.667

0.000
0.248
0.712
0.990
0.000

38650
337

966250
3285250

6527
12812

972777
3298062

40

Medium
2, medium
100

+3 classes

0.983
0.726
0.657

.400
.820
.131
.049
773
.623

© el = [N S o)

.000
.176
.673
.989
.000

O O O O O

34580
322

864500
2939300

5840
11463

870340
2950763
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Span length [m]

Steel grade

Fatigue load

Traffic [category and type]
design life [years]

fatigue class

fatigue assessment

ULS, bending, composite
ULS, bending, I-girder

ULS, shear, composite

Mode
Mode
Mode
Mode
Mode
Mode

0 H O QW @

Mode
Mode
Mode
Mode
Mode

H o Q w »

Steel amount [kg]

Exposed steel area [m2]

Initial cost, low estimate

Initial cost, high estimate

Maintenance cost, low estimate

Maintenance cost, high estimate

Total cost,

Total cost,

low estimate

high estimate

40
EN1.4162
Low
4, local
80
default
Lambda

0.9483
0.7693
0.8309

0.3383
0.7213
0.9947
0.975
0.5271
0.5727

0.055192
0.065413
0.186847
0.293276
0.00351

30000
306.2

750000
2550000

5066.525
9944 .48

755066.5
2559944

Medium
2, medium
100

0.9574
0.7369
0.845

.3576
.9976
.9963
.9934
.8704
L7736

O O O O O o

0
0.497511
0.381968
0.697359

0

50740
362.9

1268500
4312900

8569.183
16819.43

1277069
4329719

High
1, long
120

0.9574
0.7369
0.845

.3576
.9976
.9963
.9934
.8704
L7736

O O O O o o

0
4.027538
3.10672
5.389938
0

50740
362.9

1268500
4312900

8569.183
16819.43

1277069
4329719
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Span length [m]

Steel grade

Fatigue load

Traffic [category and type]
design life [years]

fatigue class

fatigue assessment

ULS, bending, composite
ULS, bending, I-girder

ULS, shear, composite

Mode A
Mode B
Mode C
Mode D
Mode F

Mode A
Mode B
Mode C
Mode D

Steel amount [kg]

Exposed steel area [m2]

Initial cost, low estimate

Initial cost, high estimate

Maintenance cost, low estimate

Maintenance cost, high estimate

Total cost, low estimate

Total cost, high estimate

40
EN1.4162
Low
4, local
80
default
Lambda

0.948
0.769
0.831

.333
.606
.990
.970
.475

o O O o O

0.031
0.027
0.129
0.134
30000
306

750000
2550000

5067
9944

755067
2559944

40
EN1.4162
Low
4, local
80
default
Lambda

0.948
0.769
0.831

0.651
0.446
0.709
0.718
0.270

0.003
0.003
0.060
0.063

30000
306

750000
2550000

5067
9944

755067
2559944
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A.2 Example of the format of the input data

Input data for the parametric study

Category | Sub category Variable Value Unit
Geometry | Longitudinal
L.span 40 m
Lower flange
t.main.flange.lower.span [ 0.04
b.main.flange.lower.span | 0.55
Web
h.main.web.end 1.3 m
h.main.web.mid 1.03 m
slopelength.web 4.4 m
t.main.web.end 0.016 m
t.main.web.mid 0.012 m
Upper flange
t.main.flange.upper.end 0.02 m
t.main.flange.upper.mid 0.03 m
b.main.flange.upper.end 0.45 m
b.main.flange.upper.mid 0.5 m
Welds
a.weld.main.lower 0.005 m
a.weld.main.upper 0.005
Splices
X.splice.flange.lower 6.4 m
15.6 m
24.4 m
33.6 m
stop
X.splice.web 8 m
20
32
stop
X.splice.flange.upper 9.2 m
20 m
30.8 m
stop m
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A.3 Example of the format of the result

Result for the parametric study

Sub category

ULS
u.ULS
u.ULS
u.ULS.
SLS
o, SkS
FLS - Lambda
o, TLE

u.FLS
u.FLS
u.FLS
u.FLS
u.FLS

FLS - Palmgren-Miner

u.FLS.
u.FLS.
U, LS .
u.FLS.
o, TLE

Variable

.bending.composite.elastic.max

.bending.main.elastic.max

shear.composite.max

.deflection

.Lambda.modeA .max
.Lambda.modeB.max
.Lambda.modeC.max
.Lambda.modeD.max
.Lambda .modeE .max

.Lambda.modeF .max

PalmgrenMiner .modeA.max
PalmgrenMiner.modeB.max
PalmgrenMiner.modeC.max
PalmgrenMiner.modeD.max

PalmgrenMiner.modeE.max

Value

0,948
0,769
0,831

0,665

0,338
0,721
0,995
0,975
0,527
0,573

0,055
0,065
0,187
0,293
0,004
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A.4 Data used for the cost estimates

Here is described how the estimates of the costs are calculated. The calculations are
performed in Excel and based upon basic economic models. See table A.1 for a list of
both the low and high estimate of the costs which were considered in the calculations.

Furthermore, for the maintenance of the protective paint layer, the same frequency has
been used for both the high and low estimate. More specifically, the maintenance of
the protective layer is assumed to be required with a period of 20 years. First a minor
repair should be needed for 10% of the exposed area, followed by a repair of 20% of
the total area. Finally after 60 years it is assumed that the entire steel area requires
renewal of the paint layer. The pattern is then repeated ad infinitum, so after 80 years
a 10% renewal is once again applied.

All the maintenance costs are calculated as a present value through the use of the
interest rate. The inspections are calculated as annuities, which is identical to the
method for the present value for single costs.
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Table A.1 The values used for the estimates of the cost for the bridge alternatives

Category Item Value Unit

Initial cost

Low cost EN1.4162 25 SEK/kg
S460 7.85 SEK/kg
S355 7 SEK/kg
Initial painting 700 SEK/m?

High cost EN1.4162 85 SEK/kg
S460 40 SEK/kg
S355 35 SEK/kg
Initial painting 700 SEK/m?

Maintenance

Low cost Partial repainting 1400 SEK/m?
Full repainting 1600 SEK/m?
Routine inspection 0.04 SEK/kg
In-depth inspection 0.5 SEK/kg

High cost Partial repainting 2000 SEK/m?
Full repainting 1700 SEK/m?
Routine inspection 0.04 SEK/kg
In-depth inspection 0.5 SEK/kg

Interest rate high rate 3.50%
low rate 1.50%

Frequency, carbon

Low frequency Routine inspection 2 Years
In-depth inspection 6 Years

High frequency Routine inspection 2 Years
In-depth inspection 6 Years

Frequency, stainless Routine inspection 6 Years
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A.5 Additional diagrams
Here is a selection of diagrams which are considered to be of interest but could not be

fitted into the report.
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Figure A.1:

Total cost of the steel girders with a low estimate of the initial cost and high
estimate of the maintenance. The design is performed with regard to the
damage equivalent method for low fatigue load and 40m span
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Total cost of the steel girders with a high estimate of the initial cost and low
estimate of the maintenance. The design is performed with regard to the
damage equivalent method for low fatigue load and 40m span
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Cost, combined high and low estimates
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Figure A.3: Total cost of the steel girders with a low estimate of the initial cost and high
estimate of the maintenance. The design is performed with regard to the

Palmgren-Miner method for medium fatigue load and 40m span
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Figure A.4: Total cost of the steel girders with a high estimate of the initial cost and low
estimate of the maintenance. The design is performed with regard to the
Palmgren-Miner method for medium fatigue load and 40m span
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Present value of a single cost
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the present value in the case of fix costs and interest rate.
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Appendix B — Flow Chart for FEM Script

This appendix aims at giving some clarification of the modelling choices of the FEM
model as well as some explanation of how the Python script works. Included in this
script are three major sections, namely;

1. About the model and modelling choices
2. About the script
3. Flow Chart of the script

Unfortunately, the script is quite sizeable and exists in several editions, as such; it is
omitted from the report. However, for anyone interested please contact the authors of
the report or the department of Structural Engineering at Chalmers.

The main objective of the developed script and model is to quickly be able to assess
cumulative fatigue damage. The cumulative fatigue damage is calculated with an
external program, in this case, Matlab code. The routines for calculating the
equivalent fatigue damage can be found in Appendix E.

B.1 About the model and modelling choices

The general idea of the script is to easily and quickly be able to assess fatigue damage
over a bridge utilising the Palmgren-Miner theorem of accumulative fatigue damage
using superposition of stresses. The finished model of the bridge can be found in
figure b.1. A very important aspect of the bridge is that it is entirely created via a
script; hence no user input in Abaqus is required.

Figure B.1: lllustration of the finished model of the bridge. The bridge is 40m long in this
illustration. Though it might be hard to detect, the small dots in the middle of
the plate is evenly spaced with 1meach. The plate is intended to be made out
of concrete whilst the two identical beams are made of steel.

To use superposition, it sets the condition that the model must use only elastic
materials. Of course, this is not the most accurate depiction of reality, especially when
considering the nonlinear properties of concrete. However, to avoid ludicrously long
calculation times, elastic properties have to suffice.
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About the model itself, it consists of three structural parts and a fourth special part,
more on this special part shortly. An illustration of the cross section can be found in
figure b.2. The two steel beams are identical and are in truth the same assembled part.
Regarding the beam-part, it consists of lower flange, upper flange and web like any
other beam. The point of interest is that they are independent of each other in material
and dimensions. This enables greater adaptability in the model, or rather, the bridge
can easily be refitted for other purposes.

Figure B.2: lllustration of the cross section of the bridge. The two beams are intended as
steel beams and the plate as concrete. Though, since all dimensions and
materials are scripted, they can be made out of any elastic material and any

given dimensions or placement (with some limitations).

When assembling the steel parts into a complete steel beam, there is some overlap in
the joints. figure b.3 illustrates the problem pertaining to excessive stiffness
contribution within the same area. In short, the fact that the shell thickness overlap
beams the model is slightly stiffer. However, the effect of this is miniscule and can be
considered negligible.

Figure B.3: lllustration of overlap between web and flanges. The marked area shows
where the model gains contribution from both flanges and web within the
same space.

An additional simplification worth mentioning is about the load itself. According to
Eurocode the moving load should be modelled as pressure with given area and
magnitude, notwithstanding that this also reflects reality to an amiable degree.
However, the script and model in question utilises concentrated force, or point load if
you will. Of course, concentrated force is used to simplify both model and script.
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There are two reasons as to why this simplification is justifiable. The first one being
that Abaqus/Brigade from the very beginning does not truly understand the concept of
pressure. All pressure modelled in the FEM software is reinterpreted as many smaller
concentrated forces over a given set of nodes. In other words, there is no true pressure
to speak of from the beginning.

The second reason for simplifying to load as concentrated force is that it does not
affect the model to any significant degree. It most definitely affects the stresses within
the concrete plate. However, the concrete plate is not of particular interest for the
model and is neither studied accurately nor considered as part of the results. To
conclude, using concentrated load as a simplification at the cost of inaccurate stress
distribution and singularities within the concrete plate is reasonable.

Of course, there are more modelling choices and simplifications. Though, a discussion
of such length goes somewhat beyond the scope of this report. As such, only the most
interesting simplifications are included and the rest is omitted in this version of the
report.

B.2 About the script in general

With that in mind and to present the script briefly, it breaks down into a few modules.
The modules are the following:

1- Input data
2- Pre-Calculations
3- Modelling Section

Creating a model (object)
Sketches and Parts
Assembly

Material

Section Creation and Assignment
Tie connections
Partitions, for the load
Step

Load Application
Boundary Conditions
Mesh

Output Request

m. Job

4- Solver
5- Results

a. Viewport manipulation
b. Exporting Figures

c. Exporting XY Data

d. Exporting Diagrams

—xT o S@mho o0 o

What follows is a short explanation of each separate part. Note that the following text
mainly serves the purpose as a reference since the actual script cannot be included
within this report.
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Input Data

This section collects all available user input, both required and optional input. In other
words, this is the only section that the user requires to interact with whilst the rest of
the script runs automatically.

Included are a lot of Boolean variables that activates and deactivates features, fail
safes and sections of the script.

Also worth mentioning is that the whole bridge is parameterised. Consequently, all
measurements, materials, dimensions and placements can be changed via the input
section. Beside the benefit of the script being adaptable to new circumstances, it is
also a requirement to parameterise the bridge. Simply put, it is by far the most reliable
method of obtaining pointers, variables and objects within the script.

Pre-calculations

This section of the script is somewhat larger than one might expect. It defines the
classes, functions and imports all relevant Abaqus/Brigade modules. In short, a lot of
programming that is relevant for the script but is not dependant on Abaqus/Brigade
modules.

Modelling — Creating a model

This section creates the model. Among other items it sets the modelling space and
type, as well as the name of the model. For the sake of conwvenience, the date of
creation is appended to the name.

Modelling — Sketches and parts

Here all the sketches and parts are created. A noteworthy aspect of this section is that
it is easily refited for additional parts or less parts. This is due to the fact that it
utilises object oriented programming and generalised loops and statements. A current
limitation is the shape of the parts, as they cannot be of an arbitrary shape.

Here is also the first appearance of the so called Foamer. This is a special part that
handles the load application. Or in other words, enables additional handling to include
movable loads. Note however, that there are many different possibilities, besides the
Foamer, to achieve movable loads.

Modelling — Assembly

First and foremost, it creates a very important handle for an even more important
object, which is the root assembly. This object keeps track of almost all datum,
features, load and so on.

Secondly, this section creates an instance of all steel objects. Next step is to translate
and rotate all the steel parts into their intended position. Due to the fact that the model
geometry is parameterised, virtually any feasible dimensions are possible without
additional work. However, a limitation with the script is that only I-beams are
currently supported. When the steel beam is assembled a new part is created with
merged geometry on the current instances.
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Lastly, the Foamer is also created and placed in a desired location, see figure b.2.
Currently, the script supports an arbitrary position of the Foamer on the concrete
plate. However, diagonal or transversal directions are not available. Though, it does
not require much tweaking to add these features.

Modelling — Material

This section creates three elastic materials. The materials are steel, concrete and foam.
The latter material is very soft, with a Young’s modulus of elasticity of 10 Pa,
compared to that steel of 210*109 Pa. The reason for the soft material is that Foamer
should not contribute to the stiffness of the model.

Modelling — Section creation and assignment

This section of the script is relatively large. It creates all the required sections and
then assigns them to their corresponding parts. A noteworthy aspect of this section is
that it requires a lot of coordinates for the script to find the surfaces of which require
section assignment. All coordinates points to the middle of the part surfaces.

On an additional note, the Foamer which consists of beam elements also requires a
beam section orientation.

Finally, exempting the Foamer, all parts are assigned with homogenous shell sections.
This is also where the thickness for each part is assigned. See Abaqus or Brigade
documentation for more details.

Modelling — Tie connections
The tie connections tie certain nodes with other nodes, making a stiff connection. In
this model, three specific connections are required, which are the following:

e Concrete plate < Upper flange left beam
e Concrete plate < Upper flange right beam
e Concrete plate < Foamer

For the nodes to overlap partitions are required, see figure b.4. The partitions for all
connections are created in this section as well via datum planes.

Figure B.4: lllustration of the partitions required for the tie connections to work properly.
For the keen observer, there is actually supposed to be two partitions on the
top plate to better correspond to the upper flange of the beam.
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Modelling — Partitions for the load

In a very similar manner to all the other partitions, the Foamer is also divided into
many segments. The reason is that Abaqus/Brigade requires the concentrated force to
be applied at a given node. The only way to ensure this is via partitions.
Consequently, there is a partition for each placement of the load. Incidentally, the
aspect of partition is one of the reasons to why the Foamer was introduced in the first
place.

Another noteworthy aspect pertaining to the Foamer is about the required input of the
user. For the sake of argument, say that a secondary Foamer is to be introduced in the
model. All that is required of the user is to select a start point for the partitioning
process. The rest is done automatically through the script itself.

Modelling — Step

This is one of the shortest modules. It creates steps for the model. To be precise, this
section creates as many steps as there are load placements. To reiterate, if the user
requests 50 increments for the moving load, there will be 50 steps.

A consequence of increasing the number of steps is the increased amount of
computational time for the solver. As a matter of fact, it takes approximately the same
amount of time to solve each step. Consequently, doubling the amount of step just
about doubles the amount of computational time for the solver.

Modelling — Load Application

This module applies the load at each increment. Not mentioned before, is that the
partitioning module also creates a lot of datum and store their IDs into a list, see
Python documentation about list storage. Nevertheless, the load is quite simply
applied into a step and onto a given datum point via its ID.

Of course, each load is put into one step and one step only. Lest the number of
concentrated forces start to accumulate as the steps increase.

Modelling — Boundary Conditions

The most noteworthy aspect of this section is the amount of coordinates. However,
through the input data they are automatically calculated and do not directly require
any user input per se.

The relevant geometry for the boundary conditions is divided into a few sets. Even
though some geometry shares the same boundary conditions, they are still divided into
groups as to better change and refit the boundary conditions to other circumstances.

Modelling — Mesh

One of the larger difficulties with the mesh is to make it of such a size that it
corresponds to the partitioning. If the mesh and length of the load partitions are not
evenly dividable sheared elements will start to occur, see figure b.5.
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Figure B.5:  This figure highlights the issue of sheared elements. Note how they start of
almost square on the left hand side and becomes increasingly sheared as the
beam progresses to the right. Though it is especially prevalent in the upper
flange, the web suffers from this phenomenon as well.

The script solves this issue by changing the requested mesh size by the user to the
nearest evenly dividable mesh size. To elaborate further, the script changes the mesh
size to a finer mesh, if required, that fits an evenly number of elements into each
partition.

Otherwise, the model is generated with a mesh consisting of freely placed quad
elements with reduced integration.

Modelling — Output Request

This module creates an output request for the output database. By default, the output
request contains the following:

e Stresses, included von Mises stress
e Elastic strains, plastic (which should be zero in this case), and total strain
e Displacement and rotations
e Reaction forces and stresses
Modelling — Job

This section creates a job for the solver.

Solver

The main purpose of this module is to submit the created model and problem to the
solver. However, only Abaqus have scripted support for the relevant Python
commands, whilst Brigade does not.

To circumvent this issue the whole module is placed within an if-statement. Thus, if
the script is utilised by Brigade the submit job module is omitted and the user can
manually submit the job before proceeding with the script.

Lastly, the script includes an optional fail-safe for the solver. The fail-safe consists of
a timer of which the solver attempts to abort the job if the timer runs out. However,
when testing this fail-safe it appears that when the procedure is scripted it does not
work as intended. As such, the fail-safe is deemed to be not overly reliable.
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Results — Viewport and folders

This section opens the output database. It also changes a few viewport variables, such
as the default font size to a more readable one. Lastly, this section also creates a folder
to store the results in.

Results — Exporting Figures, XY-data, diagrams

The script primarily exports three kinds of results, namely; figures, stress data and
diagrams.

The figures are intended to give visual confirmation that the model appears to works
correctly. It gives one figure for each step.

The diagrams have about the same function as the figures do, which is to give
confirmation that the model works correctly. Of course, both figures and diagrams can
easily be omitted from the exported results if desired.

Finally, the primary exported result is the stress data for a given path. The script
cannot know in advance which path is most desired, as such, the user has to set a start
point for the path. When the path is set, the script exports stress for all of the nodes
within the path and for all of the steps. An example of the exported results can be
found in table b.1. Note however that the actual result is exported as ASCII and does
not have any table formatting. Also, there are no units in the results. Lastly, the actual
results are omitted due to its daunting size. In short, the actual results would require a
matrix with 500 rows and 100 columns in dimensions.

Table B.1 Example of the exported results fromthe script. Note that the script, like
Abaqus/Brigade in general, does not put attention to the units. As such, there
are no units. Also, this is only a minor example results. The actual results are
exported in ASCII formatting, not asa neat table.

X coordinate Stepl Step2 Step3 Step4
0 -24286,8 -34572,8 -26108,6 -10855,3
0,5 -21383,7 -32444,8 -24925,1 -10419,1
1 -10683,4 -24866,1 -20700 -9041,54
1,5 2444,83 -13462,2 -14174 -6841,92
2 10220,2 -3678,17 -8980,31 -5130,94
2,5 13752,4 6610,18 -3121,34 -3145,24
3 14377,7 16858 2454,57 -1345,25
3,5 12250,9 24427,9 8076,24 639,771
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B.3 Flow Chart

Due to the large size of the script and also that there exist several versions of the script
it is omitted from this appendix. However, for more information please contact the
authors of this report or the department of Structural Engineering at Chalmers.

The flowchart has three types of boxes. Rounded edges, which is normal action.
Diamond shape, which is signifies alternate routes. Finally triangles, which represent
try-statements, see Python documentation for more details. Also, another
simplification is the counter variable. Every time the counter is checked, it is assumed
that the number is increased by one.

With this in mind, below is a flowchart that explains the basic outline of the script.

4 N

Input data

Part dimensions, names, thickness. Load
magnitude (scalar), mesh size, increments,
Foamer placement. Material names, modulus
of elasticity, density, Poisson’s ratio. Number
of integration points. Job and model names
and descriptions. Enable or disable features.

\_

Optional Input:
Print results, viewport options, fail-safe and
other descriptions.

Creating part class and instance names

N

Assigning input data into part objects

!

Correct amount
of sketch widths?

Assign sketch width to
part objects

[ Print error message }
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l

( )
Import modules from Abaqus/Brigade
- J
( )
Start timer
G J
\
Declare function for saving figures
( )
Declare function for saving figures
- J
\
4 )
Declare function for saving printing names
(Though optional, it certainly has been put to
good use.)
- \l/ J

Run Part A

I True
Continues on page B.17

Create model and append current date to the

name of the model

Failure

Create a new viewport
and attempt to remove

previous.

Pass

Success

- B10 -
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\l, Failure

Remove the initial
model 1

Pass

[2]
(7]
<5}
o
o
>
wn

Number of part =
Number of sketch
dimensions?

Print error
message
True
[ Counter=20 }
False True

Counter >=
Number of parts?

False Current part Create assembly
= Foamer instance of all
. steel parts
Create 3D Create 3D
deformable deformable
planar shell beam base wire p N
Rotate flange
instances.
\ J
4 )\
Translate position
of flanges
\\§ J

Merge instances into new part.
Part is also stores as a new part object

!
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!

Create assembly instance of
secondary beam, plate and Foamer.

[ Rotate instances plate ]

Translate secondary beam, plate
and Foamer.

Create material
Concrete, foam and steel is created

independently

Coordinates for section assignment
If the script changes, the coordinates must be

manually changed

Selects faces, (findAt and coordinates)
selected faces are stored in list.

Number of parts =
Number of faces

True

[ Print error message }

|
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\’

[ Counter=0 }

True

Counter >=
Number of faces

False

Foamer section

g
Create rectangular

beam profile
- J

Steel or concrete

( N
Create and assign

Foamer Section

- J
Print error Create and
message and assign steel or
urge abortion concrete section
of script
4 N

Create coordinate vectors for tie
connection surfaces

4 N
Create datum planes and store

datum plane IDs

4 N
Create partition for Foamer and

tie connection

V
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J

[ Counter=0 }

True

Counter >=
Number of faces

False

False

Left Section?

[ Right side partitions ]

Left partitions
and check sum

N\

Obtaining new surfaces
Uses findAt command and the tie connections

coordinates. Also, this section adapts to the
placement of the Foamer, so as to be able to place

the Foamer arbitrarily.

[ Create tie connections. ]

v

[ Offset point for load partitions

\A

Find vertice at offset point

\’

Calculate increment length ( = L.inc) ]

\

[ Counter=20 ]

)

Counter >=
Number of steps

False True

Crate an additional datum
point at an offset of L.inc
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l

[ Counter=0 ]

Counter >=
Number of steps

False True

given datum point

[ Create partition at }

[ Create first load step ]

2

[ Counter=1 ]

Counter >=
Number of steps

False True

Create step
number [counter]

Apply load in created
step at stored \ertice

number [counter]

False Counter on True
last step

N\

Suppress newly created )
load in succinct steps J

Initializing coordinates
for boundary conditions

coordinates and store sets

v

[ Selecting edges with 1
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|

Create boundary conditions
The boundary conditions are created in
sequential order and one boundary for
each set of edges.

v

Adjust mesh size

v

Adjust mesh size

v

[ Counter=20 ]
I

Counter >=
Number of parts

False

Is current part
beam?

Is current part
Foamer?

Is current part >Jrue

Assign Assign Foamer Assign left and
concrete plate mesh controls. right beam mesh
mesh controls controls.

Print

error Seed part

instance

Seed part Seed part

message

instance instance

Failure

Create field output
request [ Use default field 1

. output request
Success | |

{
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|

Continuation

from page B.10 In

Create Job
order; create job name, create

job, print time for modeling

v

Create job ]

False

Save model
before solving?

False

|

N\

Save model in
work directory

|

False

Submit job
to solver

[ Start timer ]

False Fail safe

active?

2 Submit job to solver
[ Submit job to solver ] with fail safe timer

|

[ Wait for completion

V2

Print runtime

Run part B?

End script

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:118

-B17 -



[ Open database ]

Viewport options
Changes font, opens model,
changes view angle, removes

triad and other objects.

False Do result True

folders exist?

Failure Success
Create result
folders
Print error
message
4 R
Define start- and end
coordinates for path nodes
o J
y
4 ] R
Define start- and end
coordinates for path nodes
\§ J
Get nodes by bounding box

|\ J

More than one
node for start
or end of path

y

[ Select first node found ]
J

[ Create path for XY data ]

4
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Counter >=
number of steps

False True

[ Change current step in viewport ]

Export and append stress data in
current step from path

N

Export diagram of stress distribution in
current step from path

(Optional) Export figure of current
step, deformed model

[ Print completion messages ]

End of script
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Appendix C — Convergence Study and model
validation

This appendix, as the title suggest is a convergence study. To be more precise, it is a
convergence study about the Abaqus/Brigade script developed for this master thesis.
Also included in this appendix, albeit as a minor part, is a brief discussion about the
impact of the tie connections used in the script.

The appendix contains the following parts

How the study was conducted
Results of the study
Validation of the model

Raw data of the study

Hand calculations

akrwdE

This appendix includes mesh convergence study with regard to vertical deflection and
magnitude of deflection as well as principal stress and in-plane stress. Also included
is the comparison between FEM results and hand calculations. Conclusion about the
study can be found at the end.

First and foremost, to give a brief overview of what the script does. The main task is
to the move a load over a given bridge in increments. The script does so by modelling
the bridge with shell elements in a three dimensional model space. To apply the load a
given number of partitions are created, as a matter of fact, there are as many partitions
as there are increments. Finally, the load is then moved forward by the means of steps,
see Abaqus/Brigade documentation for more details, where each steps includes a
single point load.

To validate the model both hand calculations and a mesh convergence study was
made. Of course, there are additional aspects that have been observed in an attempt to
validate the model, such as stress distribution and overall deformation behaviour.

C.1 How the study was conducted

Two categories of variables were chosen for the study, namely deflection and stress.
Within these categories four primary variables were chosen, which are the following:

Magnitude of deflection

Vertical deflection

Principal stress, also known as von Mises Stress
In-plane stress, see illustration below.

The motivations for selecting these specific variables are that they are both relevant
for the bridge, as opposed to friction of vibration, and they can be compared with
hand calculations.
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There is an additional reason for studying both magnitude of deflection and the
vertical component of deflection. The reason might seem trivial; though it explains a
lot of both the result and how the bridge deforms under load. However, before
elaborating further on this topic the location where the convergence study takes place
should be known. In words, the convergence study takes place in the middle of the
bridge. To be more precise, in the outermost node of the lower flanges, an illustration
of this can be found in figure c.7.

Returning to the topic of selecting both vertical- and magnitude of deflection, first
note the location of the node and also that the steel beams have no real cross bracings.
Though the concrete plate may prevent lateral bending of the beams, lateral torsional
bending is never prevented, see figure c.8. As such, the node does not only deform in
vertical directions, but also outwards from the bridge. This is the main reason for
selecting two variables for deflection, to compare how much vertical deflection in
relation to the total amount of deflection there is. Lastly, due to the aforementioned
reasons the magnitude of the deflection ought to be larger than the vertical deflection
alone.

Figure C.7: This figure shows at what point in the model the convergence study takes
place. Though it cannot be seen in the figure, the point always exactly in the
middle of the bridge. This is done by via partitions. The right illustration
shows a close up showing that the point is always taken as the outmost node in
the lower flange.

A

Figure C.8: lllustration of how the model deforms in the middle of the bridge. Note the
lateral torsional bending of the beams. This phenomenon is not studied in this

thesis. However, it should be noted that the bending is still there.
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C.2 Results of the Convergence study

To begin, there are three types of results presented in this study; deflection, stress and
computational time. The latter is however only mentioned briefly at the end.
Consequently, focus lies on the first two mentioned and whether the results converge.

The first result to study is the deflection magnitude which can be found in figure c.9.
As can be seen in this figure, the deflection fluctuates quite a bit, especially at the
larger mesh sizes. This is however quite well explained as the tie connections cannot
properly form. To be more specific, when the desired distance between two nodes are
2m and the maximum distance allowed is about 0.5 some problems are expected.
Consequently, anything larger than 1m can easily be disregarded.

Also quite apparent is the large drop that occurs at a mesh size of approximately 1m.
The reason for this is that the tie connections between the steel flanges and the
concrete plate starts working at about 1m, or to be more precise, 0.909m. Prior to that,
the concrete plate carried alone the load. Whereas afterwards, the steel beams
contributes to carry the load and thus a lower deflection is obtained.

Finally, in the last segment which is marked by the rectangular box, the deflection
appears to converge at a certain value. At the finer mesh sizes the variation in
deflection is miniscule. In other words, the results converge and a recommendation is
to use mesh sizes finer than 0.4m after studying the results.

Deflection Magnitude
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Mesh Size [m]

Figure C.9: Magnitude of the deflection, which is in this instance always a positive scalar
value. Pay special attention the vertical scale as the total height of the
diagram represents 0.4mm. Consequently, the curve is actually to be
considered quite flat.
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When looking at the close up, of the deflection magnitude, the most important aspect
to notice is that the curve is rather flat. The difference between the largest value and
the lowest value is approximately 2%.

Also included in the close up is a dashed line. This line represents an earlier version of
the convergence study. It is included since it somewnhat illustrates the problems with
the tie connections. The earliest version of the convergence study entailed a non-
partitioned concrete plate with regard to the plate-beam connection. However, since
nodes overlapped poorly and the tie connection gave of a somewhat erratic behaviour,
they were upgraded. The upgrade consisted of a partitioning of the concrete plate; an
illustration of this can be seen in figure c.10.

Figure C.10: Partitions to improve the tie connections. The partition can be seen asmarked
above the I-beam. The partition forces some nodesto coincide on the vertical
plane and more stable tie connections.

The aforementioned improvement enhanced the owverall behaviour of the model,
especially at larger mesh sizes. However, as can be seen in the close up diagram,
figure c¢.11, they ultimately only have a minor influence. Moreover, the dashed and
solid curve follows the same behaviour. This fact to some extent contradicts the
likelihood of the tie connections being the sole disturbance in gaining optimal
convergence. Adding more support for some kind of singularity issue or poor
boundary conditions.
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Close up, Magnitude of Deflection
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Figure C.11: Thisshows a close up. The biggest point of interest is that there is almost no
significant variation. Also, pay special attention the scale of the diagram as
the total height represents 0.14mm. This is indeed an insignificantly small
distance when discussing a 40m bridge. The dashed line represents deflection
before modifications to the model.

Moving on to the second area of study which is principal stress, see figure c.12. The
first section to mention is what happens to mesh sizes larger than 1m. Here, the stress
shows a rather stable behaviour, which is actually somewhat unexpected given the
results from the deflections. As mentioned earlier, the tie connections between steel
beams and concrete plate have some problems forming properly at excessively large
meshes. However, it still appears that the principal stress is stable in this section.

Similar to the deflections, see figure c.9, the stress also makes a sudden change at a
mesh size of 0.9m. This is for the very same reason as for the deflections, namely that
It is atthis instance where the tie connections can form properly.

The third and final section of the curve, which is marked by a rectangular box, shows
quite stable behaviour. The fluctuations in this final section are less than 2%. In other
words, the results appear to converge relatively quickly after a mesh size that is lower
than 0.9m. In short, convergence is reached.

Also included in this convergence study is the in-plane stress in figure c.13. To
clarify, the stress that is normal to the cross section of the bridge. In the
Abaqus/Brigade model for this thesis it is also referred to as S11 stress.

The reason for including both types of stresses in the convergence study is for
comparison. If everything is in order, the in-plane stress and the principal stress
should be close to identical. Otherwise, it would be a strong indication of an
erroneous model. Fortunately, both stresses exhibit a more than sufficiently similar
behaviour.
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Stress, von Mises
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Figure C.12: Principal stress change in relation to mesh size. Note that there is a jump at a
mesh size of 0.9m. This phenomenon is due to the tie connections, which is

more elaborately discussed in this appendix.

In plane stress (S11 direction)
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Figure C.13: Showing thein plane stress at the node. Note that the behaviour is essentially
the same as for the principal stress. Also note the same sudden change at a

mesh size of 0.9m. This is once again due to the tie connections.
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The close up diagram for the stresses, figure c.14, includes both principal stress and
the direct stress. Also note that there is a dashed line representing the principal stress
before partitioning and improvement of the tie connections were introduced. Most
noteworthy about this diagram is how well the in-plane stress corresponds to the
principal stress. At the very end, they coincide close to perfectly. That the two types
of stresses share the same behaviour is expected and is to be taken as a good sign.

Also note that the stress increases as the mesh size decreases. Especially the steep
slope at the end is of some concern. The inclination of the slope and especially the
fact that the curve does not plateau indicates that there is a less than desired level of
convergence. A likely explanation is that there is a stress singularity that causes the
stress not to converge. Another hypothesis is that the assembly of the beam, especially
the nodes that belong to both web and flanges, gives cause for poor convergence.
However, the true reason for the convergence issue is not known at this moment,
though the issue itself is known.

A final point of interest is the behaviour of the dashed line in figure c.14. As already
mentioned, this line represents an earlier version of the convergence study, before
improved tie connections were introduced. Note that the dashed line succinctly
coincides to a greater degree with the principal stress as the mesh size decreases. In
other words, the smaller the mesh size the less influence the partitions have owver the
tie connections. Conversely, at larger mesh sizes the partitions have a greater
influence, even as far as postponing model failure.

Stress, von Mises, Close up [Pa]
7 200 000
A ‘ f
As reference, 7 150 000
" this line
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} } } } 6 850 000
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Mesh Size [m]

Figure C.14: Close up of both the principal stress and the in plane stress. Once again, note
the scale of the vertical axis as it might enhance the effect stress variations to
some degree. The dashed line shows stress before modifications to the model,
which is of some interest.

c8 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:118



Also worth mentioning, however briefly, is the time for solving each model. The
script that creates and runs the program also records the time for each run of the
script. The result is presented below in figure c.15. Of course, the whole of the
convergence study was conducted on the same computer hardware. The point of
interest for this figure is that the computational time is less than 20s for all meshes up
to a mesh size of 0.2m. After this point, the calculation time increases exponentially,
making it increasingly harder for each succinct step.

With this in mind and as a comment about the convergence study; the study was
conducted with succinctly smaller mesh sizes. The mesh sizes were decreased to the
point of where the available computer hardware simply was insufficient to solve the
problem. In other words, the mesh size was decreased to the point of failure. Of
course, the last and also unreliable results are omitted.

Runtime for Abaqus

T 10:00
+ 08:00
+ 06:00

[mm:ss]

+ 04:00
+ 02:00

Time

; T 00:00
0.40 0.30 0.20 0.10 0.00

Mesh Size [m]

Figure C.15: More as a point of interest compared to the other studied variables is the
necessary computational time for one run of the script. Note that the
modelling time itself, when scripted, is around 1 second. The rest of the time is
for solving the FEM problem.
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C.3 Validation of the model

In addition to the convergence study, the FEM script and model was also validated
through comparison to hand calculations. Similarly to the convergence study both
stress and deflection was studied.

As indicated in the convergence study, both stress and deflection changes in the FEM
model depending on the mesh size. For the validation, both maximum and minimum
values for stress and deflection are taken into account. However, mesh sizes over
0.9m are omitted in total since they are unreliable, see convergence study for more
details.

Direct stress FEM: Orem min = 692 Mpa
Orgmmax = 7:17 Mpa

Stress, Hand calculations: Ohana = 7-15 Mpa
When comparing the stresses, the FEM calculations have a difference that ranges

from -1.7% to +0.3%. In other words, the values are within very reasonable limits.
One might even go so far as calling it quite an excellent degree of coincidence.

Deflection FEM: Sremmin = 2.32mm
OreMmax = 2.27mm

Stress, Hand calculations: Ohana = 2.08 mm
When comparing the deflections the degree of coincidence is not as good. Here the

FEM calculations diverge between 8-11% of what the hand calculations indicates.
Though it is not an excessively high degree divergence it is neither optimal.
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C.4 Tables from the convergence study

This section displays the unprocessed data obtained from the convergence study. See
prior section in this appendix for comments and discussion. In this section, there are
only two tables, namely

Table C.2 The values fromwhere the concrete plate is partitioned. All values are stored
directly from Abaqus/Bridage with the probe value tool. The mesh size is the
actual mesh size in the model and not the input mesh size.

Mesh Runtime Stress, Stress, in Deflec?tion, Deflecltion,
size [m] [mm:ss] mises [Pa] plane [Pa] Hegmd e vertical
[m] [m]
4,0000 00:15 6548110 6,4369E+06 0,00261148 -0,00247844
2,8750 00:13 7015550 6,8859E+06 0,00266889 -0,00253605
2,5000 00:13 7120010 7,0100E+06 0,00269644 -0,00256581
2,2222 00:13 7247520 7,1062E+06 0,00269849 -0,00256600
2,0000 00:13 7291440 7,1811E+06 0,00270494 -0,00257339
1,8182 00:13 7371380 7,2259E+06 0,00271267 -0,00258037
1,5385 00:13 7340480 7,2750E+06 0,00263400 -0,00250547
1,2500 00:13 7411930 7,3580E+06 0,00263931 -0,00251065
1,0000 00:13 7476430 7,4220E+06 0,00264334 -0,00251455
0,9091 00:13 7478010 7,4167E+06 0,00263468 -0,00250643
0,8333 00:13 6989060 6, 9689E+06 0,00244087 -0,00232022
0,8000 00:13 6994420 6,9748E+06 0,00244115 -0,00232052
0,7407 00:17 7004500 6,9844E+06 0,00244180 -0,00232112
0,6897 00:13 7008890 6, 9905E+06 0,00243840 -0,00231775
0,6452 00:17 7015310 6,9969E+06 0,00243882 -0,00231812
0,6061 00:13 7020620 7,0023E+06 0,00243916 -0,00231844
0,5556 00:13 7026980 7,0087E+06 0,00243959 -0,00231882
0,5000 00:13 6956090 6,9394E+06 0,00241022 -0,00229047
0,4545 00:15 6960990 6,9444E+06 0,00241054 -0,00229075
0,4000 00:15 6966330 6,9497E+06 0,00240950 -0,00228969
0,3509 00:15 6944230 6,9282E+06 0,00239960 -0,00228008
0,2985 00:17 6957660 6,9411E+06 0,00240259 -0,00228032
0,2500 00:19 6948230 6,9319E+06 0,00239752 -0,00227535
0,2000 00:27 6940280 6,9242E+06 0,00239356 -0,00227157
0,1504 00:38 7067720 7,0611E+06 0,00239148 -0,00228078
0,1000 01:18 7114100 7,1101E+06 0,00238864 -0,00227966
0,0901 01:28 7115650 7,1117E+06 0,00238809 -0,00227865
0,0800 01:48 7115310 7,1114E+06 0,00238771 -0,00227825
0,0699 02:31 7139160 7,1365E+06 0,00238744 -0,00227895
0,0601 03:20 7157160 7,1552E+06 0,00238713 -0,00227853
0,0500 04:56 7168020 7,1665E+06 0,00238685 -0,00227839
0,0400 12:04 7176060 7,1748E+06 0,00238677 -0,00227839
0,0200 99:99* ComputerFailure | ComputerFailure | ComputerFailure | Computer Failure
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Table C.3 The values fromwhere the concrete plate is without partitions pertaining to
the tie connections. All values are stored directly from Abaqus/Bridage with

the probe value tool. The mesh size is the actual mesh size in the model and

not the input mesh size.

Mesh size Stress, Deflection, Deflection,
[m] mises[Pa] Magnitude [m] Vertical [m]
4,0000 Model Failure Model Failure Model Failure
2,8750 Model Failure Model Failure Model Failure
2,5000 Model Failure Model Failure Model Failure
2,2222 === === ===
2,0000 7 138 160 0,00262310 -0,00252874
1,8182 —-—= —-—= -——=
1,5385 7 284 050 0,00266175 -0,00254634
1,2500 == S ==
1,0000 7 485 840 0,00263395 -0,00250906
0,9091 7 475 780 0,00269961 -0,00253699
0,8333 6 962 610 0,00246678 -0,00231346
0,8000 6 967 280 0,00246745 -0,00231415
0,7407 7 059 120 0,00246734 -0,00233723
0,6897 7 067 890 0,00246832 -0,00233818
0,6452 7 075 240 0,00246917 -0,00233900
0,6061 7 011 300 0,00242162 -0,00229881
0,5556 7 017 450 0,00242199 -0,00229915
0,5000 6 947 130 0,00239367 -0,00227513
0,4545 6 949 150 0,00239660 -0,00228031
0,4000 6 970 820 0,00240033 -0,00228007
0,3509 6 948 030 0,00238987 -0,00226869
0,2985 6 955 800 0,00238775 -0,00226388
0,2500 6 946 330 0,00238088 -0,00225758
0,2000 6 936 910 0,00237653 -0,00225431
0,1504 7 064 790 0,00237233 -0,00226104
0,1000 7 111 740 0,00237035 -0,00226044
0,0901 7 111 790 0,00236939 -0,00225840
0,0800 7 116 310 0,00237092 -0,00226003
0,0699 7 138 760 0,00236937 -0,00225953
0,0601 7 152 880 0,00236814 -0,00225894
0,0500 7 165 190 0,00236794 -0,00225843
0,0400 7 173 170 0,00236785 -0,00225857
0,0200 Computer Failure Computer Failure Computer Failure
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Appendix D — Matlab functions for the parametric
study

The purpose of the Matlab functions which are used for the parametric study is to store
and collect the data. While this task certainly could be performed by hand the functions
reduces the risk of human error. In addition it lightens the work load for the parametric
study.

The main function is ExcelWriter which utilise the two functions cellWriter and
cellFinder to write data to Excel documents. Additionally it also utilises some of the
functions for fatigue calculations which can be found in Appendix E.

The functions can be found in more detail within this appendix in the order given below:

1. ExcelWriter, on page D3
2. cellFinder, on page D9
3. cellWriter, on page D11
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D.1 ExcelWriter

function [lostVariables,nVariables]=Excel Writer(pathDir,importinput,importResult)
%%%% %%% %%% %% % %% %% %% %% %% %% %% % %% %% %% %% %% % % % %% % % %% %% %%
% This is a function that reads Mathcad output data and writes the data to an Excel file.

%

% Input:

%

% pathDir: The relativeor full path to the directory. The path should be given as a string
%

% importlnput: Indicates ifthe input data should be imported. zero to notimport and one to
% import.

%

% importResult: Indicates if the defaultresult excel fileshould be imported. zero to not

% import and one to not import. Itis recommended to import the filein order to

% reduce the risk of keeping old data.

%

% Output:

%

% lostVariables: Cell matrix which contains the name and valueof the variables thatcould not be
% written to the Excel file.

%

%

% Description:

%

% ExcelWriteris a function that reads Mathcad output data and writes the data to an Excel file.
% Furthermore, the fatigue is assessed with both the damage equivalent method and Palmgren-Miner
% method.

% The function may require additional user inputand prints the results at the end.

%

% Important note:

%

% The directory must containa subdirectory named 'Mathcad data'that contains .dat

% files obtained through Mathcad.In addition the directory must contain a Excel filethatis

% named Result.xls orit should be imported.

%

% Additionally, note that both the resultand inputdirectory are found by relative paths.

% Therefore a revision may be needed before usingthe function elsewhere.

%

%

% Developed by:

%
%
%
%
%
%
%
%
%

Mattias Renstrom
Oskar Rydh

Developed in cooperation with:
Chalmers University of Engineering
NCC Teknik, Gothenburg

Lastedited:
2014-06-02

96969676 %6%6%%% %% % %% %% %% %% %% %% %% % %% %% %% %% %% %% % %% %% %% %% %

%

Initialisation of the list of lostvariables.

lostVariables =[];

%

Initialisation of counter of the number of variables thatis found.

nVariables =0;
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% The Mathcad output should always belocated in subfolder called 'Mathcad data'
pathData = [pathDir "\Mathcad data\'];

% The Mathcad output thatis needed for the fatiguecalculationsshould belocatedin
% the subfolder called 'Fatigue’
pathFatigue = [pathDir 'Fatigue\'];

% Creates alistofthe items inthe current directory
directorylist=dir([pathDir]);

fprintf(['Checked that all the paths are correct?\n'])
answer = input('[y/n]\n\n','s");
if answer I="y'
% stops the function
stop
end

% Importing the Excel inputfileifis requested
if importinput==

copyfile('.\Input\Parameters.xls',[pathDir 'Parameters.xIs'])
end

% Checks ifthe resultfileexists.
resultExists =0;
for i = 1:length(directorylist)
if isequal(directoryList(i).name,'Result.xls')
resultExists =1;
end
end

% Importing the Excel inputfileifis requested, after confirmation fromthe user.
% ifthe resultfiledoesn't existuser inputis automatically requested.
if resultExists ==
fprintf(['Result.xls file does not existin the chosendirectory\n'...
'Do you wishto copy the defaultfileto this directory?'])
answerl = input('[y/n]\n\n','s');

if isequal(answerl,'y')
fprintf("\nUnderstood, the filewill becreated.\n\n')
copyfile('..\Results\Result default.xls',[pathDir 'Result.xls'])
else
fprintf("\nUnderstood, the filewill notbe created. Expect problems.\n\n')
end
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elseif resultExists ==
if importResult==
fprintf('Please confirmthe overwriting of the existing Result.xls\n')
answer2 = input('Proceed? [y/n]\n\n','s');
if isequal(answer2,'y')
fprintf("\nUnderstood, the filewill be overwritten.\n\n')
copyfile('..\Results\Result default.xls',[pathDir 'Result.xls'])
end
end

% ================== mporting Excel data to Matlab ==================== %

% Obtainingthe names of all the sheets in the resultExcel file.
~sheetNames] = xlIsfinfo([pathDir "\Result.xls']);

% All the datainthe Excel fileis read andstored ina structure array. The data for each sheet is
% stored as a matrix with the sheet name as index.
for i = 1:length(sheetNames)

% The cell containingthesheet name is transformed from a cell into a string.

sheet = char(sheetNames(i));

% The datainthe current sheet is read and stored in a temporary matrix. Note that the matrix
% contains cells.
[~,DATA,~]=xIsread([pathDir '"\Result.xls'],sheet);

% Finally the data for the current sheet is stored in the Excel data matrix. The indexis the
% name of the current sheet.
ExcelData.(sheet) = DATA;

end

% Writingthe current date
currentDate = date;
cellWriter(currentDate,'Date',sheetNames,Excel Data,[pathDir "\Result.xls']);

% Writingthe current directory
cellWriter(pathDir,'Folder',sheetNames,Excel Data,[pathDir '"\Result.xls']);

% S====S==s=s=S======= Calculatingthefatigue|ife:::::::::::::::::::::: %

% Inaddition to the calculations performedin the Mathcad documents there
% arecalculations performed in Matlab to assess thefatigue life with the
% help of the Palmgren-Miner method.

% The maximum damage is obtained through another Matlab function given the path to the

% cross-sectional data from Mathcad.
[damagePalmgrenMiner,~,modelist] =Kea_allCrackingModes(pathFatigue);
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% Printing the damage for each fatigue cracking mode to the Result Excel document.

for i = 1:length(modelist)
% Damage for the current mode is obtained from the structure array thatcorresponds to the
% letter given inthe listof modes. Note that modelist is a stringon the format 'ABC...".
currentDamage = damagePalmgrenMiner.(modelist(i));

% The name of the variableasitshould begiven inthe Result Excel document.
currentName = ['u.FLS.PalmgrenMiner.mode' modelist(i) '.max'];

% The valueis written to the Result Excel document.
cellWriter(currentDamage,currentName,sheetNames,Excel Data,[pathDir "\Result.xls']);
end

%

% = === S-S S-S S-S S-S S-S S-S S-S S-S S-S S-S S-S S-S ====—========= 0

Exporting the variabledata to Excel ============== %

% Creates a listofthe items inthe Mathcad data directory
itemList = dir([pathDatal);

% The forloop runs for all the items inthe selected subdirectory.
fori= 1:size(itemList,1);

% Stores the name of the current directoryitem
itemName = [itemList(i).name];

% Stores the fileextension and variablenamefor all items that arefour characters or longer.
% Note that this only works for extensions thatis on the format '.***'.
if length(itemName) > 3

% The extension is assumed to be the four lastcharacters intheitem name
extension = itemName([end-3:end]);

% The variable name should then be the item name except the four lastcharacters thatshould
% be the extension.
variableName = itemName([1:end-4]);
else
% ifthe item name is too short the extension is setto 'void'.this is done to overwrite
% the previous valueand allow the extension to be checked in the followingsteps.
extension = 'void';
end

% The extension is checked to see ifthe item is a Mathcad output file.Ifthe item is a Mathac
% output filethe variablevaluethatit contains will firstbe read and then written to the

% Excel resultfile.

if extension == ".dat'

% Counting the number of variables
nVariables =nVariables+1;

% The data inthe Matcad output fileis read and stored temporarily.
data = importdata([pathData itemName]);

% Initialisation and resetting of the variablethattracks the number of cells matchingthe

% the name of the current variable.
hitCount = 0;
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% Findingthe cell adjacentto the cell matchingthe searched variablename
[ hitCoord,hitSheet,hitCount ] = cellFinder(variableName,sheetNames,ExcelData);

% ---------—- Exportingthe data to the Excel resultfile

% For the current variableitis checked if the data obtained from the corresponding Mathcad
% output fileis a valuewith the format double. Ifitis a doublethe valueis written to

% the cell adjacentandto the right of the matchingcell inthe Excel resultfile. Note

% that this onlydone ifthere are exactly one match.

if isa(data,'double') && hitCount ==

% The valueof the variableis written to Excel resultfile.
xIswrite([pathDir "\Result.xls'],data,hitSheet,hitCoord);

% Ifthe format is double but the number of matches are two or higher the data will notbe
% written to the Excel resultfile. A warning message will be printed to the user and the

% variablenameis storedas alostvariable.

elseif isa(data,'double') && hitCount >= 2

% Warning messageto the user
fprintf(['Warning: Multiple matches for the variable'variableName'\n'])
lostVariables =[lostVariables ; {variableName}];

% Sincethe variableis notwritten to the Excel resultfilethe variableis considered
% lostand stored in the listof lostvariables.
lostVariables =[lostVariables ; {variableName}];

% Ifthere is no matches for the variablename a warning will be printed to the user and the
% variablenameis storedas alostvariable.
elseif isa(data,'double') && hitCount ==

% Warning messageto the user
fprintf(['Warning:No matches for the variable'variableName'\n'])

% Sincethe variableis not written to the Excel resultfilethe variableis considered
% lostand stored in the listof lostvariables.
lostVariables =[lostVariables ; {variableName}];

% ifthe datainthe Mathcad output fileis a structurearray nodata will bewritten.

% A warning message will be printed to the user and the variablenameis stored as alost
% variable.

elseif isa(data,'struct')

% Warning messageto the user
fprintf(['Warning:the Mathcad output is anstructure arrayfor' variableName'\n'])

% Sincethe variableis not written to the Excel resultfilethe variableis considered

% lostandstored in the listof lostvariables.
lostVariables =[lostVariables ; {variableName}];

% ifthe data inthe Mathcad output fileis neither a double or structure array nodata will
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% be written. A warning message will be printed to the user and the variablenameis stored
% as alostvariable.
else

% Warning messageto the user
fprintf(['Warning: Unknown format of data filefor ' variableName'\n'])

% Sincethe variableis notwritten to the Excel resultfilethe variableis considered
% lostand stored inthe listoflostvariables.
lostVariables =[lostVariables ; {variableName}];
end
end
end

% Printing the results to the user.

fprintf(['Number of variables found:' num2str(nVariables)'\n Expected number: 13\n\n'])
fprintf(['Number of fatigue cracking modes found:' num2str(length(modelist)) '\n'])
damagePalmgrenMiner

% the end of the function
end
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D.2 cellFinder

function [hitCoord, hitSheet, hitCount] = cellFinder(variableName, sheetNames, ExcelData)
%%%%%%%%%% %% % %% %% %% %% % % %% %% % %% %% %% %% %% %% % % % %% %% %% %%

% This is a functionto locatecells in Excel document which corresponds to the selected input
%

% Input:

%

% variableName: The variablename or cell content which is should befound. Should be given as a
% string.

%

% sheetNames: Listof the sheet names inthe Excel document.

%

% ExcelData  The datafrom the Excel document. The data canbe read by the 'xIsread' function
% in Matlab.

% Output:

%

% hitCoord:  The cell coordinates for the cell adjacent, to the right, of the cell matching
% the given variablename. The coordinateis given with letters for the columnso
% that the coordinatecan be used in Excel. The format is string, example: ‘Al

%

% hitSheet Returns the name of the sheet in which the matchingvalue was found.

%

% hitCount Returns the number of matches that was found. However, the functioncan
% currently NOT find multipleinstances.

%

% Description:

%

% Thisis afunctionto locatecellsin Excel document which corresponds to the selected input.
% Pleasenote that the function cannot find multipleinstances.

%

% Developed by:

% Mattias Renstrém

% Oskar Rydh

%

% Developed in cooperation with:

% Chalmers University of Engineering

% NCC Teknik, Gothenburg

%

% Lastedited:

% 2014-06-02

%%%%%%%%% % %% % %% %% %% %% %% %% %% % %% %% %% %% %% % % % %% %% %% %% %

% Initialisation and resetting of the variablethattracks the number of cells matchingthe
% the name of the currentvariable.
hitCount = 0; hitCoord =[]; hitSheet = [];

% The forloop runs for all the sheets in the Excel resultfile.
for i = 1:length(sheetNames)

% The cell containingthesheet name is transformed from a cell into a string.
sheet = char(sheetNames(i));

% The Excel data thatis storedina cell matrixarrayis checked by the function

% strncmp to see if each cell matches the variablename. In this casethe function
% strncmp yields a matrix containing ones (match) and zeroes (no match). the find
% functionreturns the row and column of the matching cells.
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[row column] = find(strncmp(variableName,ExcelData.(sheet),length(variableName)));

% Ifthere are exactly one match for the variablenamein the excel sheet then the

% sheet coordinates for the cell to the right of the matching cell is stored.

%Furthermore, the name of the current sheet where the match was found is alsostored.
if size(row,1)==1

% Sheet coordinatefor the cell adjecent and to the rightof the matchingcell. Note
% that the column indexisincreased by one and transformed into a letter. Currently
% letter indexes are limited to justone character.

hitCoord =[char(column+1+'A’) num2str(row+1)];

% The current sheet name for the match is stored
hitSheet = char(sheetNames(i));

% The counter for the number of matches is increased by one.
hitCount = hitCount + 1;

% If the number of matches are more than one a warningmessage will be printed. The
% counter for the number of matches are increased by the number of matches.
elseif size(row,1) > 1

% Warning messageis printed to the user

fprintf(['Warning:two or more instances arefound for ' variableName...

"insheet ' sheetName '\n'])

% The counter for the number of matches are increased by the number of matches.
hitCount = hitCount + size(row,1);
end
end
end % End of function
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D.3 cellWriter

function [hitCount] = cellWriter(inputData, celIName, sheetNames, ExcelData, filePath)

%%%% %%% %%% %% % %% %% %% %% % % %% %% % %% %% %% %% %% % % % %% %% % % %% %%

% This is a function which write data to a cell ina Excel document.

%

% Input:

%
123456789012345678901234567890123456789012345678901234567890123456789012345678901234
5678901234567890

% cellName: The variablenameor cell content which is should befound. Should be given as a
% string. The data is written to the adjacentcell to right of the matchingcell.

%

% sheetNames: Listof the sheet names inthe Excel document.

%

% ExcelData: The data from the Excel document. The data can be read by the 'xIsread' function
% in Matlab.

%

% filePath: The absoluteor relative path to the Excel filewhich should be edited.

%

% Output:

%

% hitCount Returns the number of matches that was found. However, the functioncan

% currently NOT find multipleinstances.

%

% Description:

%

% Thisis afunction which write data to a cell ina Excel document. Please note that the function
% builds onthe function cellFinder which cannotfind multipleinstances.

%

%

% Developed by:

% Mattias Renstrém

% Oskar Rydh

%

% Developed in cooperation with:

% Chalmers University of Engineering

% NCC Teknik, Gothenburg

%

% Lastedited:

% 2014-06-02

%%%% %%% %%% %% % %% %% %% %% %% %% %% % %% %% %% %% %% % % % %% %% % % %% %

% Findingthe right cell with the function cellFinder
[ hitCoord,hitSheet,hitCount ] = cellFinder(celIName,sheetNames,ExcelData);

% Writes the inputdata to the designated cell. Note that cellFinder gives the coordinates
% for the cell adjacentto the cell that contains the chosen cellName.
xIswrite(filePath,{inputData},hitSheet,hitCoord);
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Appendix E — Matlab functions for fatigue
calculations

In this appendix all the Matlab functions pertaining to the calculation of fatigue life
can be found. There are two sets of functions which are used for the analytical
approach and the finite element model respectively.

The functions which are specifically intended to be used with the finite element model
are Kea_allAbaqus and Kea Abaqus. Conversely, the functions specifically intended
to be wused with the analytical calculations are Kea_allCrackingModes and
Kea_crackingModes.

All the functions can be found in more detail within this appendix in the order given
below, here is given the function name and the page number:

Kea_allAbaqus, E2

Kea_ Abaqus, E5
Kea_allCrackingModes, E11
Kea_crackingModes, E12
Kea_fatigueLoadModel, E26
Kea_axleLoad, E29

Kea_ wvehicleLoad, E31
Kea_interpolation, E33

. Kea_PalmgrenMiner, E35
10. Kea_damageEquivalent, E38
11. Kea_damageEquivalentCombined, E39

LCoNoa~LNE
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E.1 Kea_allAbaqus

function [damageMax, damage, modelist] = Kea_allCrackingModes(method, pathDir, Lspan)
%%%%%%% % %% %% % %% %% %% %% % % %% %% % %% %% %% %% %% %% % % % %% %% %% %%

% This is a function that calculates the damage for all thefatigue cracking modes for the finite

% element model.

%

%

% Input:

%

% method: There aretwo methods to choosefrom, Palmgren-Miner cumulative damage and the

% damage equivalentmethod. The inputshould be given as a stringin the format
% "PalmgrenMiner" or "Lambda".
%

% PathDir: The absoluteor relative pathto the directory which contains the stress data.

%

% Lspan: The spanlength for the bridge.

%

% Output:

%

% damageMax: The maximum damage whichis caused by the stress spectra for each

% fatigue cracking mode.

%

% damage: the individualdamagewhichis caused bythe stress spectra for eachfatigue

% cracking mode.

%

% Description:

%

% This functionis usedto calculatethe damage for a all the fatigue cracking modes which are
% consideredinthe finiteelement model. The input data should be placedinthe directory which
% isgiveninthe input, the formatis describedinthe note below.

% The reference load whichis assumed to be used in the finiteelement model is 1kN.

% The load model whichis used for damage equivalent method is fatigue load model 3 and alambda
% valueof 1.029. The load model whichis used for Palmgren-Miner method is fatigueload model 4
% with traffic category 4 andlocal traffic.

%

% Important note:

% The inputfilemust have have a name on the format:

% stressHistory.modeX_pathX_trackX_stressType.dat

% where X should be replaced with the corresponding mode, path and track.the stress type should
% be given as either direct, shear or mises.

%

% Additionally, for the data inthe input filethe followingformatis required:

% x  Step-1 Step-2 .. [Column Header]

% 0 1E3  0.5E3 w.  [number]

%

% Developed by:

% Mattias Renstrém

% Oskar Rydh

%

% Developed in cooperation with:

% Chalmers University of Engineering

% NCC Teknik, Gothenburg

%

% Lastedited:

% 2014-06-02

%%%%%%%%%% %% % %% %% %% %% %% %% %% % %% %% %% %% %% % % % %% % % %% %% %
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% The method may also bechosen by a number where 1 corresponds to the damage equivalent method
and
% 2 corresponds to the Palmgren-Miner method.
if isequal(method,1)
method = 'Lambda’
elseif isequal(method,2)
method = 'PalmgrenMiner’
end

% Listof all the implemented fatigue cracking modes. Note that mode E is omitted sincethe welds
% arenot includedin the finite element model.
modelist = 'ABCDF';

% the correspondingstresses for the modes.
stressType.A = [{'shear'},{'direct'}];
stressType.B = {'direct'};

stressType.C = {'mises'};

stressType.D = {'direct'};

stressType.F = {'mises'};

% the number of paths for each mode
numberOfPaths.A = 2;

numberOfPaths.B = 4;

numberOfPaths.C =1;

numberOfPaths.D =2;

numberOfPaths.F = 2;

% fatigueStrength for each mode and path
% (Except mode A which gives the strength for each stress type).
fatigueStrength.A = [100E6 112E6];
fatigueStrength.B = [70E6 70E6 93E6 93E6];
fatigueStrength.C = [80E6 80E6];
fatigueStrength.D = [80E6 80E6];
fatigueStrength.F = [112E6 112E6];

% The damage is calculated for all of the implemented fatigue cracking modes.
for i = 1:length(modelist)

% The current fatigue crackingmode is loaded from the list

mode = modelist(i);

% Initiatingand resetting
modeDamageMax =[];
modeDamage = [];

% Collectingthe stress types for the current mode
currentStressType = stressType.(mode);

% extractingthe fatigue strength for each path or stress type
currentFatigueStrength = fatigueStrength.(mode);

% Calculation of the damage for the caseof a singlestress type
if length(currentStressType) ==
% For each path
for n = 1:numberOfPaths.(mode)
% The damage for the current mode is calculated
[currentDamageMax,~] =
Kea_Abaqus(mode,n,char(currentStressType),method,currentFatigueStrength(n),pathDir,Lspan);
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% Storingthe data
modeDamageMax =[modeDamageMax currentDamageMax];
end

% Calculation of the damage for the case of two stress types for the same fatigue cracking mode.
elseif length(currentStressType) ==

% For each path

for n = 1:numberOfPaths.(mode)
% resetting the current damage
currentDamage =[J;

% Runs for each stress type
for k=1:2
% The damage for the current mode is calculated
[*,currentDamage(:,k)] =
Kea_Abaqus(mode,n,char(currentStressType(k)),method,currentFatigueStrength(k),pathDir,Lspan);
end
% The current damage is stored for the mode
modeDamage(:,:,n) =currentDamage;

% Calculatingthecombined damage
combinedDamage = sum(currentDamage,2);

% Calculatingthe maximum damage
currentDamageMax = max(combinedDamage);

% Storingthe data
modeDamageMax =[modeDamageMax currentDamageMax];
end
end

% Accumulating the datainthe output structure matrices.
damageMax.(mode) = max(modeDamageMax);
damage.(mode) = modeDamage;

end

% Printinga messagethat the calculationsarefinished.
fprintf("\nfinished!\n\n')

% End of the function.
end
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E.2 Kea_Abaqus

function [damageMax, damage] = Kea_Abaqus(mode, path, stressType, method, fatigueStrength,
pathDir,Lspan)

%%%%%%%%%% %% % %% %% %% %% % % %% %% % %% %% %% %% %% %% % % % %% %% %% %%

% This is a functionthat calculates thedamage from a given fatigue cracking mode and stress type.
%

%

% Input:

%

% mode: The name of the fatigue cracking mode to be calculated.

%

% path:  The path inthe finite element model for which the fatigue life should be calculated

% for.

%

% stressType: The stress type which should be considered, this can be either direct, principal or
% shear stress. The inputshould be given as a stringin the format "direct".

%

% method: There are two methods to choosefrom, Palmgren-Miner cumulative damage and the
% damage equivalent method. The inputshould be given as a stringin the format

% "PalmgrenMiner" or "Lambda".

%

% fatigueStrength: The nominal fatigue strength of the detail whichis selected.

%

% PathDir: The absoluteor relative pathto the directory which contains the stress data.

%

% Lspan: The spanlength for the bridge.

%

% Output:

%

% damageMax: The maximum damage whichis caused by the stress spectra.

%

% damage: The individualdamagewhichis caused bythe stress spectra.

%

% Description:

%

% This functionis used to calculatethe damage for a stress spectra thatis derived for a

% reference loadina finiteelement model. The inputdata should be placedinthe directory which
% isgiveninthe input, the formatis describedinthe note below.

% The reference load whichis assumed to be used in the finiteelement model is 1kN.

% The load model whichis used for damage equivalent method is fatigue load model 3 and alambda
% valueof 1.029. The load model whichis used for Palmgren-Miner method is fatigueload model 4
% with traffic category 4 andlocal traffic.

%

% Important note:

%

% The inputfilemust have have a name on the format:

% stressHistory.modeX_pathX_trackX_stressType.dat

% where X should be replaced with the corresponding mode, path and track.

% the stress type should be given as either 'direct’, 'shear' or 'mises’.

%

% Additionally, for the datainthe inputfilethe followingformatis required:
% x Step-1 Step-2 .. [Column Header]

% 0 1E3  0.5E3 .. [number]

%
%
% Developed by:
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% Mattias Renstrém

% Oskar Rydh

%

% Developed in cooperation with:

% Chalmers University of Engineering

% NCC Teknik, Gothenburg

%

% Lastedited:

% 2014-06-02

%% % %%%%% % % %% % %% %% %% %% % % %% %% % %% % % %% %% %% %% % %% % % %% %% %
% ================= =======sss==ss=s=s==ssss=s==== %
% ==============z============= |nputData =================z============= %

% oS-SS S-S S S-S S-S S-S S-S ==—========

S %
% selected x-coordinates for the vehicleload. Note that the step length

% must be chosensothat the axleloads areexactly onthe range when itis moved.
steplength =0.1;

% Reference loadthatis usedinAbaqus.itis presumed that itis 1000N.

% Caution!this should be the reference load thatis putineach TRACK. note that depending on the
% number of tracks the reference load per laneis changed.

referenceloadTrack = 1E3;

% Traffic type
rangeTraffic ='local’;

% Fatigue load model, for Palmgren-Miner fatigue load model 4 is used. For the damage equivalent
% method fatigue load model 3 is used.
fatigueLoadModel = 'FLM4';
if isequal({method},{'Lambda'})
fatigueLoadModel = 'FLM3';
end

% Safety factors for the fatigue calculations
gammaFF =1;
gammaMF = 1.35;

% importfrom Mathcad when damage equivalent method should be used.
lambda =1.029;

% traffic category 4 and 80 year design life
loadCycles =5E4*80;

% number of tracks thathas been recorded inthe finiteelement software.
numberOfTracks = 2;

% two wheels per axlemeans 2 tracks per lane.
tracksPerLane= 2;

% reference load per axleload, whichis taken as the reference load per track times the number of
% tracks perlane.
referenceload =tracksPerlLane * referenceloadTrack;

% Calculatingthe number of lanes

numberOfLanes =floor((numberOfTracks-1)/tracksPerLane)+1;

E6 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:118



% Example of the format of input files from Abaqus/Brigade+
% stressHistory.modeC.pathl.trackl.mises.dat

% Import the data obtained from Abaqus for the fatigue cracking mode. Note that the firstcolumn
% is omitted when extracting the stress history, this sincethis column should contain the
% x-coordinates for the node ineach row.

for i = 1:numberOfTracks;

A =[pathDir 'stressHistory.mode' mode '_path' num2str(path)'_track' num2str(i)'_' stressType'.dat'];
fprintf(['Currently processing:mode ' mode ', path ' num2str(path) ', track' num2str(i)', with regard

to 'stressType ' stress\n\n'])

% A = ['ModeC.track' num2str(i)'.dat']
% A = [pathDir 'stressHistory.modeB_path1_track' num2str(i)'_direct.dat']
rawData = importdata(A);
currentStressHistory =rawData.data;
stressHistory(:,:,i) =currentStressHistory(:,2:end);
end

9 ================

% —================

=== Processingdata === =======—====—=========== %

% ————————————— —— ——

% Obtaining data for the fatigue load model
[vehicleAxles,vehicleLoads,vehicleDistribution] =
Kea_fatigueLoadModel(fatigueLoadModel,rangeTraffic,referenceLoad);

% Calculatingthetotal number of each vehicle passingduringthe design life of the bridge
vehicleCycles =vehicleDistribution *loadCycles;

% Location of the load inthe finiteelement model. Itis assumed that itgoes from the one end of
% span to the other sidein even steps.
loadCoordinates =linspace(0,Lspan,size(stressHistory,2));

% Coordinatevector for the vehicleload. The vector goes from zero to the end of the span plus
% the length of the longest vehicle. The step length is decided previously.
vehicleRange = 0:steplength:Lspan+max(max(vehicleAxles));

% ==================== V/ehicle stress history

% oo o=S===—=—S===—=====

% Initialisingthe matrix that contains all the stress history for all thenodes, vehicles and lanes
vehicleStressHistory =
zeros(size(stressHistory,1),length(vehicleRange),size(vehicleAxles,1),numberOfLanes);

% In the following for-loop:

% k - the vehicles in the load model
% n - the nodes in the stress history
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% i - the location of the vehicle

% j - the axleof the current vehicle

% t - the track (for the wheels, two per lanein most cases)
fprintf("\n\nProgress: %2.0f%%\n\n",1)

for t = 1:numberOfTracks

% Initiating the stress history for the vehicles in the current track.
currentVehicleStressHistory = zeros(size(vehicleStressHistory(:,:,:,1)));

% The stress rangespectra is obtained for each vehiclein the load model.
for k = 1:size(vehicleAxles,1);

% obtains the axlelocations of the current vehicle.
currentVehicleAxles = vehicleAxles(k,:);

% removing placeholder axles atthe end and then addingthe firstaxleat position zero,
% sinceitwas removed inthe firststep.

currentVehicleAxles(currentVehicleAxles==0) = [];

currentVehicleAxles = [ 0 currentVehicleAxles];

% Initialisingand resetting the temporary matrix that contains the stresses for each axlein

% the current vehicle
axleStress = zeros(size(stressHistory,1),length(vehicleRange),length(currentVehicleAxles));

% Calculatingtheaxleload for each of the selected nodes inthe inputdata.
for n = 1:size(stressHistory,1)

% The stress should becalculated for all thesteps of the movable load. Note that this is
% the steps used in Matlab and not the steps used inthe Abaqus model.
for i = 1:length(vehicleRange);

% The stress should beobtained for each axleload of the vehicle.
for j = 1:length(currentVehicleAxles)

% The current x-coordinatefor the axleloadinthe load model
xstep = vehicleRange(i) - currentVehicleAxles(j);

% The stress due to the axleload atthe current node. Note thatif the axleload
% is not placed on the bridgethe stress is zero. The correspondingload for the
% specificaxleis usedto scalethe stress to the correct value.
axleStress(n,i,j) = vehicleLoads(k,j) *
Kea_interpolation(xstep,loadCoordinates,stressHistory(n,:,t));

% The stress contribution fromthe current axleloadis stored
% for the vehicle.
currentVehicleStressHistory(n,i,k) = currentVehicleStressHistory(n,i, k) + axleStress(n,i,j);

end
end
end
end
tmp = t/numberOfTracks*100-1;
fprintf("\n\nProgress: %2.0f%%\n\n',tmp)

% Findingthe number of the current lane
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lane= floor((t-1)/tracksPerLane)+1;

% stores the stress history, all tracksinalaneis merged sincea vehicle must pass the bridge

% with the wheels synced intransversal direction.

vehicleStressHistory(:,:,:,lane) = vehicleStressHistory(:,:,:,lane) + currentVehicleStressHistory;
end

% The damage caused by the chosen load model is calculated with Palmgren-Miner supported by the
% rainflow counting method. The damage is calculated for all the nodes in the inputfile, where

% each row corresponds to a node.

if isequal({method},{'PalmgrenMiner'})

% Initiating the matrix containing the damage for each node
damagePalmgrenMiner = zeros(size(vehicleStressHistory,1),size(vehicleStressHistory,3));

% damage for each node
for n = 1:size(vehicleStressHistory,1)
% Calculatingthedamage for each vehiclein the load model
for k = 1:size(vehicleStressHistory,3)
% Current stress history for the current vehicleinthe load model
currentStressHistory = vehicleStressHistory(n,:,k);

if isequal({stressType},{'mises'})
stressType = 'principal';
end

% Calculatingthedamage for the current vehicle with the Palmgren-Miner method.
damagePalmgrenMiner(n,k) =
Kea_PalmgrenMiner(currentStressHistory,stressType,fatigueStrength,vehicleCycles(k),1,gammaFF,gam
maMF);
end
end

% Storing the damage and maximum damage
damage = sum(damagePalmgrenMiner,2);
damageMax = max(damage);

end

94 ==========

% The damage is calculated for all thenodes inthe input file, where each row corresponds to one
% node.
if isequal({method},{'Lambda'})

% Initiating the matrix containing the damage for each node
damagelambda =zeros(size(vehicleStressHistory,1),size(vehicleStressHistory,3));

% damage for each node

for n = 1:size(vehicleStressHistory,1)
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for k = 1:size(vehicleStressHistory,3)
% Current stress history for the current vehiclein the load model
currentStressHistory = vehicleStressHistory(n,:,k);

% Calculating thedamage for the current vehicle with the Palmgren-Miner method.
damagelambda(n,k) =
Kea_damageEquivalent(currentStressHistory,fatigueStrength,lambda,gammaFF,gammaMF);
end
end

% Storing the damage and maximum damage. Here the damage is only allowed to be the maximum
for
% each vehicle (However, note that the damage equivalentmethod is intended to be used with
% fatigue load model 3, which only consists of one vehicle)
if size(damagelambda,1) ~=1
damage = max(damagelambda')’;

else
damage = damagelambda;
end
damageMax = max(damage);
end

% End of the function
end
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E.3 Kea_allCrackingModes

function [damageMax, damage,modelist] = Kea_allCrackingModes(path)
%%%%%%%%%% %% % %% %% %% %% % % %% %% % %% %% %% %% %% %% % % % %% %% %% %%
% This is a function that calculates the damage for all thefatigue cracking modes for the

% analytical approach.

%

% Input:

% path:  The path to the inputdata. Can be given as either the absoluteorrelativepathin
% stringformat.

%

% Output:

% damageMax: The maximum damage whichis caused by the stress spectra for each

% fatigue cracking mode.

% damage: the individualdamagewhichis caused bythe stress spectra for each fatigue
% cracking mode.

%

% modelist: Returns the list of the modes whichis considered.

%

% Description:

% This functionis usedto calculatethe damage for a all the fatigue cracking modes which are
% consideredinthe analyticalapproach. Note that the resultfor the damageis given as structure
% arrays.

%

% Important note:

% The inputfiles must have have the extension .dat

%

% Developed by:

% Mattias Renstrém

% Oskar Rydh

%

% Developed in cooperation with:

% Chalmers University of Engineering

% NCC Teknik, Gothenburg

%

% Lastedited:

% 2014-06-02

%%%%%%%%%% %% % %% %% %% %% %% % % %% % %% %% %% %% %% %% % %% %% %% %% %

% Listof all the implemented fatigue cracking modes.
modelist ='ABCDE';

% The damage is calculated for all of the implemented fatigue cracking modes.
for i = 1:length(modelist)

% The current fatigue crackingmode is loaded from the list

mode = modelist(i);

% The damage for the current mode is calculated
[currentDamageMax,currentDamage] = Kea_crackingModes(mode,path);

% Accumulatingthe data inthe output structure matrices.
damageMax.(mode) = currentDamageMax.(mode);
damage.(mode) =currentDamage.(mode);

end

% End of the function.
end
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E.4 Kea_crackingModes

function [damageMax, damage] = Kea_crackingModes(mode, path, loadmodel)
%%%%%%%%%% %% % %% %% %% %% % % %% %% % %% %% %% %% %% %% % % % %% %% %% %%

% This is a function that calculates thefatigue damage for a chosen fatigue cracking mode with the
% Palmgren-Miner method.

%

% Input:

%

% mode: The name of the fatigue cracking mode to be calculated.

%

% path:  The path to the directory which contains the output data from the analytical

% calculations.

%

% loadmodel: The choice of load model. The recommended model is fatigueis fatigueload model 4
% whichis chosen by givingthe string 'FLM4' as input.

%

%

% Output:

%

% damageMax: The maximum damage for the chosen fatigue cracking mode.

%

% damage damage for the nodes consideredinthe chosen fatigue cracking mode.

%

% Description:

%

% Calculates the fatigue damage for a chosen fatigue cracking mode with the Palmgren-Miner method.
% Requires additional inputdata to be stored inthe directory whichis given inthe inputdata.
% Note that the files musthave the extension '.dat'.

%

% Developed by:

% Mattias Renstrém

% Oskar Rydh

%

% Developed in cooperation with:

% Chalmers University of Engineering

% NCC Teknik, Gothenburg

%

% Lastedited:

% 2014-06-02

%%%%%%%%%% %% % %% %% %% %% %% %% %% % %% %% %% %% %% % % % %% %% %% %% %

% Step length, must be chosen sothat the distance between vehicleaxles is alwaysevenlydividable
% by the step length. The default of 0.1mis assumed to fit most cases.
steplength =0.1;

% ============= |mportingdata from Mathcad calculations
% et ettt 00
% Constants %

% The spanlength
Lspan = importdata([path 'L.span.dat']);

% Damage equivalentfactor
lambda =importdata([path 'Lambda.fatigue.dat']);
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% Thickness of the lower longitudinal weld
aWeldMainLower = importdata([path 'a.weld.main.lower.dat']);

% Thickness of the upper longitudinal weld
aWeldMainUpper = importdata([path 'a.weld.main.upper.dat']);

% Design life of the bridge
tDesignLife = importdata([path 't.designlife.dat']);

% Observed heavy vehicles per year
NfatigueObserved =importdata([path 'N.fatigue.observed.dat']);

% The distanceor range of the traffic passingthe bridge. for fatigue load model 4 this can be
% long, medium or local.
rangeTrafficRaw=importdata([path 'range.traffic.dat']);

% Constanttaking into accountthe amount of the fatigue load thatis carried by the most loaded
% main |-girder.

reductionlanel = importdata([path 'reduction.lanel.dat']);

reductionlLane2 = importdata([path 'reduction.lane2.dat']);

% Constantamplitude nominal stress fatigue strength for each cracking mode except mode C which
% is given as vectors instead of constantvalues.

deltaSigmaCModeA = importdata([path 'DeltaSigma.C.modeA.dat']);
deltaTauCModeA = importdata([path 'DeltaTau.C.modeA.dat']);
deltaSigmaCModeC = importdata([path 'DeltaSigma.C.modeC.dat']);
deltaSigmaCModeD =importdata([path 'DeltaSigma.C.modeD.dat']);
deltaTauCModeE = importdata([path 'DeltaTau.C.modeE.dat']);
deltaSigmaCModeF = importdata([path 'DeltaSigma.C.modeF.dat']);
% Safety factors for the fatigue calculations

gammaFF =importdata([path 'Gamma.F.fatigue.dat']);

gammaMF = importdata([path 'Gamma.M.fatigue.dat']);

% Vectors %

% Vector containingthe x-coordinates for which the followingvectors corresponds to.
nodeRange = importdata([path 'x.range.dat']);

% Vector containing
zRangeModeC = importdata([path 'z.range.modeC.dat']);

% Second moment of area for the compositecross-section when subjected to negative respectively
% positive bending.

IcompositeNegative = importdata([path 'l.composite.negative.dat']);

IcompositePositive =importdata([path 'l.composite.positive.dat']);

% Second moment of area for the main|-girder thatis not reduced to any buckling phenomena.
ImainBeamUnreduced =importdata([path 'l.main.beam.unreduced.dat']);

% Firstmoment of area for the mainI-girder atthe bottom and top of the web respectively.
SmainBeamlLower =importdata([path 'S.main.beam.lower.dat']);
SmainBeamUpper = importdata([path'S.main.beam.upper.dat']);

% Firstmoment of area correspondingto the z-values in the range given for Mode C.

SmainBeamModeC = importdata([path 'S.main.beam.modeC.dat']);
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% Thickness of the web of the main|-girder.
tMainWeb = importdata([path 't.main.web.dat']);

% Global z-coordinate for the upper and lower part of the web respectively.
zBottomMainWeb =importdata([path 'z.bottom.main.web.dat']);
zTopMainWeb = importdata([path 'z.top.main.web.dat']);

% Global z-coordinate for the upper and lower part of the web respectively.
zBottomMainFlangeLower = importdata([path 'z.bottom.main.flange.lower.dat']);
zTopMainFlangeUpper = importdata([path 'z.top.main.flange.upper.dat']);

% Global z-coordinate for the location of the neutral axis for the composite cross-sectionin
% negative and positive bending respectively.

zNAcompositeNegative = importdata([path 'z.NA.composite.negative.dat']);
zNAcompositePositive = importdata([path 'z.NA.composite.positive.dat']);

% Location of the splices inthelower and upper flangerespectively
XspliceFlangeLower =importdata([path 'X.splice.flange.lower.dat']);
XspliceFlangeUpper = importdata([path 'X.splice.flange.upper.dat']);

% Constantamplitude nominal stress fatigue strength for cracking mode C.
deltaSigmaCModeBLower = importdata([path 'DeltaSigma.C.modeB.lower.dat']);
deltaSigmaCModeBUpper = importdata([path 'DeltaSigma.C.modeB.upper.dat']);

% e e S 00
% = === Post-processingof Mathcad data ==

% S S S S o . o o oo o o oo oo o= 00
% ---------- The local z-coordinates for the upper andlower partof the web --------- %

% The local z-coordinatefor the upper and lower partof the web respectively with regard to

% negative bending of the composite cross-section. The local coordinatesystemstarts in the neutral
% layer of the cross-section with positive direction upwards.

zNegativeWeblower = zBottomMainWeb - zNAcompositeNegative;

zNegativeWebUpper =zTopMainWeb - zZNAcompositeNegative;

% The local z-coordinatefor the upper and lower partof the web respectively with regard to

% positive bending of the composite cross-section. The local coordinate systemstarts in the neutral
% layer of the cross-section with positivedirection upwards.

zPositiveWebLower =zBottomMainWeb - zNAcompositePositive;

zPositiveWebUpper = zTopMainWeb - zZNAcompositePositive;

% ---m-mmmmmemmn fatigue cycles andload %

% Total number of heavy vehicles that will passthe bridgeduringits design servicelife.
loadCycles =NfatigueObserved * tDesignLife;

% Reduction of the load for each nominal laneis storedina vector.
reductionlanes = [reductionlanel reductionlane2];

% The trafficrangeis designated a as string. Note thatitis difficultto export strings from
% Mathcad to Matlabina satisfactory way.
if rangeTrafficRaw ==
rangeTraffic ='long';
elseif rangeTrafficRaw ==
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rangeTraffic = 'medium’;
elseif rangeTrafficRaw ==

rangeTraffic ='local’;
end

% The local z-coordinate for the uppermost and lowermost partof the flanges respectively with
% regard to negative bending of the compositecross-section. The local coordinatesystemstarts in

% the neutral layer of the cross-section with positivedirection upwards.
zNegativeFlangelower = zBottomMainFlangelLower - zZNAcompositeNegative;
zNegativeFlangeUpper =zTopMainFlangeUpper - zNAcompositeNegative;

% The local z-coordinatefor the uppermost and lowermost partof the flanges respectively with
% regard to positive bendingof the compositecross-section. The local coordinatesystemstartsin

% the neutral layer of the cross-section with positivedirection upwards.
zPositiveFlangelower = zBottomMainFlangelLower - zNAcompositePositive;
zPositiveFlangeUpper = zTopMainFlangeUpper - zZNAcompositePositive;

% -----mmmmemmn z coordinates for cracking mode D %

% For mode D onlythe lower and upper flangeis considered atthe support.
zRangeModeD = [zBottomMainFlangelLower(1) zTopMainFlangeUpper(1)];

% Initialising variables
n=1;
i=1;
spliceFlangelower = [];

% Runninga whileloop until the location of all thesplices in thelower flange is found.
while i <= length(nodeRange) && n <= length(XspliceFlangeLower)

% Checkingif the current node is pastthe current splicein the lower flange.

if nodeRange(i) > XspliceFlangeLower(n)
% When the current spliceis found the numbers of the nodes before and after will be
% accumulatedina vector
spliceFlangelower = [spliceFlangeloweri-1i];

% When the current spliceis found the next splicewill besearched for.
n=n+1;
end

% Checkingthe next node inthe node range for the next run
i=zi+1;
end

% Initialisingand resetting the variables
n=1;

i=1;

spliceFlangeUpper = [];

% Runninga whileloop until the location ofall thesplices intheupper flangeis found.
while i <= length(nodeRange) && n <= length(XspliceFlangeUpper)
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% Checkingif the current node is pastthe current spliceinthe upper flange.

if nodeRange(i) > XspliceFlangeUpper(n)
% When the current spliceis found the numbers of the nodes before and after will be
% accumulatedina vector
spliceFlangeUpper = [spliceFlangeUpperi-1i];

% When the current spliceis found the next splicewill besearched for.
n=n+1;
end

% Checkingthe next node inthe node range for the next run
i=i+1;
end

% ———————————— ——— —
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% —================

% Obtainingthe data for the chosen load model. The location axles and correspondingaxleloadsis
% obtained for all the vehicles inthe load model. In addition, the distribution of the vehicles

% with regardto the amount of vehicles passingthebridge are also obtained. The reference loadis
% 1N.

% Note that the rows corresponds to vehicles and that the columns corresponds to axles.
[vehicleAxles,vehicleLoads,vehicleDistribution] =Kea_fatigueLoadModel (loadmodel,rangeTraffic,1);

% From the axle positions itis possibleto find the longest vehicle. The length is needed sincethe
% vehiclehas to travel from the startof the bridge and stop when the lastaxlereaches the end of
% the bridge. Therefore the vehiclerange starts atzero andstops at the spanlength plus the

% length of the longest vehicle.

vehicleRange = 0:stepLength:Lspan+max(max(vehicleAxles));

% The number of load cycles for each vehiclein the load model.
vehicleCycles =vehicleDistribution *loadCycles;

% =ttt -ttt /0

% oS-SS So==— === =—=====
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% === =—===—=—=—=—=—=—====—=====

% Check if this is the chosen fatigue cracking mode
if mode =="A'

% The damage caused by the chosen load model is calculated with Palmgren-Miner supported by
% the rain flow counting method.

% The damage is calculated for all thenodes alongthe bridge span.

for n = 1:length(nodeRange)

% The current splicenodeis savedinatemporary variable.
xSpan = nodeRange(n);

% The stress spectra is obtained by calculatingall thestresses for all the positions of the
% vehicles inthe load model as they move across the span.

for i = 1:length(vehicleRange)

% The current location of the vehicleis stored ina temporary variable.
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xVehicle = vehicleRange(i);

% The shear force and bending moment is obtained for caused by each vehiclein the current

% node is obtained for the current location of the vehicles.

% note that shearForceand bendingMomement is column vectors where each row corresponds to a
% vehiclein the load model.

[shearForce,bendingMoment] = Kea_vehicleLoad(xSpan,xVehicle,vehicleAxles,vehiclelLoads,Lspan);

% Shear stress inthe upper and lower partof the web of the main I-girder.
Taulower(:,i) = shearForce * SmainBeamLower(n)/(ImainBeamUnreduced(n) * tMainWeb(n));
TauUpper(:,i) = shearForce * SmainBeamUpper(n)/(ImainBeamUnreduced(n) * tMainWeb(n));

% Directstress inthe lower and upper partof the the web of the main|-girder.
% For the directstress the calculation depends on the bending moment being positiveor
% negative. For negative bending the concrete is considered whilefor positive bending the
% reinforcement is considered for the second moment of area of the composite cross-section.
for j = 1:length(bendingMoment)
% For negative bending the concrete is considered for the second moment of area of the
% composite cross-section.
if bendingMoment(j) < 0
Sigmalower(j,i) = bendingMoment(j) * zNegativeWebLower(n) / IcompositeNegative(n);
SigmaUpper(j,i) = bendingMoment(j) * zNegativeWebUpper(n) / IcompositeNegative(n);

% For positivebendingthe reinforcement is considered for the second moment of area of

% the composite cross-section.

elseif bendingMoment(j) >= 0
Sigmalower(j,i) = bendingMoment(j) * zPositiveWebLower(n) / IcompositePositive(n);
SigmaUpper(j,i) = bendingMoment(j) * zPositiveWebUpper(n) / IcompositePositive(n);

end

end
end

% The damage s calculated for eachlane
for m = 1:length(reductionlLanes)
% The damage is stored with each row representing a vehicleinthe load model in a nominal
% lane.The firstrows is for the firstlaneand then the vehicles arerepeated for the
% next laneuntil all lanes has beenincluded.
v = [1:5]+5%(m-1);

% The damage for the current node is calculated for the shear stress.

damageTaulower(v,n) =
Kea_PalmgrenMiner(TauLower,'shear',deltaTauCModeA,vehicleCycles,reductionLanes(m),gammaFF,ga
mmaMF);

damageTauUpper(v,n) =
Kea_PalmgrenMiner(TauUpper,'shear',deltaTauCModeA,vehicleCycles,reductionLanes(m),gammaFF,ga
mma MF);

% The damage for the current node is calculated for the direct stress.

damageSigmalower(v,n) =
Kea_PalmgrenMiner(Sigmalower,'direct',deltaSigmaCModeA,vehicleCycles,reductionLanes(m),gammaF
F,gammaMF);

damageSigmaUpper(v,n) =
Kea_PalmgrenMiner(SigmaUpper,'direct',deltaSigmaCModeA,vehicleCycles,reductionLanes(m),gammaF
F,gammaMF);

end

end
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% Damage %

% The damage from the shear stress and directstress is simply added together.
damagelower = damageTaulower + damageSigmalower;
damageUpper = damageTauUpper + damageSigmaUpper;

% The damage for each node is obtained when the damage caused by each vehicleis added together.
damagelowerTotal = sum(damagelower);
damageUpperTotal =sum(damageUpper);

Y% —mmmmmmmm e Output %

% The highestdamage between the upper and lower partis storedin a vector
damage.A =[damagelower ; damageUpper];

% The highestdamage for the current fatigue cracking mode
damageMax.A = max(max([damageLowerTotal damageUpperTotall));

% End of mode A
end

——— e e e e e e e e e e e — — (),

% —oo—SSS==— =SS =—=—====== 1ttt -ttt -ttt 0

% S========s============ Fat|gue crack”’]g Mode B S=E======s==S============= A,

9 ================

% Check ifthis is the chosen fatigue cracking mode
if mode =="B'

% The damage caused by the chosen load model is calculated with Palmgren-Miner supported by
% the rain flow counting method.

% The damage is calculated for all thenodes adjacentto a spliceinthe lower flange. Note that

% sincethe splices intheupper andlower flange has different locations itis easierand more

% stableto run them separate.

for n = 1:length(spliceFlangelLower)

% the current node of the cross-sectional resistance
node = spliceFlangeLower(n);

% The current node is savedinatemporary variable.
xSpan = XspliceFlangeLower(ceil(n/2));

% The stress spectrais obtained by calculatingallthestresses for all the positions of the
% vehicles inthe load model as they move across the span.
for i = 1:length(vehicleRange)

% The current location of the vehicleis storedina temporary variable.
xVehicle = vehicleRange(i);

% The shear force and bending moment is obtained for caused by each vehicleinthe current

% node is obtained for the current location of the vehicles.

% note that shearForceand bendingMomement is column vectors where each row corresponds to a
% vehicleinthe load model.

[shearForce,bendingMoment] = Kea_vehicleLoad(xSpan,xVehicle,vehicleAxles,vehicleloads,Lspan);
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% Directstress inthe lower partof the the flange of the mainI-girder.
% For the directstress the calculation depends on the bending moment being positiveor
% negative. For negative bending the concrete is considered whilefor positive bending the
% reinforcement is considered for the second moment of area of the composite cross -section.
for j = 1:length(bendingMoment)

% For negative bending the concrete is considered for the second moment of area of the

% composite cross-section.

if bendingMoment(j) < 0

Sigmalower(j,i) = bendingMoment(j) * zNegativeFlangeLower(node) /
IcompositeNegative(node);

% For positivebendingthe reinforcement is considered for the second moment of area of
% the composite cross-section.

elseif bendingMoment(j) >= 0
Sigmalower(j,i) = bendingMoment(j) * zPositiveFlangeLower(node) / IcompositePositive(node);

end
end
end

% The damage s calculated for eachlane
for m = 1:length(reductionlLanes)
% The damage is stored with each row representing a vehicleinthe load model in a nominal
% lane.The firstrows is for the firstlaneandthen the vehicles arerepeated for the
% next laneuntil all lanes has beenincluded.
v = [1:5]+5%(m-1);

% The damage for the current node is calculated for the direct stress.
damageSigmalower(v,n) =
Kea_PalmgrenMiner(Sigmalower,'direct',deltaSigmaCModeBLower(node),vehicleCycles,reductionLanes
(m),gammaFF,gammaMF);
end
end

% The damage caused by the chosen load model is calculated with Palmgren-Miner supported by

% the rain flow counting method.
% The damage is calculated for all thenodes adjacentto a splicein the upper flange. Note that
% sincethe splices intheupper and lower flange has different locations itis easier and more

% stableto run them separate.
for n = 1:length(spliceFlangeUpper)

% the current node of the cross-sectional resistance
node =spliceFlangeUpper(n);

% The current node is savedinatemporary variable.
xSpan = XspliceFlangeUpper(ceil(n/2));

% The stress spectrais obtained by calculatingallthestresses for all the positions of the
% vehicles inthe load model as they move across the span.
for i = 1:length(vehicleRange)

% The current location of the vehicleis stored ina temporary variable.
xVehicle = vehicleRange(i);

% The shear force and bending moment is obtained for caused by each vehicleinthe current
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% node is obtained for the current location of the vehicles.

% note that shearForceand bendingMomement is column vectors where each row corresponds to a
% vehiclein the load model.

[shearForce,bendingMoment] = Kea_vehicleLoad(xSpan,xVehicle,vehicleAxles,vehicleLoads,Lspan);

% Directstress inthe upper part of the the flange of the main|-girder.
% For the directstress the calculation depends on the bending moment being positiveor
% negative. For negative bending the concrete is considered whilefor positive bending the
% reinforcement is considered for the second moment of area of the composite cross-section.
for j = 1:length(bendingMoment)

% For negative bending the concrete is considered for the second moment of area of the

% composite cross-section.

if bendingMoment(j) < 0

SigmaUpper(j,i) = bendingMoment(j) * zNegativeFlangeUpper(node) /
IcompositeNegative(node);

% For positive bendingthe reinforcement is considered for the second moment of area of
% the composite cross-section.
elseif bendingMoment(j) >= 0
SigmaUpper(j,i) = bendingMoment(j) * zPositiveFlangeUpper(node) /
IcompositePositive(node);
end
end
end

% The damage is calculated for each lane
for m = 1:length(reductionlLanes)
% The damage is stored with each row representing a vehiclein the load model in a nominal
% lane.The firstrows is for the firstlaneand then the vehicles arerepeated for the
% next laneuntil all lanes has beenincluded.
v = [1:5]+5*(m-1);

% The damage for the current node is calculated for the direct stress.
damageSigmaUpper(v,n) =
Kea_PalmgrenMiner(SigmaUpper,'direct’,deltaSigmaCModeBUpper(node),vehicleCycles,reductionLanes
(m),gammaFF,gammaMF);
end
end

% Damage %

% The damage for each node is obtained when the damage caused by each vehicleis added together.
damagelowerTotal = sum(damageSigmalower);
damageUpperTotal =sum(damageSigmaUpper);

Y% -mmmmmmmmmmmmn Output %

% The highestdamage between the upper and lower partis storedin a vector
damage.B = [damageSigmalower damageSigmaUpper];

% The highestdamage for the current fatigue cracking mode
damageMax.B = max([damagelowerTotal damageUpperTotal]);

% End of mode B
end
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% Check ifthis is the chosen fatigue cracking mode
if mode =='C’

% The damage caused by the chosen load model is cal culated with Palmgren-Miner supported by
% the rain flow counting method.

% The damage is calculated atthe end of the span for the height of weld of the vertical stiffener.
% This is the weld between the stiffener and the web.

for n = 1:length(zRangeModeC)

% Current node is atthe end of the span
node =1;

% % the current node of the cross-sectional resistance
zNode =zRangeModeC(n);

% The current node is savedinatemporary variable.
xSpan=0;

% The stress spectrais obtained by calculatingall thestresses for all the positions of the
% vehicles inthe load model as they move across the span.
for i = 1:length(vehicleRange)

% The current location of the vehicleis storedina temporary variable.
xVehicle = vehicleRange(i);

% The shear force and bending moment is obtained for caused by each vehiclein the current

% node is obtained for the current location of the vehicles.

% note that shearForceand bendingMomement is column vectors where each row corresponds to a
% vehicleinthe load model.

[shearForce,bendingMoment] = Kea_vehicleLoad(xSpan,xVehicle,vehicleAxles,vehicleLoads,Lspan);

% Shear stress inthe upper and lower partof the web of the main I-girder.
shearStress(:,i)=shearForce * SmainBeamModeC(n)/(ImainBeamUnreduced(node) *
tMainWeb(node));

% Directstress inthe upper part of the the flange of the main|-girder.
% For the directstress the calculation depends on the bending moment being positiveor
% negative. For negative bending the concrete is considered whilefor positive bending the
% reinforcement is considered for the second moment of area of the composite cross-section.
for j = 1:length(bendingMoment)
% For negative bending the concrete is considered for the second moment of area of the
% composite cross-section.
if bendingMoment(j) < 0
zNegative =zNode - zNAcompositeNegative(node);
directStress(j,i) = bendingMoment(j) * zNegative / IcompositeNegative(node);

% For positive bendingthe reinforcement is considered for the second moment of area of
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% the composite cross-section.
elseif bendingMoment(j) >= 0
zPositive = zNode - zZNAcompositePositive(node);
directStress(j,i) = bendingMoment(j) * zPositive/ IcompositePositive(node);
end
end
end

principalStress =(abs(directStress)/2) + 0.5 * sqrt( directStress.A2 + 4 * shearStress.A2);

% The damage s calculated for eachlane
for m = 1:length(reductionlLanes)
% The damage is stored with each row representing a vehiclein the load model in a nominal
% lane.The firstrows is for the firstlaneand then the vehicles arerepeated for the
% next laneuntil all lanes has beenincluded.
v = [1:5]+5%(m-1);

% The damage for the current node is calculated for the direct stress.
damagePrincipal(v,n) =
Kea_PalmgrenMiner(principalStress,'principal’,deltaSigmaCModeC,vehicleCycles,reductionLanes(m),ga
mma FF,gammaMF);
end
end

% Damage %

% The damage for each node is obtained when the damage caused by each vehicleis added together.
damageTotal =sum(damagePrincipal);

Y% -=mmmmmmmmmmmmmeen Output %

% The highestdamage between the upper and lower partis storedin a vector
damage.C = [damagePrincipal];

% The highestdamage for the current fatigue cracking mode
damageMax.C = max(damageTotal);

% End of part C
end

9 =================

% ============z==== ====omsmmoosoooooooooooooooooooooooooooooooos 9

% Check ifthis is the chosen fatigue cracking mode
if mode =="'D'

% The damage caused by the chosen load model is calculated with Palmgren-Miner supported by
% the rain flow counting method.

% The damage is calculated for the weld of the vertical stiffener.

% This is the weld between the stiffener and the flange.

for n = 1:length(zRangeModeD)

% Current node is atthe end of the span
node =1;
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% % the current node of the cross-sectional resistance
zNode =zRangeModeD(n);

% The current node is savedinatemporary variable.
xSpan=0;

% The stress spectra is obtained by calculatingall thestresses for all the positions of the
% vehicles inthe load model as they move across the span.
for i = 1:length(vehicleRange)

% The current location of the vehicleis storedina temporary variable.
xVehicle = vehicleRange(i);

% The shear force and bending moment is obtained for caused by each vehicleinthe current

% node is obtained for the current location of the vehicles.

% note that shearForceand bendingMomement is column vectors where each row corresponds to a
% vehiclein the load model.

[shearForce,bendingMoment] = Kea_vehicleLoad(xSpan,xVehicle,vehicleAxles,vehicleLoads,Lspan);

% Directstress at the current z-coordinate.
% For the directstress the calculation depends on the bending moment being positiveor
% negative. For negative bending the concrete is considered whilefor positive bending the
% reinforcement is considered for the second moment of area of the composite cross -section.
for j = 1:length(bendingMoment)
% For negative bending the concrete is considered for the second moment of area of the
% composite cross-section.
if bendingMoment(j) < 0
zNegative =zNode - zNAcompositeNegative(node);
directStress(j,i) = bendingMoment(j) * zNegative /IcompositeNegative(node);

% For positive bendingthe reinforcement is considered for the second moment of area of
% the composite cross-section.
elseif bendingMoment(j) >= 0
zPositive= zNode - zZNAcompositePositive(node);
directStress(j,i) = bendingMoment(j) * zPositive/ IcompositePositive(node);
end
end
end

plot(directStress')

% The damage is calculated for eachlane
for m = 1:length(reductionLanes)
% The damage is stored with each row representing a vehiclein the load model in a nominal
% lane.The firstrows is for the firstlaneand then the vehicles arerepeated for the
% next laneuntil all lanes has beenincluded.
v = [1:5]+5*(m-1);

% The damage for the current node is calculated for the direct stress.
damageDirect(v,n) =
Kea_PalmgrenMiner(directStress,'direct',deltaSigmaCModeD,vehicleCycles,reductionLanes(m),gammaF
F,gammaMF);
end
end

% Damage %
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% The damage for each node is obtained when the damage caused by each vehicleis added together.
damageTotal = sum(damageDirect);

Y% -=mmmmmmmmmmmmmeen Output %

% The highestdamage between the upper and lower partis storedin a vector
damage.D = [damageDirect];

% The highestdamage for the current fatigue cracking mode
damageMax.D = max(damageTotal);

% End of mode D
end

% ============z==== s=s=oosoooooooooooooooooooooooooooooooooooooo 9

% —================

Fatigue Crack]ng Mode E ======================== %

% e S L /O

% Check if this is the chosen fatigue cracking mode
if mode =="E'

% The damage caused by the chosen load model is calculated with Palmgren-Miner supported by
% the rain flow counting method.

% The damage is calculated for all thenodes alongthe bridge span.

for n = 1:length(nodeRange)

% The current splicenodeis savedinatemporary variable.
xSpan = nodeRange(n);

% The stress spectrais obtained by calculatingallthestresses for all the positions of the
% vehicles inthe load model as they move across the span.
for i = 1:length(vehicleRange)

% The current location of the vehicleis stored ina temporary variable.
xVehicle = vehicleRange(i);

% The shear force and bending moment is obtained for caused by each vehiclein the current

% node is obtained for the current location of the vehicles.

% note that shearForceand bendingMomement is column vectors where each row corresponds to a
% vehicleinthe load model.

[shearForce,bendingMoment] = Kea_vehicleLoad(xSpan,xVehicle,vehicleAxles,vehiclelLoads,Lspan);

% Shear stress inthe upper and lower partof the web of the mainI-girder.

Taulower(:,i) = shearForce * SmainBeamlLower(n)/(ImainBeamUnreduced(n) * 2 *
aWeldMainUpper);

TauUpper(:,i) = shearForce * SmainBeamUpper(n)/(ImainBeamUnreduced(n) * 2 *
aWeldMainLower);

end
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% The damage is calculated for each lane
for m = 1:length(reductionlanes)
% The damage is stored with each row representing a vehiclein the load model in a nominal
% lane.The firstrows is for the firstlaneand then the vehicles arerepeated for the
% next laneuntil all lanes has been included.
v = [1:5]+5%(m-1);

% The damage for the current node is calculated for the shear stress.

damageTaulower(v,n) =
Kea_PalmgrenMiner(TauLower,'shear',deltaTauCModeE,vehicleCycles,reductionLanes(m),gammaFF,ga
mmaMF);

damageTauUpper(v,n) =
Kea_PalmgrenMiner(TauUpper,'shear',deltaTauCModeE,vehicleCycles,reductionLanes(m),gammaFF,ga
mmaMF);
end
end
% Damage %

% The damage for each node is obtained when the damage caused by each vehicleis added together.
damagelowerTotal = sum(damageTaulLower);
damageUpperTotal =sum(damageTauUpper);

Y% -mmmmmmmm e Output %

% The highestdamage between the upper and lower partis storedin a vector
damage.E = [damageTaulower ; damageTauUpper];

% The highestdamage for the current fatigue cracking mode
damageMax.E = max(max([damageLowerTotal ; damageUpperTotall));

% End of mode E
end

% End of the function
end
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E.5 Kea_fatigueLoadModel

function [vehicleAxles, vehicleLoads, vehicleDistribution] =Kea_fatigueLoadModel (fatigueLoadModel,
rangeTraffic, referencelLoad)

%%%%%%% %%% %% % %% %% %% %% % % %% %% % %% %% %% %% %% % % % %% %% % % %% %%

% This is a functionthat returns the location andload of the axles of the vehicles inthe chosen
% vehicle model.

%

% Input:

%

% fatigueLoadModel: The choice of fatigue load model. Currently fatigue load model 3 and 4is
% implemented andthey canbe selected with the string'FLM3' and 'FLM4'

% respectively.

%

% rangeTraffic: The range of the trafficis usedinfatigue load model 4 and can be selected

% as the string'long', 'medium' and 'local'.

%

% referenceload: The reference load whichis usedinthe calculations.should begiven inN.

%

%

% Output:

%

% vehicleAxles: The distanceto each axlemeasured from the firstaxle. Matrix where each row
% corresponds to a vehiclein the load model and each column corresponds toan

% axle.

%

% vehicleLoads: The loadforeach axleinthe load model. Matrix where each row corresponds to a
% vehicleinthe load model and each column corresponds toan axle.

%

%

% Description:

% Thisis afunctionthatreturns the locationandload of the axles of the vehicles inthe chosen
% vehiclemodel. In addition the distribution of vehicles within the load model is alsoreturned.
% Note that is easyto add additional load models if needed.

% Ifadditional load models areadded pleaseupdate the descriptioninthe input data.

%

% Developed by:

% Mattias Renstrém

% Oskar Rydh

%

% Developed in cooperation with:

% Chalmers University of Engineering

% NCC Teknik, Gothenburg

%

% Lastedited:

% 2014-06-02

%%%% % %% % %% %% % %% %% %% %% %% %% %% % %% %% %% %% %% %% % % % %% %% % % %

—_———————ee e e e e e e e e e e e — —— — — (),
oS-SS S-S S-S S-S S-S S-S S-S S-S =—=—==-===—====== 0

% ————————— ———— —— ——

% S=========—=—===—========= Fatigue |Oad Model 3 === =====—=====—=========== A)

S S ¢ )
oS-SS =SS S-S S-S S-S S-S =SS ==—=====—====== 0

% ————————————— —— ——

% Fatigue load model 3
if isequal({fatigueLoadModel },{'FLM3'})
% Values relevantvalues for fatigueload model 3
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% Assigningthe location of the axles for each vehicleinload model 3

% Note that the matrix has to be uniform, thus empty places has to be filled with zeroes.
% the zeroes are automatically removed later in the calculations.

% Each row corresponds to a vehicle.

% Each column corresponds to an additional axle.

% [m]

vehicleAxles=[01.27.28.4];

% Assigningthe axleload of the axles for each vehicleinload model 4

% Note that here the firstaxlemust be included. All the axles mustbe placedinorder that
% corresponds to those inthe Vehiclevector. Note that the matrix has to be uniform, thus
% empty places has to be filled with zeroes.

% Each row corresponds to a vehicle.

% Each column corresponds toan additional axle.

% [N]

vehicleloads =[120 120120120 ] * 1E3/referenceload;

% Distribution of vehicles of the total amount vehicles passingthebridge
% Currently the values for medium longdistancetrafficis implemented.
% Each row corresponds to a vehicle.

% [-]

vehicleDistribution=[1];

end

9 ================

S ——
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% Fatigue load model 4
if isequal({fatigueLoadModel },{'FLM4'})
% Values relevantvalues for fatigueload model 4 is givenin Eurocode 1991-2: Table4.7.

% Assigningthe location of the axles for each vehicleinload model 4

% Note that the matrix has to be uniform, thus empty places has to be filled with zeroes.
% the zeroes are automatically removed |later in the calculations.

% Each row corresponds to a vehicle.

% Each column corresponds toan additional axle.

% [m]

vehicleAxles=[ 0450 0 O
042550 O
0 3.2849.7 110
034941120

04884128141 ];

% Assigningthe axleload of the axles for each vehicleinload model 4

% Note that here the firstaxlemust be included. All the axles mustbe placedinorder that

% corresponds to those inthe Vehiclevector. Note that the matrix has to be uniform, thus
% empty places has to be filled with zeroes.
% Each row corresponds to a vehicle.
% Each column corresponds toan additional axle.
% [N]
vehicleloads=[ 70 1300 0 O
70 1201200 O
70 15090 90 90
70 14090 90 0
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70 13090 80 80 ]* 1E3/referenceload;

% Distribution of vehicles of the total amount vehicles passingthebridge
% Currently the values for medium longdistancetrafficis implemented.
% Each row corresponds to a vehicle.

% [-]

vehicleDistributionAll=[ .20 .40 .80
.05.10.05
.50.30.05
.15.15 .05
.10.05 .05 J;

% The vehicledistributionis chosen with regard to the distancethat the type trafficis
% presumed to travel. This can either be long, medium or local for fatigueload model 4.
if isequal({rangeTraffic},{'long'})
vehicleDistribution =vehicleDistributionAll(:,1);
elseif isequal({rangeTraffic},{'medium'})
vehicleDistribution =vehicleDistributionAll(:,2);
elseif isequal({rangeTraffic},{'local'})
vehicleDistribution =vehicleDistributionAll(:,3);
end
end

% P %

% ==============z====sz===z====== Placeholder ===================z========== %
., %

% Placeholder for additional load models, please make a copy of the placeholder when adding
% additional load models

% "Name_of load_model"
if isequal({fatigueLoadModel},{'Name_of load_model'})

% Assigningthe location of the axles for each vehiclein "Name_of_load_model"
% [m]
vehicleAxles =[ ];

% Assigningthe axleload of the axles for each vehiclein "Name_of _load_model"
% [N]
vehicleloads = [ ]/referenceload;

% Distribution of vehicles of the total amount vehicles passingthebridge
% [-]
vehicleDistribution =[ ];

end

94 ==========

% e e e e . o S = e e = — — ——— —
% Check that the vehicledistribution havea sumof 1. This is ancommon mistake. Some errors are
% allowed and this is onlya warningmessagein casethe error is intentional.
if sum(vehicleDistribution) <0.99 && sum(vehicleDistribution)>1.01

fprintf("Warning: The distribution of vehicles does notadd up to 1')
end

% End of the function

end
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E.6 Kea_axleLoad

function [shearForce, bendingMoment] =Kea_axleLoad(xSpan, xLoad, axleLoad, spanLength)
%%%%%%%%%% %% % %% %% %% %% % % %% %% % %% %% %% %% %% %% % % % %% %% %% %%

% This is a function that calculates theinfluence line for bending moment and shear force for a
% axleload, assumingfixed supports.

%

% Input:

%

% xSpan: Location of the chosen sectioninx-directionalongthe span.should be giveninm
%

% xload: Locationof the axleloadinx-directionalongthespan.Should be giveninm

%

% axleLoad: The total force of the axleload.Should be given N

%

% spanlength: The length of the span.Should be given inm.

%

%

% Output:

%

% shearForce:The shearforce inthe given section caused by the axleload, givenas N

%

% bendingMoment: The bending moment inthe given section caused by the axleload, given as Nm
%

%

% Description:

%

% Thisis a functionthat calculates theinfluence linefor bending moment andshear forcefor a
% axleload,assumingfixed supports.Ifthe loadis placed outsidethe bridge both the shear
% force andthe bending moment will bezero.

%

% Developed by:

% Mattias Renstrém

% Oskar Rydh

%

% Developed in cooperation with:

% Chalmers University of Engineering

% NCC Teknik, Gothenburg

%

% Lastedited:

% 2014-06-02

%%%%%%%%%% %% % %% %% %% %% %% %% %% % %% %% %% %% %% % % % %% % % %% %% %

% The calculations isonlycarried outifthe axleloadis within the boundary of the bridge span.
% Note that the defaultvalue of zero is returned ifthe loadis applied outside the boundary.
if 0 <= xLoad && xLoad <= spanlength

% Location of the load measured from the the beginningand end of the span.

a = xLoad;

b = spanlLength - xLoad;

% Reaction forces at the beginning and end of the span.

% Here is assumed fixed supports in both ends.

Ra = ((axleLoad*b”2)/spanLength™2)*(1+(2*a)/spanlLength);
Rb = ((axleLoad*a”2)/spanLengthA2)*(1+(2*b)/spanLength);

% Support moment at the beginning and end of the span.
% Here is assumed fixed supports in both ends.
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Ma = (axleLoad*a*b”2)/spanlLengthn2;
Mb = (axleLoad*b*an2)/spanlLengthn2;

% Calculation of the shear force.
if xXSpan < xLoad
shearForce= -Ra;
elseif xSpan > xLoad
shearForce= Rb;
elseif xSpan == xLoad

if Ra> Rb
shearForce= -Ra;
elseif Ra <= Rb
shearForce= Rb;
end
end

% Calculation of the bending moment
if xSpan < xLoad
bendingMoment = -Ra*xSpan + Ma;
elseif xSpan >= xLoad
bendingMoment = Rb*(xSpan-spanLength) + Mb;
end

% Ifthe loadis notapplied withinthe boundary of the bridge both the shear force and bending
% moment is set to zero.
elseif 0 <= xSpan && xSpan <= spanLength
shearForce= 0;
bendingMoment=0;
end
end % End of the function.
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E.7 Kea_vehicleLoad

function [shearForce, bendingMoment] = Kea_vehicleLoad(xSpan, xVehicle, vehicleAxles, vehicleloads,
spanlength)

%%%%%%%%%% %% % %% %% %% %% %% %% %% % %% %% %% %% %% %% % %% % % %% %% % %

% This is a functionthat calculates theinfluence linefor bending moment andshear force for a
% vehicle, assumingfixed supports.

%

% Input:

%

% xSpan: Location of the chosen sectioninx-directionalongthe span.should be giveninm
%

% xVehicle: Location of the firstaxleof the vehiclein x-direction alongthe span.Should be

% giveninm.

%

% vehicleAxles:The distanceto each axlemeasured from the firstaxle. Matrix where each row
% corresponds to a vehiclein the load model and each column corresponds toan

% axle.

%

% vehicleLoads:The load for each axleinthe load model. Matrix where each row corresponds to a
% vehicleinthe load model and each column corresponds to an axle.

%

% spanlength: The length of the span.Should be given inm.

%

%

% Output:

%

% shearForce:The shear forceinthe given section caused by the vehicle, given as N

%

% bendingMoment: The bending moment inthe given section caused by the vehicle, given as Nm
%

% Description:

%

% Thisis a functionthat calculates theinfluence linefor bending moment and shear force for a
% vehicle.The calculationisbased onthe assumption of fixed supports.

%

%

% Developed by:

% Mattias Renstrém

% Oskar Rydh

%

% Developed in cooperation with:

% Chalmers University of Engineering

% NCC Teknik, Gothenburg

%

% Lastedited:

% 2014-06-02

%%%%%%% %% % %% % %% %% %% %% %% %% %% % %% %% %% %% %% % % % %% % % %% %% %

% Initiating the variables
shearForce = zeros(size(vehicleAxles,1),1);
bendingMoment = zeros(size(vehicleAxles,1),1);

% Calculatingtheshear force and bending moment for all the vehicles inthe input data
% Eachrow inthe axlepositionandaxleload matrices should contain a new vehicle.
for k = 1:size(vehicleAxles,1)
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% Calculatingtheshear force and bending moment for all the axles of the current vehicle.
% Each column in the axlepositionand axleload matrices should contain a new axle.
for i = 1:size(vehicleAxles,2)

% Obtainingthe location of the current axleinthe current vehicle

xLoad = xVehicle- vehicleAxles(k,i);

% Obtainingthe load of the current axleinthe current vehicle
axleload = vehicleLoads(k,i);

% Obtainingthe shear force and the bending moment caused by the current axleinthe
% current vehicle.
[shearForceStep,bendingMomentStep] = Kea_axleload(xSpan,xLoad,axleLoad,spanLength);

% Stores and accumulates the values of the shear force and bending moment for the
% current vehicle.
shearForce(k) = shearForce(k) + shearForceStep;
bendingMoment(k) =bendingMoment(k) + bendingMomentStep;
end
end

% end of the function
end
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E.8 Kea_interpolation

function [yvalue] = Kea_interpolation(xcoord, Xcoords , Yvalues)

%%%%%%%%%% %% % %% %% %% %% % % %% %% % %% %% %% %% %% %% % % % %% %% %% %%
% This is a function that gives anlinearinterpolation of a selected x-value.

%

% Input:

%

% xcoord: Selected x-coordinatefor whichthe interpolated valuewill be given.

%

% Xcoords: Vector whichcontains the x-coordinates of the original data.

%

% Yvalues: Vector which contains the y-values which corresponds to the x-coordinates given

% inthe Xcoords above.
%
% Output:

% yvalue: The interpolated valuecorrespondingto the selected x-coordinate. Note that if the

% x-coordinateis taken outside the range of the Xcoords in the input, the returned
% valuewill always havethe valuezero.

%

% Important note:

% Forthe interpolation to work the x-coordinate vector must be sorted. Furthermore itis of
% outmostimportance thatthe x-coordinates corresponds to the given y-values.

%

%

% Developed by:

% Mattias Renstrom

% Oskar Rydh

%

% Developed in cooperation with:

% Chalmers University of Engineering

% NCC Teknik, Gothenburg

%

% Lastedited:

% 2014-06-02

%%%%%%%%%% %% % %% %% %% %% %% %% %% % %% %% %% %% %% %% % %% %% %% %% %

% For the interpolation to function properly the coordinatevector has to
% be sorted. For this reasonitis checked if the vector is sorted before

% the calculations are continued.

if issorted(Xcoords)

% Ifthe coordinatevector is sorted the firstcheck is to control that
% the requested x-coordinateis contained within the interval inthe
% coordinatevector.
if (Xcoords(1)> xcoord) || (Xcoords(end) < xcoord)
% Coordinateis outsidethe boundary, hence the stressis zero
yvalue=0;

else
% For a x-coordinateinsidethe boundaryall the coordinates
% are checked until a matching or higher coordinateis found.

% runloopis usedto check ifa solution has been found. Itis

% initialised as 1 and will retain this valueuntil a solutionis

% found. When the solutionis found the valueis changed to zero
% and the loop will stop.
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runloop=1;

% iis usedto check the coordinates inthe coordinatevector. It
% is initiated as 2 and will beincreased for each iterationinthe
% while-loop.

i=1;

% The while-loop runs for all nodes insidethe interval as longas
% a solution has notbeen found.
while i <= length(Xcoords) && runloop;

if Xcoords(i) == xcoord
% Ifthe current coordinateis an exact match with the
% requested coordinatethe y-valuecan be obtained directly
% from the y-value vector.
yvalue= Yvalues(i);

% Sincea solutionis foundthe while-loopis stopped
% by changingthe valueof runloop
runloop = 0;

elseif Xcoords(i)>xcoord
% ifthe current coordinate exceeds the requested
% coordinatethe y-valuehas to be calculated by means of
% linear interpolation.
% Inthe interpolation the current and previous coordinate
% is used sincethey areclosestto the requested
% coordinate.

% Temporary variables usedinthe linear interpolation.
Ya = Yvalues(i-1);

Yb =Yvalues(i);

xa = Xcoords(i-1);

xb = Xcoords(i);

yvalue= Ya + (Yb-Ya)*((xcoord - xa)/(xb-xa));

% Sincea solutionis found the while-loopis stopped
% by changingthe valueof runloop
runloop = 0;

else
% Ifthe current coordinate does not exceed or match
% the requested coordinatethe while loop will continue
% to run. the next coordinateinthe coordinatevector
% is chosen by increasingi by one.
i=i+1;
end
end
end
else
% Ifthe coordinatevector was not sorted the interpolation function cannotwork properly.
% Thus no y-value can be calculated and the following messageis printed.
fprintf('the vector with x-coordinates is notsorted!\n Interpolation aborted!')
end

% End of the function.
end
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E.9 Kea_PalmgrenMiner

function [damage] = Kea_PalmgrenMiner(stressSpectra, stressType, fatigueStrength, loadCycles,
reductionlane, gammaFF, gammaMF)

%%%%%%%%%% %% % %% %% %% %% %% %% %% % %% % % %% %% %% %% % %% %% %% % % %%

% This is a functionthat calculates thefatigue damage sustained with the Palmgren-Miner method for
% a given stress spectra

%

% Input:

%

% stressSpectra: Matrix which contains the stress spectra of the vehicleload model for anode

% Each column contains a stepin the stress spectra.Eachrow is aload case
% or vehicleinthe load model.

%

% stressType: The type of stress,should be indicated witha string

% Acceptable stress types are: 'shear’, 'direct' and 'principal’

%

% fatigueStrength: The constantamplitudefatigue strength of the detail with regard to the

% indicated stress type. This is either the shear or direct/principalstress.

%

% loadCycles: The number of loadcycles for eachload caseor vehicleinthe load model.

%

% redutionlane: Reduction factor takinginto accounthow much of the the load fromthe lane

% whichis carried by the most loaded main I-girder (or corresponding detail which
% is considered).
%

% gammaFF: The partial factor for the fatigue load.

%

% gammaMF: The partial factor for the fatigue strength.

%

% Output:

%

% damage The accumulated damage for the current detail.

%

%

% Description:

%

% Thisis afunctionthat calculates thefatigue damage sustained with the Palmgren-Miner method
% fora given stress spectra. Several stress spectra can be calculated for several load cases or
% vehiclesina fatigueload model.

%

%

% Developed by:

% Mattias Renstrém

% Oskar Rydh

%

% Developed in cooperation with:

% Chalmers University of Engineering

% NCC Teknik, Gothenburg

%

% Lastedited:

% 2014-06-02

%%%%%%%%%% %% % %% %% %% %% %% %% %% % %% %% %% %% %% % % % %% % % %% %% %

% Initialising the vector containingthe damage for each load case.
damage = zeros(size(stressSpectra,1),1);
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% Director principal stress

if isequal({stressType},{'direct'}) || isequal({stressType}{'principal'})
% deltaSigma_Cis given by the input data
deltaSigma_C = fatigueStrength;

% deltaSigma_D is givenin Eurocode 1993-1-9: Paragraph 7.1-(2)
deltaSigma_D = deltaSigma_C * nthroot(2/5,3);

% deltaSigma_Lis givenin Eurocode 1993-1-9:Paragraph 7.1-(3)
deltaSigma_L = deltaSigma_D * nthroot(5/100,5);

% Applyingthe partial factor

deltaSigma_C = deltaSigma_C/ gammaMF;
deltaSigma_D = deltaSigma_D / gammaMF;
deltaSigma_L = deltaSigma_L / gammaMF;

% Shear stress

elseif isequal({stressType},{'shear'})
% deltaTau_Cis given by the input data
deltaTau_C = fatigueStrength;

% deltaTau_Lis given in Eurocode 1993-1-9: Paragraph 7.1-(2)
deltaTau_L =deltaTau_C * nthroot(2/100,5);

% Applyingthe partial factor
deltaTau_C = deltaTau_C / gammaMF;
deltaTau_L =deltaTau_L / gammaMF;
end
% Calculatingthedamage that each load casecauses.Presumably eachload casecorrespondsto
% a vehicleinthe load model.
for n = 1:size(stressSpectra,1)
% Stress range and number of cycles for the Palmgren-Miner method is obtained from the
% stress spectra for the current load case with help of the rain flow counting method.
[deltaStressReference,numberOfCycles] =rainflow_borrowed(stressSpectra(n,:)');

% the stress ranges arescaled with the reduction factor that takes into accounthow much of the
% loadis carried by the mostloaded mainI-girder. Note that the partial factorisapplied.
deltaStress_Ed = deltaStressReference * reductionlane * gammaFF;

% The damage is calculated for each stress range obtained from the stress spectra.
for i = 1:length(deltaStress_Ed)
% The number of load cycles for the current load caseand stress range.
currentNumberOfCycles = loadCycles(n) * numberOfCycles(i);

% The current number of load cycles tofailureis resetto 0 each run. This leads to
% infinite damageif the correctcycles to failurecannotbe found.
cyclesToFailure=0;

% Number of cycles to failureis calculated for director principal stresses
if isequal({stressType},{'direct'}) || isequal({stressType}{'principal'})
% If the stress range is higher than the constantamplitudefatigue limitthe damage
% can be calculated as follows
if deltaStress_Ed(i) > deltaSigma_D
cyclesToFailure=2E6 * (deltaSigma_C/deltaStress_Ed(i))"3;

% If the stress range is higher than the cut-off limitthe damage can be calculated
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% as follows
elseif deltaSigma_D >= deltaStress_Ed(i) && deltaStress_Ed(i) >= deltaSigma_L
cyclesToFailure=5E6 * (deltaSigma_D/deltaStress_Ed(i))"5;

% if the stress rangeis below the cut-off limitno damage is accumulated.
% This effectively means that the number of cycles to failureareinfinite.
% Note thatifa number is divided by "inf"the resultis always zero.
elseif deltaStress_Ed(i) < deltaSigma_L

cyclesToFailure=inf;
end

% Number of cycles to failureis calculated for shear stresses
elseif isequal({stressType},{'shear'})

% If the stress rangeis higher than the cut-off limit
if deltaStress_Ed(i) >= deltaTau_L
cyclesToFailure=2E6 * (deltaTau_C/deltaStress_Ed(i))"5;

% if the stress rangeis below the cut-off limitnodamageis caused.
% This effectively means that the number of cycles to failureareinfinite.
elseif deltaStress_Ed(i) < deltaTau_L
cyclesToFailure=inf;
end
end
% The damage for the current stress range is added to the overall damagefor the load case

damage(n) = damage(n) + currentNumberOfCycles/cyclesToFailure;

end
end

% end of the function
end
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E.10 Kea_damageEquivalent

function [damage] = Kea_damageEquivalent(stressSpectra, fatigueStrength, lambda, gammaFF,
gammaMF);

%%%%%%%%%% %% % %% %% %% %% % % %% %% % %% %% %% %% %% %% % % % %% %% %% %%

% This is a functionthat calculates the utilisation ratio with the damage equivalent method for a
% given stress spectrum.

%

% Input:

% stressSpectra: Matrix which contains the stress spectra of the vehicleload model for a node
% Each column contains a stepin the stress spectra.Eachrowis aloadcase

% or vehicleinthe load model. Note, that a stress spectrum from a singlevehicle
% is more applicablefor the damage equivalent method.

%

% fatigueStrength: The constantamplitudefatigue strength of the detail with regard to the
% indicated stress type. This is either the shear or direct/principal stress.

%

% lambda: The damage equivalent factor.

% gammaFF: The partial factor for the fatigue load.

% gammaMF: The partial factor for the fatigue strength.

% Output:

% damage: The damage for the current detail.In the caseof a singlevehicle
% anda singlestress spectrumthe damage will be a scalar.

%

% Description:

% Thisis afunctionthat calculates theutilisation ratio with the damage equivalent method for a
% given stress spectrum. Note that itis recommended to use only one vehiclefor the damage
% equivalent method.

%

% Developed by:

% Mattias Renstrém

% Oskar Rydh

%

% Developed in cooperation with:

% Chalmers University of Engineering

% NCC Teknik, Gothenburg

%

% Lastedited:

% 2014-06-02

%%%%%%%%%% %% % %% %% %% %% %% %% %% % %% %% %% %% %% % % % %% % % %% %% %
% Initiating the variables

damage = zeros(size(stressSpectra,1),1);

for n = 1:size(stressSpectra,1)
% Stress range for the lambda method. This onlythe difference between the highest andthe
% lowest valuefor the stress rangespectra.
currentStressRange = max(stressSpectra(n,:))-min(stressSpectra(n,:));

% Calculatingthedamage
damage(n) = (gammaFF*currentStressRange*lambda)/(fatigueStrength/gammaMF);
end

% end of the function
end
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E.11 Kea damageEquivalentCombined

function [damage] = Kea_damageEquivalentCombined(stressSpectraShear, stressSpectraDirect,
fatigueStrengthShear, fatigueStrengthDirect, lambda, gammaFF, gammaMF);

%%%%%%%%%% %% % %% %% %% %% %% %% %% % %% %% %% %% %% % % % %% %% %% %% % %

% This is a functionthat calculates the utilisation ratio with the damage equivalent method for a
% given stress spectrumwhere both shearand directstress should be considered.

%

% Input:

%

% stressSpectraShear: Matrix which contains the stress spectra for shear stress of the vehicle

% load model for a node. Each column contains a step in the stress spectra. Each

% row is aloadcaseorvehicleinthe load model.

%

% stressSpectraDirect: Matrix which contains thestress spectra for direct stress of the vehicle
% load model for a node. Each column contains a step inthe stress spectra.Each

% row is aloadcaseorvehicleinthe load model.

%

% fatigueStrengthShear: The constantamplitudefatigue strength of the detail with regard to the
% shear stress.

%

% fatigueStrengthDirect: The constantamplitudefatigue strength of the detail with regardto the
% directstress.

%

% lambda: The damage equivalent factor.

%

% gammaFF: The partial factor for the fatigue load.

%

% gammaMF: The partial factor for the fatigue strength.

%

%

% Output:

%

% damage: The damage for the current detail.In the caseof asinglevehicle

% anda singlestress spectrumthe damage will be a scalar.

%

%

% Description:

%

% Thisis afunctionthat calculates the utilisation ratio with the damage equivalent method for a
% given stress spectrumwhere both shear and directstress should be considered. For the standard
% version see the Kea_damageEquivalent functioninstead. Note that itis recommended to useonly
% one vehiclefor the damage equivalent method.

%

%

% Developed by:

% Mattias Renstrom

% Oskar Rydh

%

% Developed in cooperation with:

% Chalmers University of Engineering

% NCC Teknik, Gothenburg

%

% Lastedited:

% 2014-06-02

%%%%%%%%%% %% % %% %% %% %% %% %% %% % %% %% %% %% %% % % % %% % % %% %% %
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% Initiating the variables.
damageShear = zeros(size(stressSpectraShear,1),1);
damageDirect = zeros(size(stressSpectraShear,1),1);

for n = 1:size(stressSpectraShear,1)
% Stress range for the lambda method. This only the difference between the highest andthe
% lowest valuefor the stress rangespectra.
currentStressRangeShear = max(stressSpectraShear(n,:))-min(stressSpectraShear(n,:));
currentStressRangeDirect = max(stressSpectraDirect(n,:))-min(stressSpectraDirect(n,:));

% Calculatingthedamage.
damageShear(n) = (gammaFF*currentStressRangeShear*lambda)/(fatigueStrengthShear/gammaMF);
damageDirect(n) =
(gammaFF*currentStressRangeDirect*lambda)/(fatigueStrengthDirect/gammaMF);
end

% The combined damage is calculated.

damage = damageShear.A5 + damageDirect.A3;

% end of the function
end
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Appendix F — Calculations for parametric study

The calculations which are used in the parametric study are to a large extent
performed in Mathcad. Incidentally, in this appendix all the Mathcad calculations are
presented.

The main chapters and corresponding page number in the Mathcad calculations are
listed below:

1.
0.
2.

-F2-

Input data, F1

Parametric study, F22

Calculations, F35

2.1. Cross-sectional constants, F36
2.2. Loads, F83

2.3. Bending moment resistance, F112
2.4. Shear resistance, F129

2.5. Interaction between shear and bending, F135
2.6. Deflections, F139

2.7. Fatigue, F143

Result, F164
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1 Input data

In this document all the required data for the bridge analysis is initialized and described.

Note that for most measurements the values are obtained from the technical drawing of the
bridge built in Nynashamn. See the report for further information about this bridge.

This chapter encompasses the following subchapters:
1.1 Geometry
1.1.1 General measurements and axes
1.1.2 Dimensions of the cross-section
1.1.3 Measurements of the carriageway
1.2 Material properties
1.3 Constants, factors and loads
1.4 Fatigue strength classes
1.5 Maintenance
1.6 Material cost

Sign conventions

The sign convention which is established here is used in all of the calculations. The
conventions are the following:

e Tensile stresses are set as a positive stresses in the calculations. By the same token
compressive stresses are set as negative stresses.

¢ Bending moment is defined according to the right-hand rule. Thus, positive
moment yields tension in the upper part of the cross-section and compression in
the lower part of the cross-section.

N <— ——> N

Positive direction for normal forces. Thus tension is defined as postive stress and
compression is negative.

P, Co

Postive moment yields tension in the upper parts of the cross-section and
compression in the lower parts of the cross-section.
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1.1 Geometry

All measurements and most geometrical properties of the bridge is presented in this chapter.

1.1.1 General measurements and axes

Before assigning measurement for the bridge it is needed to clarify how the origin, axes and
their positive directions are defined. The global coordinate system is shown in the figure below
and described in more detail for each axis in this subchapter. Note that there are local
coordinate systems which are used for the z-direction for the different cross-sections.

Mlustration of the axes and their positive direction. In addition, the location of the origin is
marked in the figure.

The general x-coordinate along the bridge span. x_ . starts at the end of the main I-girders.

span
The main girders starts at zero and the bridge extends in positive direction.

Xspan

The global z-coordinate for the bridge. z, 4, is measured from the lowest part of the web at
the support and positive direction is upward.

Zbridge

In addition to the global z-axis there are also local z-axis and associated z-coordinate systems.
These coordinate system is used for calculations of bending resistance. The origin is set to
coincide with the neutral axis of the considered cross-section.

Zlocal

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:NN
2



The general y-coordinate for the bridge. Ybridge is perpendicular to the span direction and is zero

in the middle of the bridge. Positive direction is according to the right-hand rule though in
calculations only the positive values are used due to symmetry.

Ybridge

Total span length, measured for the steel girders.

LSp an = 4em
Height of the web at the end of the span.

Pmain.web.end = 1330mm

Height of the web at the middle of the span.

Pmain.web.mid = 1@30mm

The length of the sloped part at the bottom of the web close to the supports

slopelength ,p = 4.4m

Distance between vertical stiffeners. According to the technical drawing there is only eight
stiffeners, two in each end of the the two main I-girders. This implies that there are no
intermediate stiffeners used in the bridge, and consequently the distance between stiffeners
becomes the length of the span.

dstiff.vertical = Lspan
1.1.2 Dimensions of the cross-section

In this chapter all the dimensions and measurements related to the cross-section of the bridge
are given.

Thickness of the longitudinal welds of the main I-girders.

dyeld.main. lower = >mm

aweld.main.upper = >mM

Distance between the centres of the two main I-girders, in y-direction.

CCmaingirders = 2-4m
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Centre line

Tllustration of the cross-section showing one of the two main I-girders
and the concrete deck with slab and edge beam.

Distance between the centres of the oustand shear connectors. The value is obtained from the
technical drawing. Note that the distance remains the same throughout the span.

b = 300mm

shearconnectors *

Location of the splices the main I-girders

Location of the splices in the lower flange of the main I-girders.

6542mm

15642mm
Xsplice.flange.lower = 24542mm

33542mm

Location of the splices in the web of the main I-girders.

7944 mm
20045mm
32145mm

Xsplice.web =

Location of the splices in the upper flange of the main I-girders.

9220mm
20062mm
30904mm

Xsplice.Flange.upper::
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Dimensions of the I-girders

Thickness of the lower flange of the main I-girders. Note that the thickness of the lower flange is
constant over the whole span length.

t = 40mm

main.flange.lower.span -

Thickness of the web of the main I-girders. Note that the web is thinner in the middle of the span
than at the support. This since the shear is primarily carried by the web and the shear force is
greater closer to the supports.

t = 12mm

main.web.mid -

t 16mm

main.web.end =

Thickness of the upper flange of the main I-girders. Note that the flange is thicker in the middle
of the span than at the supports.

t d= 30mm

main.flange.upper.mi

t d= 20mm

main.flange.upper.en

Width of the lower flange of the main I-girders. Note that the width of the lower flange is
constant over the whole span length.

b = 550mm

main.flange.lower.span -

Width of the upper flange of the main I-girders. Note that the flange is wider in the middle of the
span than at the supports.
bmain.flange.upper.mid = 500mm

b d= 450mm

main.flange.upper.en

Dimensions of the concrete deck

Width of the concrete slab, exluding the edge beams

bdeck.slab.span = 6900mm

Width of the edge beams which are integrated into the concrete deck

bdeck.beam. span = 400mm
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Thickness of the concrete slab at the mid-section of the bridge

tdeck.slab.mid.span = 258mm

Thickness of the concrete slab adjecent to the edge beam

tdeck.slab.edge.span = 17@mm

Height of the edge beams which are integrated into the concrete deck

hdeck.beam. span = 400mm

Placement of reinforcement in the concrete deck

The placement of the reinforcement is simplified since the stainless steel and not the
reinforced is the main focus of this analysis. Thus the reinforcement is given as three distinct
layers; the upper layer in slab, the lower layer in the slab and the layer in the edge beam.

Note that the amounts of reinforcement is given for the support regions at the end of the span.
Here the bending moment will result in tension in the concrete. This simplification is made
since no detailed placement of the reinforcement is made and hence only the maximum
contribution is of interest. To elaborate, the lower amount of reinforcement that is used in the
middle of the span will be neglected in the calculations of concrete in compresion.

The consequence of this is that the deflections at the support will be slightly less than if a
decreased amount of reinforcement where considered. However the consequenece of this
choice is deemed negligable on the analysis of the performance of the stainless steel.

For the layers the distance from the concrete edge and the reinforcement amount is given.

Distance from the concrete edge to the centre of the upper reinforcement layer in the concrete
slab.

16mm

d = 25mm + 20mm +

reinf.slab.lower -

d =53-mm

reinf.slab.lower

distance from the concrete edge to the centre of the upper reinforcement layer in the concrete
slab.

25mm
d = 30mm + 12mm + T

reinf.slab.upper -

dreinf.slab.upper = °4-5-mm

It is assumed that the reinforcement in the edge beam is placed so that the centre of gravity falls

in the middle of the beam.
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Steel area per meter for the lower reinforcement layer in the concrete slab. Values estimated
from the technical drawing. There are 31 $16 reinforcement bars over the slab width.

ddeall

bdeck.slab.span

Preinf.slab.lower =

2

mm
Preinf.slab.lower = 903.32: n

Steel area per meter for the upper reinforcement layer in the concrete slab. Values estimated
from the technical drawing.There are 69 ¢25 reinforcement bars over the slab width.

e o)
reinf.slab.upper - bdeck,slab-spa” 2

2

mm
Preinf.slab.upper = 4908.74- T

Steel area per meter for the reinforcement layer in the edge beam. Values estimated from the
technical drawing. There are 8 $16 reinforcement bars in the edge beam

e (2]

bdeck.beam.span

Preinf.beam =

_ mm
Preinf.beam = 49021.24- n

1.1.3 Measurements of the carriageway

The width of the carriageway. given by Eurocode 1991-2 4.2.3-(1) as the distance between
the kerbs or between the inner limits of vechicle restraint systems. Value is obtained from

technical drawing.

w = 7000mm

carriageway -

The thickness of the road surface. Measured from the technical drawing.

Troadsurface = 10cm
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1.2 Material properties

In this chapter all the material properties that are used in the calculations are given.

Miscellaneous

Partial factor for caclulation of cross-sectional resistance. Recommended values specific to
stainless steel is given by Eurocode 1993-1-4: Paragraph 5.1-(2). However, here the values given
in the Swedish Annex Chapter 12 paragrapgh 1 will be used insted.

Note that in Eurocode the values for stainless steel and carbon steel are 1.1 and 1.0 respectively.

YMe.stainless = 1-©

M. carbon = 1:9

Partial factor for calculation of instability phenomena. Recommended values specific to
stainless steel is given by Eurocode 1993-1-4: Paragraph 5.1-(2).

YM1.stainless = 1-©
YM1.carbon = 1:9

Partial factor. Recommended values specific to stainless steel is given by Eurocode 1993-1-4:
Paragraph 5.1-(2).

YM2.stainless = 1-2

YM2.carbon = 1:25

Partial factor for the concrete used for the strength of the concrete. Recomended value given by
Eurocode 1992-1-1: Table 2.1N. The action is assumed to be persisitent and transient since no
accidental loads are calculated.

Yc.concrete = 1-5

Partial factor for the concrete used for the elastic modulus of the concrete in compression.
Recomended value given by Eurocode 1992-1-1: paragraph 5.8.6-(3).

YcE.concrete = 1-2

Partial factor for the reinforcement. Recomended value given by Eurocode 1992-1-1: Table
2.1N. The action is assumed to be persisitent and transient since no accidental loads are
calculated.

Ys.reinf=1:15
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Specific weights and densities

Standard gravity

—9.81~
g="9.81—
S

Density of the reinforced concrete. Note that this value is an approximation and that the
reinforcement content vary in both longitudinal and transversal directions.

k
= 2500—g
3

m

Pconcrete -

Density of the structural steel.

: kg
Psteel = 7799'_§

m

Density of air, used for calculation of wind load. Recommended value given by Eurocode
1991-2: Paragraph 4.5-(1)
=1.25 g
3
m

Pair

Specific weight of reinforced concrete, Note that this value is an approximation.

Vconcrete = Pconcrete 8

kN
=24.52.—
3

m

Vconcrete

Specific weight of stainless steel

Vsteel = Psteel 8

~ kN
Vsteel = 75-51-—

m

Specific weight of roadsurface material, estimated value.

KN
Yroadsurface = 23_;

m
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Mechanical properties of the concrete

The concrete that is used in the bridge is class C40/50, given by the technical drawing. Note
that the use of other concrete classes is NOT implemented or supported.

concreteclass = "C40/50"

Characteristic value of the concrete strength in compression for class C40/50. Value is
obtained from Eurocode 1992-1-1: Table 3.1.

f = 40MPa

ck.concrete -

Characteristic value of the concrete strength in tension for class C40/50. Value is obtained in
Eurocode 1992-1-1: Table 3.1.

fetk.0.05.concrete = 2-5MPa

Characteristic value of the elastic modulus for the concrete for class C40/50. Value is obtained
in Eurocode 1992-1-1: Table 3.1.

E = 35GPa

concrete.cm®
Mechanical properties of the reinforcement

Characteristic value of the yield strength of the reinforcement

f = 600MPa

yk.reinf *

Characteristic value of the elastic modulus for the reinforcement

Ereinf = 200GPa

rein

Choice of structural steel

Here the steel grade and type of steel is chosen. The steel grade has to defined since the
calculations should work for different grades of both stainless steel and carbon steel.

steelgrade ;= "EN1.4162"

Mechanical properties of the stainless structural steel

Material properties of the steel in that is used in the structure. Note that accordning to Eurocode
1994-2: Paragraph 3.3-(2) the maximum nominal yield strength that is allowed for structural
steel in bridges is 460MPa.

Characteristic value of the ultimate strength of the structural steel

fuk.EN1.4162 = 690MPa
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Characteristic value of the yield strength of the structural steel. Eurocode 1994-2: Paragraph
3.3-(2) gives that the maximum nominal yield strength is limited to 460MPa for structural steel
in bridges.

fyk.EN1.4162 = 450MPa

fyk.s355:: 355MPa

fyk.S460:: 460MPa

Poissons ratio for the steel

Usteel:: 0.3

Elastic modulus for the structural steel ued in general calcuations. Note that for stainless steels
the modulus of elasticity has a value of 200GPa compared to 210GPa for carbon steels. The
recomended value for stainless duplex steel grades is taken in accordance with Eurocode
1993-1-4: paragraph 2.1.3-(1). However, note that the duplex grade EN 1.4162 is not included in
the listed duplex steel grades but is assumed to have the same modulus of elasticity nontheless.

EEN1.4162:: 200GPa

E = 210GPa

carbon -

Coefficient used for calculating the modulus of elasticity for stainless steel. Dependent on the
steel grade and direction. Here the steel grade is EN 1.4162 and the direction is longitudinal.

NEN1.4162.1long = °

1.3 Constants, factors and loads

In this chapter all the constans, factors and characteristic loads that are used in calculations are
given.

Miscellaneous factors

Factor used in shear calculations of the structural steel. Given by Eurocode 1993-1-5: Section 5.
Conservative value of 1.0 given by Eurocode 1993-1-5: Paragraph 6.2.6-(3). For steel grades up
to and including S460 the recommended value is 1.2, given by Eurocode 1993-1-5: Paragraph
5.1-(2).

Nshear = 1.2
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Partial factor used in the fatigue calculations. It is assumed that for all parts the the consequence
of failure is high. Furthermore the safe life method is used to avoid regular inspections in
addition to the risk of rapid failure. For more information about the safe life method see
Eurocode 1993-1-9: Paragraph 3-(3). Recommended values are given by Eurocode 1993-1-9:
Table 3.1.

M. fatigue = 1-35

Partial factor used in the fatigue calculations. Recommended value is given by Eurocode 1993-2
paragraph 9.3-(1).

VF.fatigue = 1-9

The traffic category for the bridge. Definition of the categorys is given by Eurocode 1991-2:
Table 4.5. Category 2 is chosen since it corresponds to roads and motorways with medium flow
rates of lorries.

categorytpoffic = 2

For load model 4 the distribution of vehicle types depends on the distance the traffic is
pressumed to travel. The traffic can be long distance, medium distance or local. In the
calculation this is indicated by the string 'long', 'medium' or "local'

rangein.offic = local”

The design life of the bridge, the unit is years.

tdesignlife = 80years

Load combination factors

Partial coefficients for the load combinations in the ultimate limit state and the serviceability
limit state.

In accordance with the Swedish Annex the partial factor y, is set to 1in both the building phase

and in the service life of the bridge. This corresponds to the most severe safety class of 3,
values are given in Swedish Annex Chapter 1 paragraph 11.

"{d =1.0

Partial factor for the wind load. This is the momentary force and not for the persistent loading
of wind. The recomended value of 1 can be found in both Eurocode 1990-A1: Table A2.1 and in
the Swedish Annex in Chapter 7 paragraph 5. Note that no values are given for y, and y,,

however, for the sake of calcuations they will be given the value zero.
Ywind.o = 1-©
Ywind.1:=©

Vwind.2 = @
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Partial factors for the traffic load acting on the bridge. Recomended values are given in
Eurocode 1990-A1: Table A2.1. However, here the values are taken from the Swedish Annex in

Chapter 7 paragrapgh 5.
Vipraffic.0 = 0-75

Vtraffic.1=0-75

Vtpaffic.2 = ©

Characteristic traffic loads and factors

Reduction factor for axleloads, load model 1. Recomended value given by Eurocode 1991-2:
4.3.2-(3). However, Trafikverkets forfattningssamling Chpater 6, paragraph 4 contains a
table with recomended values that will be used instead.

Q0.modell.lanel = ©-9
Q0.modell.lane2 = ©-9

Q0.modell.lane3 = @

Reduction factor for distributed loads, load model 1. Recomended value given by Eurocode
1991-2: 4.3.2-(3). However, Trafikverkets forfattningssamling Chpater 6, paragraph 4
contains a table with recomended values that will be used instead.

Qq.modell.lanel = 97

Qq.modell.lane2 = 1.9
Qq.modell.lane3 = 1.9

®g.modell.remaining =

Characteristic values of the loads in load model 1. Note that the load is dependent on the
lane number. Values are taken from Eurocode 1991-2: 4.3.2-(6) which are applicable to
bridges longer than 10m.

Axle weight, single axle

Q. model1.1lane1 ‘= 60OkN
Qk.modell.lane2 = 400kN

Qk.model1.1lane3 = 200kN
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Distributed loads

kN
9k.modell.lanel = 9_3
m
_ kN
9k.modell.lane2 = 2°5_2
m
. kN
9k.modell.lane3 = 2°5_2
m
. kN
dk.modell.remaining = 2+° —
m

Characteristic fatigue loads and factors

Axle load for fatigue load model 3

Q. fatigue = 120kN

The refernce loads and corresponding cycles for fatigue calculations using the
lambda-method. Values given by Eurocode 1993-2: Paragraph 9.5.2-(3).

Qfatigue.lambda.o = 480kN

0.5-106

N ; =
fatigue.lambda.@ year

Windloads

The height of the traffic on the bridge which is used for calculation of wind loads. Value given by
Eurocode 1991-2: Paragraph 8.3.1-(5a)

htpraffic.wind = 2000mm

The height of the bridge including traffic which is used for calculation of wind loads. Note that a

estimation of 4m is used.
Zpridge.max = M

Terrain category for the bridge location. Explained by Eurocode 1991-2: Table 4.1. Note that
terrain category 1 corresponds to lake area or similar flat areas with little vegetation and other
obstacles.

Categoryiappain =1
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Factor taking into account the strength of the wind in different directions. Recommended
value given by Eurocode 1991-1-4: paragraph 8.1-(5).

Cwind.direction = 1.9

Factor taking into account the seasonal variation of the wind strength. Recommended value
given by Eurocode 1991-1-4: paragraph 8.1-(5)

Cwind.season = 1:9

Basic value of the wind speed. Recommended value given by Eurocode 1991-1-4: paragraph
8.1-(5).

. m

V .
wind. S

Orography factor, taken as the value of 1 unless otherwise specified. Rules concerning this
factor is given in Eurocode 1991-1-4: Section 4.3.3.

Corography = 1

Miscellaneous self-weights

Note that for this bridge design there is no cross-bracing or intermediate vertical stiffeners.

Self-weight of the road surface material

8bridge.roadsurface = ""car‘r‘iageway'tr‘oadsur‘face"Yr‘oadsur‘face

kN
=16.1-—

8bridge.roadsurface "

Self-weight of the safety barrier. Estimated value.

kN
:1_

Sbridge.safetybarrier = * 7

Self-weight of the form work. Note that the weight of the form work on is relevant for the
structure when the concrete is cast, thus it is not considered for calculations pertaining to the
composite cross-section. According to the technical drawing the weight of the form work is
limited to 8okg per square meter for the bridge deck area.

__ g-80kg
8bridge.formwork = 5 '(bdeck.slab.span + 2'bdeck.beam.span)
m

kN

8bridge.formwork = ©-84 "
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1.4 Fatigue strength classes

The fatigue classes of different details in the main I-girder.

Due to the scope of the thesis there are certain limitations to the fatigue assessment. No fatigue
assessment is carried out for any of the concrete parts of the bridge. Furthermore, the shear
studs connecting the main I-girders and the concrete slab is omitted in the fatigue assessment.

Here is presented the constant amplitude nominal stresses fatigue strength for the cracking
modes in the main I-girders.

Cracking mode A1 and A2

Fatigue cracking mode A is based on detail 3 in Eurocode 1993-1-9: Table 8.2 in
combination with detail 6 in Eurocode 1993-1-9: Table 8.1. The details takes into account
fatigue cracking in the web at the longitudinal weld between the web and the flanges. The
stress type is direct stress and shear stress respectively.

Mlustration of fatigue cracking mode A

Constant amplitude nominal stresses fatigue strength for cracking mode A with regard to shear
stress.

AT modea = 100MPa
Constant amplitude nominal stresses fatigue strength for cracking mode A with regard to direct
stress.

AO'C .modeA = 112MPa
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Cracking mode B

Fatigue cracking mode B is based on detail 2 and 4 in Eurocode 1993-1-9: Table 8.3 which
takes into account fatigue cracking in the flanges at the location of the splices in the flange.
The stress type is direct stress.

For this mode there is size effect with regard to the thickness of the flanges. For this reason
the mode has the additional index 'unreduced' appended to the name.

Mlustration of fatigue cracking mode B

Constant amplitude nominal stresses fatigue strength for cracking mode B with regard to direct
stress.

ATGC modeB. unreduced = 112MPa

Cracking mode C

Fatigue cracking mode C is based on detail 7 in Eurocode 1993-1-9: Table 8.4 which takes into
account the fatigue cracking in the web at the location of the vertical stiffeners. The stress type
is principal stress.

Constant amplitude nominal stresses fatigue strength for cracking mode C with regard to
principal stress.

AO-C . modec = 80MPa
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Mlustration of fatigue cracking mode C

Cracking mode D

Fatigue cracking mode D is based on detail 7in Eurocode 1993-1-9: Table 8.4 which takes
into account the fatigue cracking in the flange at the location of the vertical stiffeners. The
stress type is direct stress.

Mlustration of fatigue cracking mode D
Constant amplitude nominal stresses fatigue strength for cracking mode D with regard to direct
stress.

AO'C .modeD = 80MPa

Cracking mode E

Fatigue cracking mode E is based on detail 8 in Eurocode 1993-1-9: Table 8.5 which takes
into account the fatigue cracking in the longitudinal weld between the web and the lower

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:NN
18



and upper flange respectively. The stress type is shear stress.

Ilustration of fatigue cracking mode E

Constant amplitude nominal stresses fatigue strength for cracking mode E with regard to shear
stress.

ATC .modeE = 80MPa

Cracking mode F

Fatigue cracking mode F is based on detail 2 and 4 in Eurocode 1993-1-9: Table 8.3 which
takes into account fatigue cracking in the web at the location of the splices in the web. The
stress type is direct stress.

Mlustration of fatigue cracking mode F

Constant amplitude nominal stresses fatigue strength for cracking mode F with regard to direct
stress.

ATC . modeF . unreduced = 112MPa

1.7 General mathcad functions

Zeros, a function which returns a matrix containing zeroes. The input is given as the number of
rows and columns in the matrix. This function mimics the zeros function found in Matlab, hence
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the name.

Here

A is the matrix containg zeroes. Initiated as a scalar.
Bis a scalar which is utilised to transform A to a vector
Cis vector which is utilised to transform A to a matrix

zeros(i,j) = |A«©

B« 0

for tmpe 1,2.. i-1 if i>1
A « stack (A,B)

C«—A

for tmpe 1,2.. j-1 if j>1
A < augment (A, C)

A

Mlustration of how the zeros function works. Note that the function could easily be addapted to
create other matrices as well.

© 06 0 0 0
zeros(3,5)=|©0 © 0 0 @
© 06 0 0 0

Function for obtaining a row from any matrix. The matrix has to be transposed since mathcad
only allows for columns to be obtained from matrices.

(r‘owNumber‘)T
getRow (matrix, rowNumber) = (matr‘ix )

Range function, primarily intended for finding maximum or minimum values over a certain

range.

stop — start

range (start,stop,steps) := | step« —
steps -1

start,start + step.. stop

Range function, which creates a range for all the elements in a given vector.

range,octop (vector) := | n <« rows (vector)

0,1. n-1 ifn>1

Function that is used to adjusts diagrams that plots over the length of the span for functions that
depends only on x,,,. Note that this function is exlusively used to adjust diagrams. The input is

the function name and if it is a upper or lower value that should be used.
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limit (function,A) .= | for stepe Om,2m.. Lspan

value « function (step)

x € max(value,v

Vima max)

Viin € mln(value,vmin)

(Vmax'1-1) if A=1

(vmin-l.l) if A=@ AV, <O

Vmin'©-9) if A=@Avy;, >0

0 if A=0AVyin =0

Vectorsuper is a function that automatically creates an vector of the result of a function within a
chosen range. the vector is a column vector and is intended for exportation of ranges of data.
Here

function is the name of the function to obtain the results for

start is the first input value in the vector

stop is the last input value in the vector

length is the number of elements in the vector

vector‘super,(function ,start,stop,length) = | step « Stop — start
length -1
A < function (start)
for ie start + step,start + 2step.. stc
A « stack (A, function(i))

A

Simple function that returns the input value. Used to create vectors containing x and
z-coordinates that corresponds to the values of the other output variables.

echo (any) := any

Function that takes a vector and returns the values hust below and below the original ones. Used
to check the plices in the main I-girder at both sides of the actual splice.

splitter (A,distance) := | n <« rows (A)
B < zeros(2n,1)
for i€ 90,1.. n-1
B(i-2),e < Aj —distance

B(i-2+1) ,0 < Aj + distance
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0. Parametric study

This chapter is essentially the same as chapter 1 - Input. The variables and constants which are
defined here is also defined in chapter 1. However, this document is used in the parametric
study and for this purpose some values is read from an external document. This allows for the
parametric study to be automated and reduce the work load by removing some of the manual
labour.

This chapter encompasses the following subchapters:
0.1 Geometry
0.1.1 General geometry
0.1.2 Dimensions of the cross-section
0.2 Material properties
0.3 Constants, factors and loads
0.4 Fatigue strength classes

Importing the external data

Loading the sheets from the excel document which contains the input data.

Exceldatayjscellaneous = .
...\Parameters.xls

EXCEldataGeometr‘y = .
...\Parameters.xls

ExceldataFatigue = .
...\Parameters.xls

Exceldatarfopmation =

...\Parameters.xls

Function that supplies the requested sheet as a matrix.

getSheet(namesheet) = | Exceldatagegmetry 1if Namegpaet = "Geometry”
Exceldatayjscellaneous Iif Namegpeet = "Miscellaneous”

ExceldataFatigue if name "Fatigue"

sheet =

Exceldatalnformation if namegpaat = "Information"
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Confirmation that the sheets exists and have the appropriate names. Note that this builds
upon the fact that the excel sheet has a certain structure.

getSheet ("Geometry" )5 1 = "Geometry"
getSheet ("Miscellaneous" )5 1 = "Miscellaneuos”
getSheet ("Fatigue" )5 1 ="Fatigue"

getSheet ("Information” )5 1 = "Information”

Function that finds the row that matches the chosen varaible name. Note that there currently is
no way to handle the case of two rows containing the exact same variable, please use caution.
Furthermore, the excel document must have the correct structure of the columns, otherwise the
correct names and rows cannot be found. Note that this could be improved to support more
general structure, but as of yet it has not been implemented.

Here

sheet is the matrix containg all the data from the selected sheet. The data has the format string.

name,,; gives the name of the current cell

range,  isthe range of all the available rows in the current sheet

rows
result is the variable that contains the row number for the matching row. Initiated as -1.
multi is the variable that indicates if there are multiple instances of matching rows

findRow (name, sheet) := | name o717 (row) < sheetpqy, 3

range <~ 0,1.. rows(sheet) —1

rows
result « -1

for rowe range.,,s

multi <1 if name 1] (row) =name A result # -1
result < row if name .17 (row) =name

result < "Warning: not found" if result=-1
result < "Warning: Multiple instances" if multi =0

result

Function which gives a matrix containing information about the given varaible name. The
matrix has four rows that describes the name, value, unit and row of the given varible name.
Note that the row is given for Mathcad which has origin set to zero.

In-Fo(name , namesheet) = | sheet « getSheet(namesheet)

row < findRow (name, sheet)

"Name:"  sheetpgy, 3

"Value:" sheetpoy 4
"Unit:"  sheetpgy,s
"Row:" row
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Function that imports the value of the chosen variable from the Excel sheet. Note that MathCad
cannot handle functions with different units in the output. Hence, the unit has to be assigned
manually in the input.

Import(name,unit,namegy o) := | sheet < getSheet(namegpqat)

row < findRow (name, sheet)

sheetpgy , 4 unit

Function that imports the value of the chosen variable from the Excel sheet. Same function as
Import but without unit assingment.

Importynitiess (name ; namesheet) = | sheet « getShe'Et(n'-’""esheet)

row < findRow (name, sheet)

Sheetr\ow s 4

Function that imports a range of values for the the chosen variable. The range must be stopped
with the string 'stop’ in the excel sheet, otherwise all data beneath the starting value will be
imported. Note that MathCad cannot handle functions with different units in the output. Hence,
the unit has to be assigned manually in the input.

Here

row is the current row. Initated as the matching row and increased in the while-loop.

vector is the vector that is requested. It is initialised with the first value in the range.

v is the value of the current row. Initated as 'void'.

Import name , unit, namesheet) = | sheet « getSheet(namesheet)

range(
row < findRow (name, sheet)

FOWp 4y < rows (sheet) —1

a
vector « sheetpgy 4
v ¢« "void"

while row <rowgy,, A V= "stop”

ax
row < row + 1

vV < sheetpgy 4

vector « stack(vector,v) if v "stop'

vector-unit
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0.1 Geometry

This chapter contains the measurements of the geometry which can be changed in the
parametric study.

0.1.1 General geometry

Total span length, measured for the steel girders.

"Name:" "L.span"
"Value:" 40
Info("L.span" , "Geometry" ) = .
"Unit:" "
"Row:" 6
Lspan = Import("L.span" ,m, "Geometry" )
Lspan = 40m

Height of the web at the end of the span.

"Name:"  "h.main.web.end"
. "Value:" 1.3
Info("h.main.web.end" , "Geometry" ) = .
"Unit:" "
"Row:" 11

hmain.web.end = Import ("h.main.web.end" ,m, "Geometry" )

h 3m

main.web.end = 1

Height of the web at the middle of the span.

"Name:"  "h.main.web.mid"
. . "Value:" 1.03
Info("h.main.web.mid" , "Geometry" ) =
llUnit:Il Ilmll
"Row:" 12

h d = Import("h.main.web.mid" ,m, "Geometry" )

main.web.mi

h =1.03m

main.web.mid
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The length of the sloped part at the bottom of the web close to the supports

"Name:"  "slopelength.web"
"Value:" 4.4
Info("slopelength.web" , "Geometry" ) =
"Unit:" "
"Row:" 13

slopelength .p, := Import ("slopelength.web" ,m, "Geometry" )

slopelength ., =4.4m

0.1.2 Dimensions of the cross-section

In this chapter all the dimensions and measurements related to the cross-section of the bridge
are given. See chapter 1 - Input data for more information.

Thickness of the lower longitudinal weld of the main I-girders.

"Name:" "a.weld.main.lower"
. "Value:" 0.01
Info("a.weld.main.lower" , "Geometry" ) = .
"Unit:" "
"Row:" 22

Aueld.main.lower = Import("a.weld.main.lower" ,m, "Geometry" )

dyeld.main.lower = > MM

Thickness of the upper longitudinal weld of the main I-girders.

"Name:" "a.weld.main.upper"
"Value:" 0.01
Info("a.weld.main.upper” , "Geometry") =
IIUnit:ll Ilmll
"Row:" 23

3yeld.main.upper = Import("a.weld.main.upper" ,m, "Geometry" )

aweld.main.upper = > MM
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Location of the splices the main I-girders

Location of the splices in the lower flange of the main I-girders.

"Name:" "X.splice.flange.lower"
"Value:" 6.4
Info("X.splice.flange.lower" , "Geometry") =
IIUnit:ll Ilmll
"Row:" 25

Xsplice.flange.lower = IMPOrt anoe

6.4

15.6

Xsplice.flange.lower = oa.a |

33.6

Location of the splices in the web of the main I-girders.

"Name:" "X.splice.web"
. "Value:" 8
Info("X.splice.web" , "Geometry" ) =
IIUnit:ll llmll
"Row:" 30
Xsplice.web:: Importrange("X.splice.web" ,m, "Geometry" )
8
Xsplice.web =| 20 (M
32

Location of the splices in the upper flange of the main I-girders.

"Name:"  "X.splice.flange.upper'’
"Value:" 9.2
Info("X.splice.flange.upper" ,"Geometry") =
IIUni,t:ll Ilmll
"Row:" 34

Xsplice.flange.upper = IMPort anoe (°
9.2
Xsplice.flange.upper =| 26 |m
30.8

'X.splice.flange.lower" ,m, "Geometry")

'X.splice.flange.upper" ,m, "Geometry")
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Dimensions of the I-girders

Thickness of the lower flange of the main I-girders. Note that the thickness of the lower flange is
constant over the whole span length.

"Name:" "t.main.flange.lower.span
. "Value:" 0.04
Info("t.main.flange.lower.span" , "Geometry" ) = .
"Unit:" "
"Row:" 8

t = Import ("t.main.flange.lower.span" ,m, "Geometry" )

main.flange.lower.span -

t =40-mm

main.flange.lower.span

Thickness of the web of the main I-girders at the end of the span. Note that the web is thinner in
the middle of the span than at the support. This since the shear is primarily carried by the web
and the shear force is greater closer to the supports.

"Name:" "t.main.web.end"
. "Value:" 0.02
Info("t.main.web.end" , "Geometry" ) = .
"Unit:" "
"Row:" 14

t d = Import("t.main.web.end" ,m, "Geometry" )

main.web.en

t =16-mm

main.web.end

Thickness of the web of the main I-girders at the middle of the span. Note that the web is thinner
in the middle of the span than at the support. This since the shear is primarily carried by the web
and the shear force is greater closer to the supports.

"Name:" "t.main.web.mid"
. . "Value:" 0.01
Info("t.main.web.mid" , "Geometry" ) = .
"Unit:" "
"Row:" 15

t d = Import("t.main.web.mid" ,m, "Geometry" )

main.web.mi

t 12-mm

main.web.mid =
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Thickness of the upper flange of the main I-girders at the end of the span. Note that the flange is
thicker in the middle of the span than at the supports.

"Name:"  “"t.main.flange.upper.end"

"Value:" 0.02
Info("t.main.flange.upper.end" , "Geometry" ) =

IIUnit:ll Ilmll

"Row:" 17

t = Import ("t.main.flange.upper.end” ,m, "Geometry" )

main.flange.upper.end *

t =20-mm

main.flange.upper.end

Thickness of the upper flange of the main I-girders at the middle of the span. Note that the
flange is thicker in the middle of the span than at the supports.

"Name:"  “"t.main.flange.upper.mid"

"Value:" 0.03
Info("t.main.flange.upper.mid" , "Geometry" ) =

IIUnit:ll Ilmll

"Row:" 18

t = Import ("t.main.flange.upper.mid” ,m, "Geometry" )

main.flange.upper.mid *

t =30-mm

main.flange.upper.mid

Width of the lower flange of the main I-girders. Note that the width of the lower flange is
constant over the whole span length.

"Name:" "b.main.flange.lower.span'
. "Value:" 0.55
Info("b.main.flange.lower.span" , "Geometry" ) = .
IlUnlt:II Ilmll
"Row:" 9
bmain.flange.lower‘.span = Import("b.main.flange.lower.span" ,m, "Geometry" )

b =0.55m

main.flange.lower.span
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Width of the upper flange of the main I-girders at the end of the span. Note that the flange is
wider in the middle of the span than at the supports.

"Name:" "b.main.flange.upper.end"
"Value:" 0.45
Info("b.main.flange.upper.end" , "Geometry" ) =
"Unit:" "
"Row:" 19 ,

bmain.flange.upper‘.end = Import ("b.main.flange.upper.end" ,m, "Geometry" )

bmain.flange.upper.end =9-45M

Width of the upper flange of the main I-girders at the middle of the span. Note that the flange is
wider in the middle of the span than at the supports.

"Name:" "b.main.flange.upper.mid"
"Value:" 0.5
Info("b.main.flange.upper.mid" , "Geometry" ) =
IIUnit:ll Ilmll
"Row: " 20 ,

bmain.flange.upper‘.mid := Import("b.main.flange.upper.mid"” ,m, "Geometry" )

bmain.flange.upper.mid =9-5M

0.2 Material properties

In this chapter all the material properties that are used in the calculations are given.

The steel grade that is used for the main I-girders. Currently the stainless steel grade EN1.4162
and carbon steel grades S355 and S460 is implemented.

"Name:" "steelgrade"
. "Value:" "EN1.4162"
Info("steelgrade" , "Miscellaneous" ) = .
"Unlt: n ll_ll
"Row:" 6

steelgrade := Import ,it]ess ( "steelgrade" ,"Miscellaneous" )

steelgrade = "EN1.4162"
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0.3 Constants, factors and loads

In this chapter all the constans, factors and characteristic loads that are used in calculations are
given.

The traffic category for the bridge. Definition of the categorys is given by Eurocode 1991-2:
Table 4.5. Values ranges from o to 4 where 0 is the most severe category.

"Name:"  "category.traffic"
. . "Value:" 4
Info("category.traffic" ,"Miscellaneous" ) = .
"Unit:" w_n
"Row:" 9

categoryynaffic = Import it1ess ( "category.traffic” , "Miscellaneous™ )

categoryipaffic =4

The design life of the bridge, the unit is years.

"Name:" "t.designlife"
"Value:" 80
Info("t.designlife" ,"Miscellaneous" ) =
"Unit:" "years"
"ROW: n 19
tdesignlife = Import ("t.designlife" ,years, "Miscellaneous" )
tdesignlife = 80@-years

For load model 4 the distribution of vehicle types depends on the distance the traffic is
pressumed to travel. The traffic can be long distance, medium distance or local. In the
calculation this is indicated by the string 'long', 'medium' or "local'

"Name:"  "range.traffic"
. . "Value:" "local”
Info ("range.traffic" ,"Miscellaneous" ) = .
"Unit:" w_n
"Row:" 11

rangetnaffic = IMport nitjess ("range.traffic” , "Miscellaneous” )

rangeinaffic =  local”
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0.4 Fatigue strength classes

The fatigue classes of different details in the main I-girder.

Due to the scope of the thesis there are certain limitations to the fatigue assessment. No fatigue
assessment is carried out for any of the concrete parts of the bridge. Furthermore, the shear
studs connecting the main I-girders and the concrete slab is omitted in the fatigue assessment.

Here is presented the constant amplitude nominal stresses fatigue strength for the cracking
modes in the main I-girders.

Caution: Mathcad cannot handle A, o, Tand other greek letters in the varaiablenames in the
Excel document. Due to this limitation the name of these variables has replaced greek letters
with roman letters in the following manner: 'Delta’, 'Sigma' and 'Tau'. Currently all greek letters
are spelled with a capital first letter with no regard to the greek letter being capital or not.

Cracking mode A1 and A2

Fatigue cracking mode A is based on detail 3 in Eurocode 1993-1-9: Table 8.2 in
combination with detail 6 in Eurocode 1993-1-9: Table 8.1. The details takes into account
fatigue cracking in the web at the longitudinal weld between the web and the flanges. The
stress type is direct stress and shear stress respectively.

Constant amplitude nominal stresses fatigue strength for cracking mode A with regard to shear
stress.

"Name:"  "DeltaTau.C.modeA"
. "Value:" 100
Info("DeltaTau.C.modeA" , "Fatigue" ) =
"Unit:" "MPa"
"Row:" 6

ATe modea = Import ("DeltaTau.C.modeA" ,MPa, "Fatigue" )

ATC .modeA =100-MPa

Constant amplitude nominal stresses fatigue strength for cracking mode A with regard to direct
stress.

"Name:"  "DeltaSigma.C.modeA"
. . "Value:" 112
Info ("DeltaSigma.C.modeA" ,"Fatigue" ) =
"Unit:" "MPa"
"Row:" 7

A0Gc modea = Import("DeltaSigma.C.modeA" ,MPa, "Fatigue")

AGC.mOdeA =112-MPa
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Cracking mode B

Fatigue cracking mode B is based on detail 2 and 4 in Eurocode 1993-1-9: Table 8.3 which
takes into account fatigue cracking in the flanges at the location of the splices in the flange.
The stress type is direct stress.

For this mode there is size effect with regard to the thickness of the flanges. For this reason
the mode has the additional index 'unreduced' appended to the name.

Constant amplitude nominal stresses fatigue strength for cracking mode B with regard to direct
stress.

"Name:"  "DeltaSigma.C.modeB.uni
. . "Value:" 112
Info("DeltaSigma.C.modeB.unreduced" ,"Fatigue" ) = .
"Unit:" "Mpa"
"Row:" 9

AGC.modeB.unreduced := Import ("DeltaSigma.C.modeB.unreduced" ,MPa, "Fatigue")

A0C modeB. unreduced = 112-MPa

Cracking mode C

Fatigue cracking mode C is based on detail 7 in Eurocode 1993-1-9: Table 8.4 which takes into
account the fatigue cracking in the web at the location of the vertical stiffeners. The stress type
is principal stress.

Constant amplitude nominal stresses fatigue strength for cracking mode C with regard to
principal stress.

"Name:"  "DeltaSigma.C.modeC"
. . "Value:" 80
Info ("DeltaSigma.C.modeC" ,"Fatigue" ) =
"Unit:" "Mpa"
"Row:" 11

A0¢ modec = Import("DeltaSigma.C.modeC” ,MPa, "Fatigue")

Cracking mode D

Fatigue cracking mode D is based on detail 7 in Eurocode 1993-1-9: Table 8.4 which takes
into account the fatigue cracking in the flange at the location of the vertical stiffeners. The
stress type is direct stress.
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Constant amplitude nominal stresses fatigue strength for cracking mode D with regard to direct
stress.

"Name:"  "DeltaSigma.C.modeD"
. . "Value:" 80
Info ("DeltaSigma.C.modeD" , "Fatigue" ) =
"Unit:" "Mpa"
"Row:" 13

A0 modep = Import("DeltaSigma.C.modeD" ,MPa, "Fatigue")

AO'C .modeD = 80-MPa

Cracking mode E

Fatigue cracking mode E is based on detail 8 in Eurocode 1993-1-9: Table 8.5 which takes
into account the fatigue cracking in the longitudinal weld between the web and the lower
and upper flange respectively. The stress type is shear stress.

Constant amplitude nominal stresses fatigue strength for cracking mode E with regard to shear
stress.

"Name:" "DeltaTau.C.modeE"
. "Value:" 80
Info("DeltaTau.C.modeE" , "Fatigue" ) =
"Unit:" "Mpa"
"Row:" 15

ATe nodek = Import("DeltaTau.C.modeE" ,MPa, "Fatigue")

ATC.mOdeE = 80-MPa

Cracking mode F

Fatigue cracking mode F is based on detail 2 and 4 in Eurocode 1993-1-9: Table 8.3 which
takes into account fatigue cracking in the web at the location of the splices in the web. The
stress type is direct stress.

Constant amplitude nominal stresses fatigue strength for cracking mode F with regard to
principal stress.

"Name:"  "DeltaSigma.C.modeF"

"Value:" 112
Info("DeltaSigma.C.modeF" ,"Fatigue" ) =

"Unit:" "Mpa"

"Row:" 17

A0GC modeF.unreduced = Import("Deltasigma.C.modeF" ,MPa, "Fatigue" )

AT modeF.unreduced = 112-MPa
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2 Calculations

In this chapter all of the calculations will be performed. The calculations are performed in
accordance with the rules and recomendations given Eurocode. References to the applicable
sections and parts of Eurocode is given in the calcuatlions where they are used.

This chapter encompasses the following chapters:

2.1 Cross-sectional constants

2.2 Loads

2.3 Bending moment resistance

2.4 Shear resistance

2.5 Interaction between shear force and bending moment
2.6 Deflections

2.7 Fatigue assessment
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2.1 Cross-sectional constants

In this document all the cross-sectional constants will be calculated and described.

This chapter encompasses the following subchapters:

2.1.1 Material properties

2.1.2 General calculations and geometrical properties

2.1.3 Nominal cross-section

2.1.4 Cross-sectional classes for the main I-girders

2.1.5 Reduction factors for parts in the main I-girders

2.1.6 Measurements for the effective composite cross-section
2.1.7 Second moment of area for the composite cross-section
2.1.8 Capacity of the main I-girders

2.1.9 Limitations to the dimensions

Simplified special case of the range function that goes over the entire span length in a desired
amount of steps.

range.,,, (steps) = range(@m,L steps)

spa span’

2.1.1 Material properties

Here the material properties of the bridge is calculated from the data given in the chapter Input
data and Parametric study.

Mechanical properties of the concrete

Design value of the concrete strength in compression. Given by Eurocode 1992-1-1: paragraph
3.1.6-(1).

Qconcrete. compresion = 1

.F

Qconcrete.compresion Tck.concrete

f =26.67-MPa

cd.concrete =
Yc.concrete

Design value of the concrete strength in tension.Given by Eurocode 1992-1-1: paragraph
3.1.6-(2).

Qconcrete.tension = 1

Qconcrete.tension’ 1cctk .0.05.concrete
=1.67-MPa

ftd.concrete =
Yc.concrete

Design value of the elastic modulus for the concrete

Econcr‘ete.cm

Ecd.concrete =
VcE.concrete
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Mechanical properties of the reinforcement

Deg3sign value of the yield strength of the reinforcement

fyk.reinf

f =521.74-MPa

d.reinf =
y Vs.reinf

Mechanical properties of the structural steel

Note that all of the mechanical properties of the structural steel is dependent on which grade
and type of steel that is used. Thus the following parameters will take either the steel type or
steel grade as an input.

The steel grade that is used for the main I-girders. Intended to be implemented in this analysis is
the stainless steel grade EN 1.4162 (LDX2101) and the two carbon steel grades S355 and S460.
The steel type can be either stainless steel or carbon steel. Stainless steel should be indicated
with the text string "stainless" and carbon steel should be indicated with the text string "carbon"

steelgrade = "EN1.4162"

steeltype := | gradepyq 4162 ¢ "EN1.4162"

gradeg3gg « "S355"

gradegygg < "S460"

"stainless" if steelgrade =gradegyi 4162

"carbon" if steelgrade =gradegscg

"carbon" if steelgrade =gradeg,gq

steeltype = "stainless”

Characteristic value of the yield strength of the structural steel
steelgrade = "EN1.4162"

f gradegnt 4162 < "EN1.4162"

yk.steel =
gradeg3gg < "S355"
gradegygg < "S460"
fyk.en1.4162 1f steelgrade =gradegy; 416

fyk.s355 if steelgrade = gradegs:c

'Fyk.S460 if steelgrade =gradeg gy

fyk.steel =450 MPa
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Partial factors
Partial factor. Recommended values specific to stainless steel is given by Eurocode 1993-1-4:
Paragraph 5.1-(2).

steeltype = "stainless"

YMo.steel = |Mo.stainless 1f steeltype ="stainless’

MO.carbon 1f steeltype ="carbon”

YM1.steel = | IM1.stainless if steeltype ="stainless'

IM1.carbon if steeltype ="carbon"

YM2.steel = |M1.stainless 1f steeltype ="stainless’

YM1.carbon if steeltype = "carbon"

Design value of the yield strength of the structural steel

£ ) 1:yk.s‘ceel
d.steel -~

Y YMO. steel
-Fyd.Steel = 450-MPa

Value of the elastic modulus of the structural steel to be used in global analysis.
steeltype = "stainless"

ES‘teel = EEN1.4162 if Steelgr‘ade = "EN1.4162"

E if steeltype = "carbon"

carbon
Ectee] = 200-GPa

Secant modulus of eleasticity at a given stress. Given by Eurocode 1993-1-4: Paragraph 4.2-(7).
Only applicable for stainless steels.

E

n steel
Esteel.secant(c’steel) = | Es < .
E EN1.4162.1long
steel Osteel
1+ 0.002- .
Osteel | Tyk.steel

Eg 1if steeltype ="stainless”

E if steeltype = "carbon"

steel
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Below is a graph displaying how the secant modulus of elasticity varies depending on the stress
level in the stainless structural steel.
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Steel stress [Pa]

Miscellaneous material properties

Scalar that is used when transforming concrete area into equivalent steel area with regard to
stiffness. The scalar is based on the design values of the elastic modulus for the structural steel
and concrete respectively. No regard is taken to the stiffness contribution from the
reinforcement in the concrete.

B Ecd.concr‘ete
Qsteel.concrete = e
steel

Qgteel.concrete = 9-15

Scalar that is used when transforming reinforcement area into equivalent steel area with regard

to stiffness. The scalar is based on the design values of the elastic modulus for the structural
steel and reinforcemt respectively.

E
Qsteel.reinf = £

reinf

steel

Ogteel.reinf =1

Factor used for accounting the actual yield strength and modulus of elasticity in calculations.
Given by Eurocode 1993-1-4: Table 5.2

. . 235MPa  Esteel
steel = :
fyk.steel 210GPa

Esteel =9-71

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:NN
39



2.1.2 General calculations and geometrical properties

Here several calculations are performed, for example are the measurements of the cross-section
given as functions of the x-coordinate. Note that all the indata is still taken from the chapter
Input data and Parametric study.

z-coordinates for the web

The z-coordinate for the bottom of the web of the main girders

diff < h h

main.web.end ~ "main.web.mid
diff

slopelength

Zbottom.main.web(xspan) =

slope «
web

slope-x if x < slopelength

span span web

slope~(LSpan - Xspan) if Xgpan > Lspan — slopelength,q

hmain.web.end ~ "main.web.mid Otherwise

The z-coordinate for the top of the web of the main girders

Ztop.main.web(xspan) = Nmain.web.end

The geometry of the web is displayed in the graph below. Note that the curvature of the bridge is
neglected since it will not be considered in the calculations. Furthermore, the euler spirals that
are used for the lower part of the flange is simplified into a constant change of slope instead.
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x-coordinate [m]

The approximate distance between section with zero-moment. Derived from the span length and
assumed a uniform distributed load.

2
L =2 I-span
effective - 12
Leffective =23-09M
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Limit for maximum vertical deflections in the serviceability limit state.

Lspan
400

d1imit.SLS =

%imit.sLs =@-1m

In case a desing that implements intermidiate vertical stiffeners for the main I-girders the
following assumption is checked. Note that the current calculations cannot take into account
intermediate vertical stiffeners,

assumptionn, i termediate_stiffeners = | true” if deriff vertical = lspan
"false" otherwise
assumption, jntermediate stiffeners = true’

Variation of the steel cross-sectional measurements along the span

The measurements that are used in the following calculations are given in Chapter 1 - Input or in
Chapter 0 - Parametric study.

Thickness of the lower flange of the main I-girders

tmain.flange.lower(xspan):: tmain.-Flange.lower'.span

Thickness of the web of the main I-girders

tmain.web(xspan) = | tmain.web.end 1f Xgpan < Xsplice.webe

tmain.web.end 1if Xspan>Xsplice.web2

t d otherwise

main.web.mi

Thickness of the upper flange of the main I-girders

tmain.flange.upper‘(xspan) = |t if

main.flange.upper.end Xspan < Xsplice .flange.upper

tmain.-Flange.upper'.end if Xspan>Xsplice.f1ange.upper‘

tmain.flange.upper.mid ©Otherwise

Height of the web of the main I-girders. Note that this is solely dependent on the z-coordinates
of the upper and lower part of the web.

hmain.web(xspan):= Ztop.main.web(xspan)_'Zbottom.main.web(xspan)
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Width of the upper flange of the main I-girders

bmain.1“lange.upper‘(xspan) = bmain.w“lange.upper‘.end if Xspan <Xsplice.1‘:1ange.upper‘

bmain.ﬂange.upper‘.end if Xspan>Xsplice.f1ange.upper‘

b d otherwise

main.flange.upper.mi

Width of the lower flange of the main I-girders

bmain. flange. lower(xspan) = bpain .flange.lower.span

Total height of the main I-girders

hmain.beam(xspan):: t-Fl“'tmain.flange.lower‘(xspan)

ty < hmain.web(xspan)

tru < tmain.flange. lower‘(xspan)

Tttt tey

Variation of the concrete cross-sectional measurements along the span
Overall width of the bridge concrete deck, including slab and the edge beams

bdeck(xspan) = bdeck.slab.span + 2'bdeck.beam.span

Width of the concrete slab, exluding the edge beams

bdeck.slab(xspan)' bdeck.slab.span

Width of the edge beams which are integrated into the concrete deck

bdeck.beam(xspan):z bdeck.beam.span

Thickness of the concrete slab at the mid-section of the bridge

tdeck.slab.mid (Xspan) = tgeck.slab.mid. span

Thickness of the concrete slab adjecent to the edge beam

tdeck.slab.edge(xspan) = tdeck.slab.edge.span

Mean thickness of the concrete slab

tdeck.slab.mid (Xspan) + tdeck. slab.edge(xspan)
2

tdeck.slab.mean (Xspan)
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Thickness of the concrete slab
Here:
slope is the inclination of the top surface of the concrete slab in transversal direction.

\

tdeck.slab.mid (Xspan) ~Ydeck.slab.edge (Xspan,

bdeck.slab(xspan)
2

tdeck.slab(xspan ’ybr\idge) = | slope «

tdeck.slab.mid(xspan) - SlOlf’e'ybridge

Height of the edge beams which are integrated into the concrete deck

hdeck.beam(xspan) = hdeck.beam.span

Functions for calculating the second moment of area

Function for calculating the contribution to the second moment of area for a square part of a
cross-section. The input for the function is the height and width of the part plus the distance
from the centroid of the part to the neutral axis of the relevant cross-section.

Note that this function may also be used for reinforcement. For reinforcement the height is
preferably taken as the area of the reinfocement divided by the effective width of the
cross-section. Note that this diminshes the second moment of area of the bars themselves,
however this contribution is small and usually completely neglected. To iterate, for
reinforcement it is Steiner's theorem that dominates the formula.

width-height>

- + width-heigh‘c~distance,\lA2

Isquare(height ,width, distanceNA) =

Function for calculating the contribution to the second moment of area for a triangular part of
a cross-section. Input data is the height, width and distance from centroid of part to the
neutral axis of the cross-section.

width-height>

26 + width»heigh’c«distance,\lA2

Itriangle(hEight ,width ,distanceNA) =

Measurements of the carriageway

The width of the carriageway. given by Eurocode 1991-2 4.2.3-(1) as the distance between
the kerbs or between the inner limits of vechicle restraint systems. Value is obtained from
technical drawing.

Wearriageway = /M
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Remaining area

Lane 2 Carriageway

Lane1

Ilustration of how the notional lanes and remaining area should be assigned
over the width of the carriage way.

The number of notional lanes, given by Eurocode 1991-2 Table 4.1

Nlanes.notional = |1 if Wcar‘r‘iageway <5.4m
2 if 5.4m<Wanpiageway < 6M
w .
carriageway | .
-Floor‘[—am j if 6m<wWcaprriageway
Nlanes.notional =2
Width of a notional lane, given by Eurocode 1991-2 Table 4.1
Wlane.notional = [3m if Wearriageway < 2-4M
Wearriageway | <
f if 5.4m< Wcar‘r‘iageway < 6m

3m if 6M<W anpriageway

Wlane.notional =3M

Width of the remaining area, given by Eurocode 1991-2 Table 4.1

Wlane.remaining = |Wcarriageway ~ 3" 1f Wearriageway <5-4Mm
i < .
om 1if 5.4m<Wcappiageway < OM
i - 3m- . i < )
Wearriageway ~ 3™ Manes.notional 1f 6M<Wcarriageway

Wlane.remaining = 1M
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2.1.3 Nominal cross-section

The nominal cross-section is the full composite cross-section that is not reduced due to
buckling or other instability phenomena.

Cross-sectional area

Area of the upper flange of the main I-girders

Amain. flange. upper‘(xspan) = thain .flange. upper‘(xspan) “Prain .flange. upper(xspan)

Area of the lower flange of the main I-girders

Amain. flange. lower‘(xspan) = thain .flange. lower‘(xspan) ’ bmain .flange. lower‘(xspan)

Total area of the flanges for one of the main-I-girders

A =A + A

main.flanges(xspan) main.Flange.lower‘(Xspan) main.flange.upper‘(xspan)

Area of the web of the main I-girders

Amain.web (Xspan) = Ppain.web (Xspan) “Thain.web (Xspan)

Area of a main girder

main.beam(xspan) = main.flange.lower'(xspan)

Ay < Amain.web(xspan)

Afy € Amain.flange . upper‘(xspan)

AL+ Ayt Asy

Area of half the concrete slab, which does not include the edge beams.

tdeck.slab.mean (Xspan) ‘bgeck.s1ab (Xspan)
Adeck.slab(xspan) = >

Area of the edge beam which is integrated into the the concrete deck

Adeck. beam(xspan) = Ndeck.beam (Xspan) byeck. beam(xspan)

Area of half the the concrete deck

Adeck(xspan) = Adeck.slab(xspan) + Adeck.beam(xspan)

Total steel equivalent area of half the bridge cross-section. The concrete area is transformed
into equivalent steel area by means of design values of the elastic modulus for the steel and
concrete. Note that no regard is taken to the stiffness contribution from the reinforcement.

Abridge .steel_equivalent (Xspan) = Amain . beam(xspan) + Adeck(xspan)'o‘steel .concret
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Surface area

The surface area of the bridge is of interest for calculation of the cost of painting the bridge. For
this purpose only the estimated area of the exposed steel is of interest. Note that stainless steel
does not require painting.

The upper flange on one side

The web on both sides

The lower flange on both sides

The perimeter of the main I-girder that requires painting.

The perimeter of the exposed surface of a main I-girder.

Perimetermain.beam.exposed(xspan):: bfl“'bmain.flange.lower(xspan)
hy < hmain.\/\leb(xspan)

I:’-Fu < bmain.flange.upper‘(xspan)
t-Fl‘_'z'tmain.ﬂange.lower‘(xspan)

t-Fu‘“'2'tmain.-Flange-Upper‘<x5pan)

2b'F1 + 2hW + b‘FU + t‘Fl + t'FU

The total surface area of a main I-girder is calculated.

Lspan
Amain.beam.steelsurface = J‘ Per‘imeter‘main.beam.exposed(xspan) dXspan
om

A =153 m2

main.beam.steelsurface

The total exposed steel area of the bridge. Note that this is only considering the main I-girders.

Abr‘idge .steelsurface = 2'Anain.beam.steelsurface

2
Abridge.steelsurface =397m
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Mass of the cross-section

The mass of the cross-section is of interest when calculating the cost of the building materials.
Note that only the stainless steel will be considered.

Mass of a main I-girder.

Lspan
Mpain.beam = J’ Amain.beam(xspan)'psteel dXspan
om

Mnain.beam = 15-02-tonne

Total mass of the stainless steel in the bridge. Note that only the main I-girders are considered.
Mpridge.steel = 2" Mmain.beam

mbridge _stee] = 30.04-tonne

Distance between parts
distance between the centre of the upper and lower flange of the main I-girders.

dmain.w‘:langes(xspan) = | ta e tmain.flange.lower‘(xspan)

hy < hmain.web(xspan)

tfu < Tmain.flange. upper‘(xspan)

te1thyt Ty

Additional z-coordinates for the lower flange of the main I-girders

With regard to the z-axis; all z-coordinates is measured from the lowest part of the web at the
support. positive direction is upward.

The measurement is noted with the index top, centre or bottom depending on the referrence
point which is used.

z-coordinates for the lower flange of the main I-girders. Note that the top of the lower flange
coincides with the bottom of the web of the main I-girders. Hence, this measurement is already
defined for the web and will not be defined specially for the flange.

Zbottom.main.flange.lower (Xspan) = Zbo’ctom.main.web(xspan) - tmain.flange.lower‘(xspan

tmain.ﬂange.lower(xspan

2

Zcentre.main.flange.lower(Xspan) : Zbo‘ctom.main.web(xspan) -
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Additional z-coordinate for the web of the main I-girders

z-coordinate for the centre of the web of the main I-girders.

B Ztop.main.\aleb(xspan) + Zbo‘ctom.main.web(xspan>
Zcentr‘e.main.web(xspan) = 5

Additional z-coordinates for the upper flange of the main I-girders

z-coordinates for the upper flange of the main I-girders. Note that the bottom of the upper
flange coincides with the top of the web of the main I-girders. Hence, this measurement is
already defined for the web and will not be defined specially for the flange.

) tmain.-Flange.upper‘(Xsp;
Zcentr‘e.main.-Flange.upper‘(xspan) = Z‘cop.main.web(xspan) + 5

t

Ztop.main.1‘:lange.upper‘(xspan) = Z‘cop.main.web(xspan) + main.flange.upper‘(xspan)

Additional z-coordinates for concrete slab and edge beam

z-coordinates for the concrete slab. Note that there are mid, edge and mean values included
since the thickness of the slab varies in the transversal direction. The plate is thickest in the
mid-section and varies linear towards the edge where it is thinnest. This may to a small degree
affect the result if only the mean value is uesd for the calculation of second moment of area.

It is pressumed that the bottom part of the concrete slab is horizontal and coincides with the top
of the upper flange of the main I-girders. Hence, this measurement is already defined for the
upper flange and will not be defined specially for the concrete slab.

_ tdeck.slab.mean(xspan
Zcentr‘e.deck.slab.mean(xspan) = Ztop.main.1Clange.uppe|“(xspan) + >

Z‘cop.deck.slab.mid(xspan) : Ztop.main.-Flange.upper‘(xspan) + tdeck.slab.mid (Xspan)
Ztop.deck.slab.edge (Xspan) = Ztop.main.flange.upper‘(xspan) + tdeck.slab.edge(xspz

Ztop.deck.slab.mean (Xspan) = Ztop.main.-Flange.upper‘(xspan) + tdeck.slab.mean(xspz
z-coordinates for the edge beam. Note that the top of the edge beam coincides with the top of the

edge part of the concrete slab. Hence, this measurement is already defined for the concrete slab
and will not be defined specially for the edge beam.

Zbottom.deck.beam(xspan) = Ztop.deck.slab.edge (Xspan) - hdeck.beam(xspan)

— hdeck.beam(xspan)
Zcentr‘e.deck.beam(xspan) = Ztop.deck.slab.edge (Xspan) - 5
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z-coordinate for the centre of the respective reinforcement layer. Note that it is assumed that
the reinforcement in the edge beam is placed so that the centre falls in the middle of the beam.

= ) +d

Zreinf.slab.lower(xspan)' Ztop.main.-Flange.upper‘(xspan reinf.slab.lower

d

Zr‘einF.slab.upper‘(xspan) = Ztop.deck.slab.mean (Xspan) ~OApreinf.slab.upper

Zpeinf.slab.upper.uppermost (Xspan) = Z’cop.deck.slab.mid(xspan) ~dreinf.slab.uppe

d

Zr‘ein-F.slab.upper‘.lower‘most(Xspan) = Ztop.deck.slab.edge(Xspan) ~%reinf.slab.upg

Zr‘eimc.beam(xspan) = Z(:entr'e.deck.beam(xspan)
Height of the bridge
An average height of the bridge construction used in wind load calculations.

hpridge.wind = Ztop(xspan) < Z‘cop.deck.slab.mid(xspan)
Zbo’ctom(xspan) < Zbot’com.main.web(xspan)
tfl(xspan) < tmain.flange.lower‘(xspan)

hbridge<xspan) « Z‘cop(xspan) - Zbo’c‘com(xspan) + t-Fl(xspan)

Lspan
J hbr‘idge(xspan) dXspan
om

Lspan

hpridge.wind =1-39m

2.1.4 Cross-sectional classes for the main I-girders

For the composite cross-section it is given by Eurocode 1994-2: Paragraph 5.5.1-(1) that
Eurocode 1993-1-1: Section 5.5.2 should be used to determine the cross-sectional classes.
However, when the cross-section is made from stainless steel the cross-sectional classes should
be taken in accordance with Eurocode 1993-1-4: Table 5.2 instead.

Note that it is only elements in compression that requires cross-sectional class. However, since
the cross-section is subjected to both positive and negative moment all parts need to be
classified.

The cross-section is assumed to be welded. However, no regard is taken to the thickness of the
welds when determing the c-measurement of the parts. See Eurocode 1993-1-4: table 5.2 for
the definition of the c-measurements.

According to Eurocode 1994-2: Paragraph 5.5.1-(3) a part that is restrained by the concrete
deck may be taken as a more favourable class. This is only applicable if the performance has
been proved. This is henceforth assumed to be the case for the upper flange of the main
I-girders, which will be taken as class 3 for the composite section.
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Cross-section class for the lower flange

The lower flange is considered as an outstand flange in compression. Classification for
stainless steel is given by Eurocode 1993-1-4: Table 5.2. Classification for carbon steel is
given by Eurocode 1993-1-1: Table 5.2. The limitation for cross-section class 1 is the same
for stainless steel and carbon steel.

Note that Mathcad does not have any "elseif" statement, therefore a otherwise has to be
used for carbon steel which is assumed when the steel grade is not stainless steel.

Here:

cis the unsupported length of the part

t is the thickness of the part

limiti is the limitation for obtaining the corresponding cross-section class.

steeltype = "stainless"”

) bmain.flange.lower(xspan)
Cr'Osscmssmain.-Flange.lower'(xspan)': S > '_tmain.web(xspa

te tmain.Flange.lower(xspan)
steel « steeltype

limit1 «— 9'€stee1

limit2 — 9.4 €gteel if steel = "stainless™

10-€ if steel = "carbon"

steel

limit3 «— 11'€steel if steel = "stainless'

14-¢ if steel = "carbon"

steel

d
1 iw“—Slimi‘c1
t
. .. C ..
2 if 11m1t1 <—< 11m1t2
t

3 if limit, <— <1limitg
t

4 otherwise

cr'OSSCL':‘SSmain.1°1ange.lower‘(xspan)

Class [-]

®© B N W b~ WU

0 10 20 30 40
Xspan

x-coordinate [m]
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Buckling factor used for the web

Buckling factor for internal compression part with regard to y. Given by Eurocode 1993-1-5:
table 4.1. The value of v is defined in said table as the smaller stress divided by the larger stress
in the edges of the compression part. Note that here the larger stress is with regard to sign and a
positive stress is therefore allways larger than a negative stress. Furthermore, the y is limited

between 1 and -3.

4 if Pp>1
8.2

1.05 + 1

Ko.internal (V) =
if12¢9>0

7.81—6.290 + 9.781° if 0> > -1

5.98 (1—)> if —1>1 >3

(5.98x 42) 1if p<-3

| |
-
80
a
@]
)
(@) 60
©
%  Kg.internal(W¥)
oo
b= 40
-
g,
~ 20
S
om
(7]
2 0 -2 -4
P
)

compression

K Neutral axis

V=5

(0) .
tension

compression

(0) .
tension

Mlustration of how psi is calculated
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The division between the largest compressive stress and the opposite, often tensile stress, in the
web. The location of the buckle and the related compressive stress changes depending on the
moment being positive and negative. therefore two formulas are given to simplfy calculations.
Note that the value is negative when there are tensile stresses present in the web.

Ztop.main .web(xspan) ~ZNA

q)web.posi’cive(xspan , ZNA) = _
Zbot‘com.main.web(xspan) ZNA

ZNA ~ “bottom.main .web(xspan)

Vweb . negati (X »Z ) =
.negative(Xspan - ZNA _
ZNA ~ %top.main .web(xspan)

Cross-section class for the web in pure bending

Cross-sectional class for the web assuming pure bending is given purely as an indication of
which cross-sectional the web is in. The web is assumed to be an internal compression part in
pure bending. Classification for stainless steel is given by Eurocode 1993-1-4: Table 5.2.
Classification for carbon steel is given by Eurocode 1993-1-1: Table 5.2.

Note that Mathcad does not have any "elseif" statement, therefore a otherwise has to be used for
carbon steel which is assumed when the steel grade is not stainless steel.

Here:

cis the unsupported length of the part, which is the height for the web.

t is the thickness of the part

steeltype = "stainless"”

crossclass c«<h

main.web.bending(xspan) = main.web(xspan)

te tmain.web(xspan)

steel « steeltype

limitl — |56 €gteel if steel = "stainless"

72-Ectepel if steel = "carbon"

limi‘c2 — 58'2'8steel if steel = "stainless™

83'€stee1 if steel ="carbon"

limit3 — | 74.8 - Egteel if steel = "stainless™

124-¢ if steel ="carbon"

steel
.. C ..
1 if — < 11m11:1
t
. - C ..
2 if 11m1t1 <—Z 11m1t2
t
. .. C ..
3 if limity <— < limity
t

4 otherwise
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4

L |
'L' 3
a crossclasspain.web. bending(xspan)
© 2
—
O

1

0 10 20 30 40

Xspan

x-coordinate [m]

Cross-section class for the web, general

Cross-sectional class for the web given the location of the plastic neutral axis and the elastic
neutral axis. The location of the plastic neutral axis in relation to the web is needed and taken
into account by the a value. In a similar way the location of the elastic neutral axis is taken into
account by a 1 value. The web is then assumed to be an internal compression part in both
bending and compression. Classification for stainless steel is given by Eurocode 1993-1-4: Table
5.2. Classification for stainless steel is given by Eurocode 1993-1-1: Table 5.2.

Here:

cis the unsupported length of the part

tis the thickness of the part

k, is the buckling factor of the part

Cross-sectional class if the cross-section is made from stainless steel

crossclasspain.web.stainless (Xspan )= fee hmain.web(xspan)
T tmain.web(xspan)
ko- A ko-. internal ()
) c  398Egteel
1 if |- <————— if a>0.5
t 13-a—-1
c 28 Egteel .
—< otherwise
t Q
) c  320:Egteel |
2 if | - £—— if a>0.5
t 13-a—-1
29.1Egtee] .
—< otherwise
t a
C
L < .3 .
3 if N <15.3 €Steel kO'
4 otherwise
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Cross-sectional class if the cross-section is made from carbon steel

crossclass c«<h

main.web.carbon (Xspan »QL, "‘1’) = main.web (Xspan)

t < thain.web (Xspan)

kcr < kcr. internal ()

396-¢

C steel
1 if | — if a>0.5
t 13-a—-1
c 36 Esteel .
— < — otherwise
t Q
456-¢
C steel
2 if |- <——— if a>0.5
t 13-a—-1
c 41.5E8gteel .
— <— otherwise
t (e}
42-¢
C steel
3 if |- <——— if¢>-1
t 0.67 +0.33:1¢
d .
;SGz'Esteel'(l_w)'\/“‘b if <1

4 otherwise

The cross-sectional class is taken for the appropriate material which is either stainless steel or
carbon steel.

steeltype = "stainless"

crossclass = | A< crossclass

main.web(xspan ’O"w) main.web.stainless (Xspan ’O"ﬂ))

B« cr‘C’SSCL"‘SSmain.web.car‘bon(xspan o)

A if steeltype = "stainless"

B if steeltype ="carbon"
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Cross-section class for the web, class 3 or 4

Reduced check of the cross-sectional class where it only is of interest if the web is in class 3 or 4.

cr‘(’SSCl""SSmain.web.34(XSpan )= | e hmain.web(xspan)

te tmain.web(xspan)
Ko < Ko, internal (V)
limits < 15.3Egtpel” /kc
42-¢€
teel
limit, « [————"  if p>-1
0.67 + 8.33-1

[sz-esteer (1-1) ﬂ] if p<-1

C
; < limitg 1if steeltype ="stainless’

C
; <limit. if steeltype = "carbon”

4 otherwise

Cross-section class for the upper flange

The upper flange is considered as an outstand flange in compression. Classification for
stainless steel is given by Eurocode 1993-1-4: Table 5.2. Classification for carbon steel is
given by Eurocode 1993-1-1: Table 5.2. The limitation for cross-section class 1 is the same
for stainless steel and carbon steel.

Note that Mathcad does not have any "elseif" statement, therefore a otherwise has to be
used for carbon steel which is assumed when the steel grade is not stainless steel.

Here:

cis the unsupported length of the part

tis the thickness of the part

limiti is the limitation for obtaining the corresponding cross-section class.

steeltype = "stainless"”
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bmain.flange.upper‘(xspan)
CPOSSClaSSmain.Flange.upper‘(xspan) =1¢< > - tmain.web(xspa
te tmain.Flange.upper‘(xspan)
steel « steeltype
limity « 9-€peel
limity < | 9.4-€540e1 1if steel ="stainless”

10-€¢t el if steel = "carbon"

limit3 — |11 €gtee] if steel = "stainless'

if steel = "carbon"

14'es’ceel

C
1 if — < limi‘c1
t
. .. C ..
2 if 11m1t1 <—Z 11m1t2
t

3 if limit, << <1limit
2<7 3

4 otherwise

5
— 4
-

3
a crossclasspain. flange. lower(xspan)
© 2
|—|
(@) 1

0

0 10 20 30 40

Xspan

x-coordinate [m]

2.1.5 Reduction factors for parts in the main I-girders

The cross-section is reduced with regard to plate buckling.

Reduction factor for the lower flange when in class 4

Reduction factor due to plate buckling of the lower flange when it is in cross-section class 4. The
flange is considered a welded outstand element and the reduction factor is given by Eurocode
1993-1-4: paragraph 5.2.3-(1) for stainless steel and Eurocode 1993-1-5: paragraph 4.4-(2) for
carbon steel.

The buckling factor k , is obtained from Eurocode 1993-1-5: Table 4.2 for outstand compresion
element with constant compressive stress over the element.

Note that the reduction factor is set to 1 if the flange is not in cross-section class 4. This is done
so that the reduction factor may be applied in all calculations without checking the
cross-section class.
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Here

crossclass is the cross-sectional class of the flange

cis the unsupported width of the oustand flange

tis thickness of the outstand flange

k, is the buckling factor for the outstand flange. Dependent on the stress distribution

p is the reduction factor. The value of the reduction factor must not exceed 1.0

= | crossclass <« crossclass

Pmain.flange. lower‘(xspan) main.flange. lower‘(xspan)

bmain.flange. lower‘(xspan) ~thain.web (Xspan)

2

t < Thain.flange. lower‘(xspan)

ky < 0.43

C

t
28.4-€ctae]” /ko_

0.242

1
— if steeltype = "stainless"”
N 2

p >‘p

)xp—e.188

2
>\P
min(p,1.0) if crossclass =4

if steeltype = "carbon"

1.0 otherwise

Reduction factor for the web when in class 4

Reduction factor due to plate buckling of the web when it is in cross-section class 4. The web is
considered a welded internal element and the reduction factor is given by Eurocode 1993-1-4:
paragraph 5.2.3-(1) for stainless steel and Eurocode 1993-1-5: paragraph 4.4-(2).

Note that the reduction factor is set to 1 if the web is not in cross-section class 4. This is done so
that the reduction factor may be applied in all calculations without checking the cross-section
class. Furthermore, the reduction factor is dependent on the plate buckling factor which in turn
depends on the stress distribution in the web. Therefore the function have the 1 as an additional

input.

Assumption for carbon steel:

P> -3
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b« h

pmain.web(xspan ,11;) = main.web(xspan)

te tmain.web(xspan)

ko- < I(0'. internal ()

crossclass « cmssaassmain.web.34(xspan ,w)

b
t
>‘p «—
28'4":'s‘ceel'\/k0'.in‘cer‘nal (b)
0.772 0.125 . .
p - if steeltype = "stainless"
>‘p N 2
p
>‘p —0.055-(3+ 1)
if steeltype = "carbon"
>‘p

min(p,1.0) if crossclass =4

1.0 otherwise

Reduction factor for the upper flange when in class 4

Reduction factor due to plate buckling of the upper flange when it is in cross-section class 4. The
flange is considered a welded outstand element and the reduction factor is given by Eurocode
1993-1-4: paragraph 5.2.3-(1) for stainless steel and Eurocode 1993-1-5: paragraph 4.4-(2) for
carbon steel.

The buckling factor k ; is obtained from Eurocode 1993-1-5: Table 4.2 for outstand compresion

element with constant compressive stress over the element.

Note that the reduction factor is set to 1 if the flange is not in cross-section class 4. This is done
so that the reduction factor may be applied in all calculations without checking the
cross-section class.

Here

crossclass is the cross-sectional class of the flange

cis the unsupported width of the oustand flange

tis thickness of the outstand flange

k, is the buckling factor for the outstand flange. Dependent on the stress distribution

p is the reduction factor. The value of the reduction factor must not exceed 1.0
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crossclass « CrOSSCIaSSmain.Flange. upper‘(xspan)

t

pmain.-Flange.upper‘(xspan) =

b

main .Flange.upper‘(xspan) ~ Umain .web(xspan)

2

t < tpain. flange. upper‘(xspan)

kcee.43

C

t
28.4-€ctee1'+/ Ko

1 0.242
A

>\p<—

if steeltype = "stainless"

2
p >‘p

>\p—9.188

2
>\P
min(p,1.0) if crossclass =4

if steeltype = "carbon"

1.9 otherwise

2.1.6 Measurements for the effective composite cross-section

For more accurate calculations the effective width of the cross-section should be considered in
both the serviceability limit state and the ultimate limit state. For composite cross-sections the
effective cross-section is given by Eurocode 1994-2: Section 5.4.1.2 for both calculations in the
ultimate limit state and serviceability limit state. For more detail see Eurocode 1994-2:
paragraph 7.2.1-(2) and paragraph 6.1.2-(1).

i

=
g >

|
Effective width of the concrete deck |

Y|

> |

=1~ |-y

Centre line

Mlustration of how the effective width of the composite cross-section is measured. Note
that it is assumed that the width of the main I-girders is never reduced. The effective width
of the concrete is measured from the most outstand shear connectors.
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Effective width of the steel

Effective width of the steel in global analysis is assumed to be unreduced. However, this should
not be confused with the local buckling that is taken into account through special reduction
factors for parts in cross-sectional class 4. The check is based of conservative simplification of
the rules given by Eurocode 1993-1-5: Paragraph 2.2-(2) and 2.2-(3). This assumption is made
to simplify the calculations since the assumption should remain true for almost any choice of
bridge span.

assumption = | "true" if b

. Lspan| Lspan
steel_unreduced - <

main.flange.lower( 2 4

"false" otherwise

assumption "true"

steel _unreduced ~

Effective width of the concrete slab

The effective width of the concrete deck. In accordance with Eurocode 1994-2: Paragraph
5.4.1.2-(4) the effective witdh is constant over the entire span length. Since the bridge has fix
supports the value of the effective width is taken at middle of the span. The effective width is
given by Eurocode 1994-2: Paragraph 5.4.1.2-(5).

bdeck.slab.effective = |bo < min(bshear‘connec‘cor‘s »bmain.flange.upper.mid ~ >0mn

Leffective
€ 8

CChaingirders ~ Po

binner.limit < >

Lspan
bdeck.slab 5 ~ CCmaingirders ~ P

bouter.limit < >

b

inner € mln(be ,b

inner.limit)

bouter < Min (be sbouter. limit)

b +b@+b

inner outer

bdeck.slab.effective =3:45M

Comparison with the unreduced width of the concrete slab. Note that the effective width is tied
to the main I-girders, thus limiting it to half of the entire width.

Lspan
bdeck.slab 2

2

=3.45m
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Thickness for the effective width of the concrete slab

Thickness of the slab towards the centre of the bridge for the effective width of composite
cross-section.

tdeck.slab.effective.inner = b@ < bshear‘connector‘s

Leffective

be e g
CCmaingirders ~ Po
binner‘.limit < 2
binner‘_'min(be’binner.limit)
Yinner <_'binner‘.limi‘c'_binner‘
Lspan

tdeck.slab 5 »Yinner

tdeck.slab.effective.inner = ©-26M

Thickness of the slab towards the edge of the bridge for the effective width of composite

cross-section.
bee—-b

tdeck.slab.effective.outer:: shearconnectors

Leffective
[
8
CChaingirders ~ Po

binner.limit < 5

L
span
bdeck.slab( 5 ]"Ccmaingirders'"be

bouter.limit < 5

bouter e'min(be’bouter‘.limit>

Youter e'binner‘.limi‘c + b@*'bouter

Lspan
tdeck.slab 5 »Youter

tdeck.slab.effective.outer = @-17M
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Mean thickness of the slab for the effective width of composite cross-section.

tdeck.slab.effective.mean = b@“'bshearconnectors

Leffective
e 8
CCmaingirders ~ Po
inner.limit < 5

b

Lspan
bdeck.slab 5 ~ CCmaingirders ~ P

outer.limit < >

b

binner e'min(be’binner‘.limi’c)

b

outer < min(be ,b

outer.limit)

< binner.1imit ~ Pinner

Yinner
Youter < Pinner.limit * Po * Pouter

Lspan Lspan
tdeck.slab 5 Yinner | T tdeck.slab 5 »Youter

2

tdeck.slab.effective.mean = 9@-21mM

Comparison with the mean thickness of the unreduced slab of the concrete deck.

Lspan
tdeck.slab.mean —, =0.21m

Difference in thickness of the slab for the effective width of composite cross-section. Used to
take into account the slope in transversal direction of the concrete slab.

tdeck.slab.effective.diff = tdeck.slab.effective.inner ~ tdeck.slab.effective.outer

tdeck.slab.effective.diff =@-09m

Area for the effective width of the concrete slab

Effective area of the compostite cross-section

Adeck.slab.effective = bdeck .slab.effective tdeck.slab.effective.mean

2
Adeck.slab.effective = @-74m
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Effective area of the compostite cross-section, the lower square formed area
Adeck.slab.effective. square = bdeck.slab.effective tdeck.slab.effective.outer

2
Adeck.slab.ef-Fective.squar‘e:=@'59m

Effective area of the compostite cross-section, the upper triangle formed area

bdeck.slab.effective'tdeck.slab.effective.diff

Adeck.slab.effective.triangle = 5

2
Adeck.slab.effective.triangle =0.15m

Comparison with the unreduced area of the concrete deck

Lspan 2
Adeck.slab — 7 0.74m

Effective width and area of the edge beam

Effective width of the edge beam of the concrete deck.

bdeck.beam.effective:: b94_'bshear‘connector‘s

Leffective
€ 8
L
span
bdeck.slab[ 5 j"ccmaingirders'_be
min 5

L
span
bdeck[ 5 j ~ CCpaingirders ~ Po

max 2

b, — b if byin <ba <bpax

L
span | .
bdeck.beam[ 5 J if bg > bpax

2 .
om~ otherwise

bieck.beam.effective = 0-4M

Comparison with the unreduced width of the edge beam

L
span
bdeck.beam( 5 J::@.4m
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Effective area of the edge beam.

L
— span
Adeck.beam.effective"‘bdeck.beam.effective'hdeck.beam( 2 j

2
Adeck.beam.effective = @-16m

Comparison with the unreduced area of the edge beam.

Lspan | 2
Adeck.beam 5 =0.16m

Effective width and area of the concrete deck
Effective area of half of the concrete deck.
Adeck.effective = Adeck.slab.effective T Adeck.beam.effective

2
Adeck.effective =9-9m

Comparison with the unreduced area of half of the concrete deck

L
span 2
AdeCk(Tj =0.9m

Total steel equivalent area of half the effective composite cross-section. The concrete area is
transformed into equivalent steel area by means of design values of the elastic modulus. Note
that no regard is taken to the stiffness contribution from the reinforcement.

Acomposite.effective(Xspan):: Amain.beam(xspan)J"Adeck.ef-Fective'O‘steel.concr'et(

Area of the square part of the concrete slab of the effective cross-section.

Adeck.slab.effective.sqr:: bdeck.slab.effective tdeck.slab.effective.outer

Area of the triangular part of the concrete slab of the effective cross-section.

) bdeck.slab.ew‘:Fective'tdeck.slab.ewc1:ective.di1‘:1C
Adeck.slab.effective.tri = 2

z-coordinate for the centroid of the square part of the concrete slab of the effective
cross-section.

Zcentr‘e.deck.slab.e1‘:1‘:ective.sqr‘(xspan) =1z< Z’cop.main.ﬂange.upper‘(xspan)

- tdeck.slab.effective.outer
2

z+ t
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z-coordinate for the centroid of the square part of the concrete slab of the effective
cross-section. Note that for a right triangle the centroid is located one third of the height from

the bottom.

Zcentre.deck.slab.effective.tri (Xspan)

Miscellaneous

z < Z’cop.main.ﬂange.upper'(xspan>
to ¢ tgeck.slab.effective.outer

tdeck.slab.effective.diff
3

tq «

z+tg+ 1t

height of the buckle in the web. Note that the buckle in the web occurs below respectively above
the neutral axis if the moment is positive or negative. Calculation of the height of the buckle is
therefore different if the cross-section is in positive or negative bending.

bpuckle. negative (Xspan , ZNA) =

bpuckle. positive (Xspan , ZNA) =

UR 11’\/sleb.nega‘cive(xspan , ZNA)
bcompression < Z’cop.main.web(xspan) ~ZNA

bcompr‘ession'(1 - pmain.web(xspan 1|)))

U qLL’web.negative(xspan ; ZNA)

bcompression < ZNA T Zbo'ctom.main.web(xspan)

bcompr‘ession'(1 - pmain.web(xspan "J’))

z-location of the of the centre of the buckle in the web. Note that the buckle in the web occurs
below respectively above the neutral axis if the moment is positive or negative. Calculation of
the location of the buckle is therefore different if the cross-section is in positive or negative

bending.

Zbuckle.negative (Xspan , ZNA)

Zbuckle.positive (Xspan , ZNA) =

b« bbuckle.negative(xspan , ZNA)

Zupper < Z’cop.main.\»leb(xs,pan) -0.4'b

Ziower € ZNA T 0.6-b

+

Zlower * Zupper

2

b« bbuckle.positive(xspan , ZNA)

Zlower < Zbottom.main.web(xspan) +0.4:b

Zlower T Zupper
2
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2.1.7 Second moment of area for the composite cross-section

Calculation of the second moment of area for the composite cross section. Here is taken into
account the resistance in both positive and negative bending.

Location of the neutral axis of the effective composite cross-section in
negative bending

Location of the neutral axis for the effective composite cross-section subjected to negative
moment. For negative moment the concrete deck is in compression, thus concrete is
considered but the stiffness contribution from the reinforcement is neglected. The concrete
area is transformed into equivalent steel area with regard to the difference in modulus of
elasticity. Note that the concrete slab is calculated in two parts due to the variation in thickness
in the transversal direction.

Since the web may buckle the calculation is performed in two steps. first the centre of the
equivalent steel area is located for the cross-section without reducing for buckling of the web.
Secondly the web buckle is calculated with the gravity centre that was obtained in the first step.
Finally the buckle is included in the cross-section as an negative contribution and the location
of the neutral axis may be calculated.

Note that the upper flange is not reduced due to buckling since it is stabilised by the concrete
deck with composite action.

Here:

Py, buckling reduction of the lower and upper flange respectively.

z;is the global z-coordinate for the centre of each part

A;is the area of each part. Here is also taken into account the stiffness difference.
7, is the centre of gravity for the equivalent steel area

by cue 1S the height of the buckle in the web

and

Asteel.concrete

is the factor taking into account the difference in stiffness for concrete and steel
legend

0 - lower flange of the main I-girders

1 - web of the main I-girders

2 - upper flange of the main I-girders

3 - lower square of concrete slab

4 - upper triangle of concrete slab

5 - edge beam of the concrete deck

6 - buckle in the web (negative contribution)
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ZNA.composi‘ce.nega‘cive(xspan):=

pfl“'pmain.-Flange.lower‘(xspan)

Pfu <
Zg « 2
71«2
Zy <z
z3 ¢ 2
Z4 2
Z5 2z
Ag < A

Al <A

1

centre.main

centre.main

centre.main

centre.deck

centre.deck

centre.deck

main.flange.

.Flange.lower(xspan)
.web(xspan)
.flange.upper(xspan)
.slab.effective.sqr(xspan)
.slab.effective.tri(Xspan)

.beam(xspan)

lower(xspan)'pfl

main.web(xspan)
A2“'Amain.flange.upper(xspan)'pfu
A3“'Adeck.slab.ef-Fective.sqr'c’steel.concrete

A4<_'Adeck.slab.effective.tri’asteel.concrete

As < Adeck.beam.effective ®steel.concrete
5
(A1-21)

bpuckle é’bbuckle.negative(xspan’ch)

Ae é‘"(bbuckle'tmain.web(xspan)]

Z6<_'Zbuckle.negative(xspan’ch)
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[
) ral TN
)
©
[ 1
-~
°
C
8 ZNA. composite. negative(xspan)
O
1
N 0.5
|—|
©
Q
(@]
'—|
oo
0

0 10 20 30 40
Xspan

x-coordinate [m]

Function for obtaining the local z-coordinate for the effective composite cross-section. The
local z-axis begins at the neutral axis of the cross-section, with postitive direction upwards. The
input is the z-coordinate in the global coordinate system and the location in x-direction. The
x-coordinate is needed due to small variations of the location of the neutral axis along the span.

Zcomposite.negative (Xspan ; zbr‘idge) = Zpridge ~ ?NA.composite.negative (Xspan)

Second moment of area of the effective composite cross-section in
negative bending

Second moment of area for half of the effective composite cross-section subjected to negative
moment. For negative moment the concrete deck is in compression, thus concrete is
considered but the stiffness contribution from the reinforcement is neglected. The concrete
area is transformed into equivalent steel area with regard to the difference in modulus of
elasticity.

Note that the concrete slab is calculated in two parts due to the variation in thickness in the
transversal direction. The triangular part has to be calculated differently due to the nature of
calculations of the second moment of area.

Note that the upper flange is not reduced due to buckling since it is stabilised by the concrete
deck with composite action. Furthermore, note that the web buckle is included in the
cross-section as an negative contribution to the second moment of area.

Here:

Zy4 1s the z-coordinate for the equivalent steel area

Py, buckling reduction of the lower and upper flange respectively

z;is the local z-coordinate for the centroid of each part

h; is the height of each part, z-direction

b, is the width of each part, y-direction. Includes reductions and difference in stiffness.

and
Z;,0q; yields the local z-coordinates given any global z-coordinate

I guare 18 @ function that yields each part's contribution to the second moment of area
is a function that yields the triangular part's contribution to the second moment of area

I triangle
is the factor taking into account the difference in stiffness for concrete and steel

Asteel.concrete
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legend

(0)
1
2

3
4

5
6

I

- lower flange of the main I-girders

- web of the main I-girders

- upper flange of the main I-girders

- lower square of concrete slab

- upper triangle of concrete slab. Must be calculated separately.
- edge beam of the concrete deck

- buckle in the web (negative contribution)

composite.negative (Xspan) ZNA < ZNA. composite.negative(xspan)

Zlocal(zbr‘idge) < Zcomposite.negative (Xspan ; Zbr‘idge)
Pf1 < pmain.-Flange.lower'(xspan)

Pfu < pmain.flange.upper‘(xspan)

20 <~ Zlocall?centre.main.flange.lower (Xspan)>

Z1 < Z]pcal Zcentr‘e.main.web(xspan))

22 < Z1ocal Zcentr‘e.main.1‘1ange.upper‘(Xspan))

24 € Z1ocal Zcentr‘e.deck.beam(Xspan))

(

(

(

23 & Zlocal(zcentr‘e.deck.slab.e-H:ective.sqr‘(Xspan))

(

Z5 & Zlocal(zcentr‘e.deck.slab.e-Ffec‘cive.‘cr‘i (Xspan))
(

Z6 <~ Z]local Zbuckle.nega‘cive(xspan , ZNA))

he < thain.flange. lower‘(xspan)

h1 < Pnain.web (Xspan)

ha « tmain.flange.upper‘(xspan)

h3 < tgeck.slab.effective.outer
hg hdeck.beam(xspan)

hs < tgeck.slab.effective.diff
he « bbuckle.nega‘cive(xspan ’ZNA)
be « bmain.-Flange.lower‘(xspan)'pﬂ

by « tmain.web(xspan)
bz « bmain.-Flange.upper‘(xspan)'pfu

b3 ¢ byeck.slab.effective Osteel.concrete
ba < bgyeck.beam.effective Osteel.concrete

bs « bdeck. slab.effective %steel.concrete

bg _tmain.web(xspan)

3 6
Te Z (ISquar‘e(hi by Zi)) + Z (Isquare(hi bi.zi
i=oe9 i=5

I+ Itriangle(h4 ,ba . 24)
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0.04

Icomposite . negative(xspan)

0.02

Second moment of area [m"4]

0 10 20 30 40
Xspan

x-coordinate [m]

Location of the neutral axis of the effective composite cross-section in
positive bending

Location of the neutral axis for the effective composite cross-section subjected to positive
moment. For positive moment the concrete deck is in tension, thus the concrete is neglected.
Instead the reinforcement is considered and transformed into equivalent structural steel area
with regard to the difference in modulus of elasticity.

Since the web may buckle the calculation is performed in two steps. first the centre of the
equivalent steel area is located for the cross-section without reducing for buckling of the web.
Secondly the web buckle is calculated with the gravity centre that was obtained in the first step.
Finally the buckle is included in the cross-section as an negative contribution and the location
of the neutral axis may be calculated.

Note that the upper flange is not reduced due to buckling since it is stabilised by the concrete
deck with composite action.

Here:

Py, buckling reduction of the lower and upper flange respectively.

asteel.reinf

z;is the global z-coordinate for the centre of each part

is the factor taking into account the difference in stiffness for reinforcement and steel

A;is the area of each part. Here is also taken into account the stiffness difference.
Zge is the centre of gravity for the equivalent steel area
by ek 1S the height of the buckle in the web

legend

0 - lower flange of the main I-girders

1-web of the main I-girders

2 - upper flange of the main I-girders

3 - lower reinforcement in the slab

4 - upper reinforcement in the slab

5 - reinforcement in the edge beam

6 - buckle in the web (negative contribution)
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ZNA.composite.positive (Xspan) =

Pf1 & pmain.-Flange.lower‘(xspan)
Pry <1

Q< Qgteel.reinf

20 < Zcentre.main.flange.lower (Xspan>

71 < Zcen‘cr‘e.main.web(xspan)

22 € Zcentre.main.flange.upper (Xspan)

23 < Zpeinf.slab. lower'(xspan)

24 < Zpeinf.slab. upper‘(xspan)

Z5 Zr‘eim‘:.beam(xspan)

Ao < Apain.flange. lower‘(xspan) Pr1

AL < Amain.web(xspan)

A2 < Amain.ﬂange.upper(xspan)'p1‘:u
A3 < bgeck.slab.effective Preinf.slab.lower
A4 < bgeck.slab.effective Preinf.slab.upper

As < byack.beam.effective Preinf.beam

(Ai-zi)

bpuckle < bbuckle.positive(xspan ’ch>
Ae < _(bbuckle'tmain.web(xspan))

Z6 < Zbuckle.positive(xspan , ch)
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[ |
£
— 0.8
()
g 0.6
c 5 . ps (x )
o NA.composite.positivel®span
e 8.4
o
@)
) 0.2
1
N
(]
4] 10 20 30 40

Xspan

x-coordinate [m]

Function for obtaining the z-coordinate in the local geometry for the effective composite
cross-section. The local z-axis begins at the neutral axis of the cross-section, with postitive
direction upwards. The input is the z-coordinate in the global coordinate system and the
location in x-direction. The x-coordinate is needed due to small variations of the location of the
neutral axis along the span.

Zcomposite.positive (Xspan ; Zbr‘idge) = Zpridge ~ ?NA.composite.positive (Xspan)

Second moment of area of the effective composite cross-section in
positive bending

Second moment of area for half of the effective composite cross-section subjected to positive
moment. For positive moment the concrete deck is in tension, thus the concrete is neglected.
Instead the reinforcement is considered and transformed into equivalent structural steel area
with regard to the difference in modulus of elasticity.

Note that the upper flange is not reduced due to buckling since it is stabilised by the concrete
deck with composite action. Furthermore, note that the web buckle is included in the
cross-section as an negative contribution to the second moment of area.

Here:

Zy 4 is the z-coordinate for the equivalent steel area

Pastu buckling reduction of the lower and upper flange respectively

z;is the local z-coordinate for the centroid of each part

h; is the height of each part, z-direction

b, is the width of each part, y-direction. Includes reductions and difference in stiffness.

and

Z1,0q1 Yields the local z-coordinates given any global z-coordinate

I uare 18 @ function that yields each part's contribution to the second moment of area

L riangte 1S @ function that yields the triangular part's contribution to the second moment of area
Qg el conerete 15 the factor taking into account the difference in stiffness for concrete and steel
legend

0 - lower flange of the main I-girders

1 - web of the main I-girders

2 - upper flange of the main I-girders

3 - lower reinforcement in the slab

4 - upper reinforcement in the slab

5 - reinforcement in the edge beam

6 - buckle in the web (negative contribution)
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I

composite.positive (Xspan) ZNA € ZNA. composite.positive(xspan)

Zlocal(zbr‘idge) < Zcomposite.positive (Xspan ; Zbr‘idge)
Pf1 < pmain.-Flange.lower'(xspan)

Pfu < pmain.flange.upper‘(xspan)

20 < Zlocall?centre.main.flange.lower (Xspan)>

Z1 < Z]ocal Zcentr‘e.main.web(xspan))

23 € Z1ocal Zr‘eim‘:.slab.lower‘(xspan))

(
(
z2 & Zlocal(zcentr‘e.main.1Clange.upper'("span))
(
24 & Zlocal(zr‘eim“.slab.upper‘(xspan))

(

Z5 < Z]pcal Zr‘ein-F.beam(xspan))

Z6 < Zlocal(zbuckle.posi‘cive(xspan , ZNA))

he < tmain .flange. lower‘(xspan)

h1 < hpain.web (Xspan)

ha « tmain.flange.upper‘(xspan)

h3 < Preinf.slab.lower Osteel.reinf
h4 < Preinf.slab.upper ®steel.reinf
hs < Preinf.beam %steel.reinf

he bbuckle.posi‘cive(xspan ’ZNA)

be « bmain.-Flange.lower‘(xspan)'pﬂ

b1 < tmain.web(xspan)

bz « bmain.-Flange.upper'(xspan)'pfu
b3 < bgeck.slab.effective
ba < byeck.slab.effective
bs < bgeck.beam.effective

bg _tmain.web(xspan)

6
Z (Isquar‘e(hi .bi, Zi))
i=o0
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0.03

0.02

Icomposite . positive(xspan)

0.01

Second moment of area [m"4]

0 10 20 30 40
Xspan

x-coordinate [m]

2.1.8 Capacity of the main I-girders

Bending resistance of the main I-girders with and without composite action. Here is taken into
account the stabilising effect of the concrete deck on the upper flange when the composite
action is considered. Additionally, the bending resistance is taken for both psoitive and negative
bending when the composite action is considered. When the composite action is not considered
only negative bending moment is considered.

Location of the neutral axis for the unreduced main I-girders

Location of the neutral axis for the main I-girder without consideration to any buckling
phenomena. This is used for the calculation of the first moment of area for the main I-girders.
The first moment of area in turn is used in fatigue calculations where it is assumed that the web
or any other part of the cross-section will not buckle.

ZNA.main.beam.unr‘educed(xspan) =120 < Zcentr‘e.main.-Flange.lower‘(xspan)

Z1 < Zcentre.main.web (Xspan)

22 < Zcentre.main.flange.upper (Xspan)

Ao < Apain.flange. lower'(xspan)

A1 Amain.web(xspan)

A2 < Apain. flange. upper‘(xspan)
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0.6

ZNA.main.beam. unr‘educed(xspan) 0.4

0.2

z-coordinate [m]

0 10 20 30 40
Xspan

x-coordinate [m]

Function for obtaining the z-coordinate in the local geometry for the main I-girder. The local
z-axis begins at the neutral axis of the cross-section, with postitive direction upwards. The input
is the z-coordinate in the global coordinate system and the location in x-direction. The
x-coordinate is needed due to small variations of the location of the neutral axis along the span.

Zmain.beam.unreduced (Xspan ’Zbr‘idge) = Zpridge ~ ZNA.main.beam.unr‘educed(xspan)

Second moment of area for the unreduced main I-girders

Second moment of area for the unreduced main I-girders
Here:
Zy4 1s the z-coordinate for the resulting steel area

Psfu buckling reduction of the lower and upper flange respectively.

z;is the local z-coordinate for the centroid of each part

h; is the height of each part, z-direction

b, is the width of each part, y-direction. Takes into account the reduction due to local buckling.

legend

o0 - lower flange of the main I-girders
1-web of the main I-girders

2 - upper flange of the main I-girders
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Imain.beam.unreduced (Xspan) =

Second moment of area [m"4]

ZNA <~ ZNA.main.beam.unreduced (Xspan)

Zlocal(zbr‘idge) < Zmain.beam.unreduced (Xspan »Zpridge

Zo < Zlocal(zcen’cr‘e.main.ﬂange. lower (Xspan))

21 < Zlocal(zcentr‘e .main.web (Xspan))

Imain.beam. unr‘educed(xspan)

z2 & Zlocal(zcentr‘e.main.1clange. upper (Xspan))

he « tmain.flange.lower‘(xspan)

hy < hmain.web(xspan)

ha < tmain.flange.upper‘(xspan)

be < bmain.-Flange.lower‘(xspan)

by « tmain.web(xspan)

bz « bmain.flange.upper‘(xspan)

2
Z (Isquar‘e(hi’bi’zi))
i=0

0.01

5x10

0 10 20 30

Xspan

x-coordinate [m]

40

Location of the neutral axis for the main I-girders in negative bending

Location of the neutral axis for the main I-girders when subjected to negative bending. Note
that only the resistance to negative bending moment is implemented for the main I-girders.
Due to negative moment the web may only buckle localy in the upper part of the web, above

the neutral axis.
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It is posible to assume the upper flange as restrained by the concrete deck by assigning the input
argument composite as the value 1. Note that the upper flange is not reduced due to buckling
when it is assumed to be stabilised by the concrete deck in composite action.

Since the web may buckle the calculation is performed in two steps. first the centre of the
equivalent steel area is located for the cross-section without reducing for buckling of the web.
Secondly the web buckle is calculated with the gravity centre that was obtained in the first step.
Finally the buckle is included in the cross-section as an negative contribution and the location of
the neutral axis may be calculated.

Here:

Psfu buckling reduction of the lower and upper flange respectively.

z;is the global z-coordinate for the centre of each part

A;is the area of each part. Here is also taken into account the reduction due to local buckling.
Zge is the centre of gravity for the steel area

byuckie 1S the height of the buckle in the web

legend

o0 - lower flange of the main I-girders

1-web of the main I-girders

2 - upper flange of the main I-girders

3 - buckle in the web (negative contribution)

ZNA.main.beam.neg(Xspan ,composite) =P pmain.ﬂange.10wer‘<xspan)

pgy ¢ 1 1if composite =1

Pfu < pmain.flange.upper‘(xspan) otherwise

20 < Zcentre.main.flange.lower (Xspan)

Z1 < Zcentre.main.web (Xspan)

22 < Zcentre.main.flange.upper (Xspan)

Ao < Apain. flange. lower‘(xspan)' P£1

A1 < Apain .web(xspan)

A2 < Apain.flange. upper‘(xspan)' Pfu

N

bpuckle < bbuckle.negative(xspan , ch)
As « _(bbuckle'tmain .web(xspan))

26 < Zbuckle.negative(xspan , ch)
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Note the minor difference in the location of the neutral axis between the case where the upper
flange is reduced due to local buckling, compared to the case with no reduction thanks to
composite action.

0.6

ZNA.main.beam.neg(Xspan’1)

0.4
ZNA.main.beam.neg(Xspan’9)

0.2

z-coordinate [m]

(7] 10 20 30 40
Xspan

x-coordinate [m]

Function for obtaining the z-coordinate in the local geometry for the main I-girder. The local
z-axis begins at the neutral axis of the cross-section, with postitive direction upwards. The input
is the z-coordinate in the global coordinate system and the location in x-direction. The
x-coordinate is needed due to small variations of the location of the neutral axis along the span.

composite): composit

Zmain.beam.neg(xspan »Zpridge = Zpridge ~ ZNA.main.beam.neg(Xspan ;

Second moment of area for the main I-girders

Second moment of area for the main I-girders when subjected to negative bending. Note that
only resistance to negative bending moment is implemented for the main I-girders. Due to
negative moment the web may only buckle localy in the upper part of the web, above the
neutral axis.

It is posible to assume the upper flange as restrained by the concrete deck by assigning the
input argument composite as the value 1. Note that the upper flange is not reduced due to
buckling when it is assumed to be stabilised by the concrete deck in composite action.
Furthermore, note that the web buckle is included in the cross-section as an negative
contribution to the second moment of area.

Here:

Zy, is the z-coordinate for the resulting steel area

Pt buckling reduction of the lower and upper flange respectively.

z;is the local z-coordinate for the centroid of each part

h; is the height of each part, z-direction

b, is the width of each part, y-direction. Takes into account the reduction due to local buckling.

legend

0 - lower flange of the main I-girders

1-web of the main I-girders

2 - upper flange of the main I-girders

3 - buckle in the web (negative contribution)
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Imain.beam.neg(xspan ccomp) = | zyp ZNA.main.beam.neg(Xspan . comp)

Zlocal(zbr'idge) < Zmain.beam.neg (Xspan »Zpridge comp)

Pf1 < pmain.-Flange.lower‘(xspan)

Py 1 if comp=1

Pfu < pmain.-Flange.upper(xspan) otherwise

29 < Z1oca1(zcen’cr‘e.main.-Flange.lower‘(xspan))
71 < Zlocal(zcen‘cr‘e.main.web(xspan))
73 < Zlocal(zcen’cr‘e.main.-Flange.upper‘(xspan))

Z3 & Zlocal(zbuckle.negative(xspan , ZNA))

hg < tmain.1°lange.1ower‘(xspan)

hy < hmain.web(xspan)

ha < tmain.flange.upper‘(xspan)

h3 « bbuckle.nega‘cive(xspan ’ZNA)

bg bmain.flange.lower(xspan)'pfl

by « tmain.web(xspan)

bz « bmain.-Flange.upper‘(xspan)'p-Fu

b3 _tmain.web(xspan)

3
Z (Isquar‘e(hi by, Zi))
i=0

Note the minor difference second moment of area between the case where the upper flange is
reduced due to local buckling compared to the case with no reduction thanks to composite
action.

—
#
<
1S
—
©
[J]
5 0.01
"5 Imain.beam.neg(xspan’l)
"E Imain.beam.neg(xspan’e)
[J]
£ -3
[e] 5x10
£
o
c
o
v
(]
V5]
7]
0 10 20 30 40

Xspan

x-coordinate [m]
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First moment of area of the main I-girders

first moment of one of the main I-girders. Note that since the first moment of area is only used
in the fatigue assessment, the web will not be allowed to buckle.

Here:

z, is the global z-coordinate for the bottom of the flange

Zy 4 1s the global z-coordinate for the neutral axis of the cross-section with no regard to buckling
b, is the width of each part, in y-direction

h
h

h; is the actual height of each part, in z-direction.

: imi¢ 18 the maximum geometrical height of each part, in z-direction

: max 1S the height of each part with regard to the z-coordinate chosen. Can be negative.

d;is the distance from the centroid of each part to the neutral axis of the cross-section

Smain.beam(xspan , Zbr‘idge) = |20 < Zbottom.main.flange.lower (Xspan)

INA < ZNA.main.beam.unr‘educed(xspan>
Pf1 < pmain.-Flange.lower‘(xspan)

be < byain. flange. lower‘(xspan) Pf1

by « tmain.web(xspan)

bz « bmain.-Flange.upper‘(xspan)

hO.limi‘c < tmain.flange.lower‘(xspan>
h1.1imit < hmain.web(xspan)

hy . 1imit < tmain.flange.upper‘(xspan)
ho.max < Zbridge ~ Z0

h1.max < Zbridge ~ (he.limit + 20)

hy max < Zoridge ~ (M1.1imit * M. 1limit * Zo)
he « mi”(he.max’he.limit) if hg . max >0m

om otherwise

hy « min(hl.max , h1.limi’c) if hy max >0m

om otherwise

hy « min(hz.max’hz.limit) if hy max >@m

om otherwise
he
d@ — ZNA - ? + Ze

hy
d1<_ZNA_ ?+h0+2@

ha
dzezNA—[T+h1+h9+zej

2
Z (bi-hi~di)
i=o0
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Note that the first moment of area goes to zero when the entire z.coordinate is outside
the boundary of the main I-girder. In addition, the maximum value of the first moment
of area should always be obtained at the location of the neutral axis.

— Lspan I'span
Stmp = Smain.beam 2 »ZNA.main.beam.unreduced 2

3
S‘tmp =0.01-m

0.015

S Lspan
main.beam| ™ - “bridge PPE

First moment of area [m"3]

—5x10
0.5 1

Zpridge

z-coordinate [m]

2.1.9 Limitations to the dimensions

In accordance with the guide lines pertaining to stainless steel in Eurocode 1993-1-4:
paragrapgh 5.2.1-(1) the height to width ratio of the web should be limited. The ratio of web
height to thickness should not exceed the value of 400. Note that web is checked both in the mid
span and at the support.

hmain.web.mid
——F—F =85.83
tmain.web.mid
hmain.web.end
— =83.13

Thmain.web.end
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The check if the height to thickness ratio is within the limits

hmain.web.end

assumption end «

web.width.thickness = N
main.web.end

. hmain.web.mid
mid « ——

Tmain.web.mid

"true" if max(mid,end) <400

"false" otherwise

web.width.thickness = true”

assumption
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2.2 Loads

In this document all the loads will be calculated and described. Note that all moments acting on
the composite structure are calculated assuming that one support is completely fix and the other
is fix in z-direction and allow no rotation.

However, this is not the case when the casting of the concrete takes place. At casting the bridge
is supposed to be simply supported since one end of the main I-girders are allowed to move. Due
to this the moment distribution will differ depending on the type of load.

This chapter encompasses the following subchapters:
2.2.1 Self-weight

2.2.2 Trafficloads, load model 1

2.2.3 Fatigue loads and fatigue load model 3

2.2.4 Wind load

2.2.5 Load combinations in ultimate limit state

2.2.6 Load combinations in serviceability limit state

2.2.1 Self-weight

Here the self-weight of the cross-section of the bridge is calculated. Note that there are two
different phases, the service phase and the casting phase. In the service phase the enitire
structure is included, except form work. In the casting phase, which is when the concrete deck
is cast, only the weight of the strucutre and form work is included.

Furthermore, note that for the sake of further calculations only half of the cross-section is
considered for the bending moment and shear force. In addition, in order to be able to use
analytical calculations of the moment the self-weight is taken as a constant maximum value.

Self-weight of cross-sections

Self-weight of the loadbearing structure. The self weight is given as distributed load in the
x-direction along the span.

gbr‘idge.str‘uctur‘e(xspan) = |86 < Adeck(xspan)'ﬁfconcr‘ete

81 < 2Anain.beam (Xspan)'“fsteel

In order to be able to use analytical calculations of the moment, the self-weight is taken as a
constant maximum value.

<~ om,1m..

8bridge.structure.max = Xspan I'span

for Xstep € Xspan

Bstep < gbr‘idge.str‘uctur‘e(xs‘cep)

- max(

Bmax Bstep - gmax)

Bmax
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kN
=29.92-—

Bbridge.structure.max .

Total self-weight of the bridge in the service phase

Bbridge.total.composite = | 8@ < Bpridge.structure.max
81 < Bpridge.roadsurface

82 < Bpridge.safetybarrier

kN
=47.02-—

8bridge.total.composite "

Total self-weight of the bridge in the concrete casting phase

8bridge.total.casting = Bbridge.structure.max * 8bridge.formwork

kN
=35.96-—

8bridge.total.casting .

Maximum total self-weigth of the bridge in the service phase

Gbr‘idge .total.composite = Bbridge.total.composite’ I-span

6
Gpridge.total.composite =1-88x 10 N

Maximum total self-weigth of the bridge in the service phase, for half of the cross-section

Gbr‘idge .total.casting = Bbridge.total.casting’ I-span

6
Gbridge.total.casting = 1-44x 10 N

Bending moment and shear force due to self-weight

For the calculations of both shear force and bending moment it is assumed that the bridge is
simply supported in both ends of the span. Note that the bending and shear is calculated for only
half of the cross-section.

Shear force in the service phase, for half of the cross-section. The shear force is zero in the
middle of the span and has the same value with opposite sign at the supports.

a 8bridge.total.composite Lspan
VE.self.composite(Xspan)'_ 5 | ®span 5

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:NN
84



6x10°

- 5
E 4x10
w 2x10°
[ VE.sel-F.composite(Xspan)
‘-E 0
0

C — 2x10°
()]
< - 4x10°
[V}

~ 6x10°

0 10 20 30 40
Xspan

x-coordinate [m]

The maximum value of the shear force is obtained at the ends of the span

5
VE.self.composite (@m) =—4.7x 167N

5
VE.self.composite(LSpan)==4-7><19 ‘N

Bending moment in the service phase, for half of the cross-section.

Bbridge.total.composite

ME.self.composite(Xspan) = |8« 5
2 L
8 Xspan span
— g. .X
> 5 span

0
—
=
= - 1x10°
i)
= 6
[J] — 2x10
1=
g ME.self.composite(Xspad

6
0o — 3x10
c
-|—| 6
o
= - ax10
U
m

— 5x10°
0 10 20 30 40
Xspan

x-coordinate [m]

Shear force in the casting phase, for half of the cross-section. The shear force is zero in the
middle of the span and has the same value with opposite sign at the supports.

) 8bridge.total.casting I-span
VE.self.casting(Xspan)': 5 | ®span 2
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The maximum value of the shear force is obtained at the ends of the span
_ 5
VE.self.casting (@m) =-3.6x10"-N

5
VE.sel-F.casting(Lspan):3'6><1e N

Bending moment in the composite phase, for half of the cross-section.

8bridge.total.casting

ME.self.casting(Xspan) = 18< 5
2 L
€ Xspan g span «
2 5 span
(4]
[ |
£
=
e
- 1x10°
i)
c
@
5 6
2 ME.self.casting(Xspan) - 2x10
00
= 6
= ~3x10
c
[
o0
- ax10°
0 10 20 30 40
Xspan

x-coordinate [m]

2.2.2 Traffic loads, load model 1

The load models that are used for the traffic loads can be found Eurocode 1991-2 Chapter 4.
There are in total four different load models that can be applied, however only one of these will
be used in this analysis. The load model to be used in this analysis is load model 1.

Load model 1 should be used for bridges that spans up to 200m. Note that load model 1 usually
is on the safe side even for bridges longer than 200m.

The load should be applied so that the most adverse effect is obtained. For this reason
calculations are only carried out for the most loaded main I-girder of the bridge.

Load model 1 takes into account concentrated and uniformly distributed loads. It should
be used for general and local verifaction. Load model 1 can be found in Eurocode 1991-2

Load model 1 consists of two different kinds of loads. The loads are concentrated axle
loads and distributed loads respectively.

Note that for the axle loads only one axle should be taken into account for each notional
lane. The contact area is a square with the side of 0.40m, see the figure below. However,
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for simplicity the axle loads will be treated as a point load in the calculations

Load model 1 should be applied on all the nominal lanes as well as on the remaining area.

remaining area

O

2.0m Lane 1 3.0m

O
O

lane 2

O

Ilustration of load placement according to Eurocode

The following calculations for load model 1 builds on the assumption that there is exactly
two notional lanes in the carriageway. Therefore we check that this assumption remains
true.

assumption; notional lanes = | true” 1if Njgnes.notional =2

"false" otherwise

assumption; notjonal lanes = Ctrue

Note that since the lanes does not occupy the entire carriageway the lanes will be placed
asymetrically. for this reason the load is distributed according to the lane placement, see the
figure below for clarity.

Notional lane 1 Notional lane 2

Remaining area
1 v L 1 L
1 I I I

A A

Most loaded
main I-girder

Mlustration of the distribution of forces between the I-girders
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For the following calculations the axle loads in transversal direction is transformed into a
equivalent point load. The point load is corresponding to the load that is acting on the most

loaded main girder.

Wearriageway ~ Wlane.notional T ““maingirders

Qnodell.equivalent = | do < 5

Wearriageway ~ 3 Wlane.notional * “maingirders
2

dle

Mg < Qk.modell.lanel ©Q.modell.lanel 9o

M1 < Q¢ .modell.lane2 ©Q.modell.lane2 91

CCmaingirders

5
Qnodell.equivalent = 5-83% 107N

For the following calculations the distributed loads in transversal direction is transformed into a
equivalent line load. The line load is corresponding to the load that is acting on the most loaded

main girder.

Amodell.equivalent =

Amodell.equivalent

Wearriageway ~ "lane.notional T ““maingirders

d@ —
2
4 Wearriageway ~ 3"Wlane.notional ¥ “maingirders
1
2
& Wearriageway ~ ° Wlane.notional * ¢“maingirders
2

2
de <~ dk.modell.lanel %q.modell.lanel Wlane.notional
41 < dk.modell.lane2 %q.modell.lane2 Wlane.notional

42 <= dk.modell.remaining ®q.modell.remaining “lane.remaining

Z (ai-di)

CChmaingirders

kN
=18.21-—
m

Shear force due to axle loads

Shear force due to axle loads on the most loaded main-girder, load model 1. The second
parameter, X, .4, indicates where the load is placed along the bridge. Note that in order to

obtain the maximum shear force the load should be placed at location of measurement.
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VE.modell.axle(Xspan ’Xload) =12 X10ad

b < Lspan ~ X1oad

2
b 2a
RA < Quodell.equivalent’ 5 1+ ]
span

2
a 2b
Rg <~ Quodell.equivalent . 1+ )
span

“Rp 1f Xgpan <X1oad
Rg if Xgpan > X1load

Maximum shear force in the span, which is obtained when the load is placed at the
point of measurement

1x10°
L |
=
d
5x10°
1)
bS]
L
qc_’ VE.modell.axle(Xspan’Xspan) 0
& 5
©
O — 5x10
<
7))
- 1x10°
0 10 20 30 40

Xspan

x-coordinate [m]

Maximimum shear force is achieved at the supports when the load is placed at the same
support.

5
VE.modell.axle("span ’ I'span) =5.83x10 N

Bending moment due to axle loads

Bending moment due to axle loads on the most loaded main-girder, load model 1. The second
parameter, X, .4, indicates where the load is placed along the bridge. Note that maximum

moment is obtained in the middle of the span when the load also is placed at the middle of the
span.
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ME.modell.axle (Xspan , Xload) =

Rp < Q

a
Mg ¢ Q- ——

~RA"Xspan

RB’(Xspan - I-span)

a8 < X1p0ad

b« L

span ~ Xload

Q < Qodell.equivalent

b2 2a
A
Lspan span

Rp < Q az 1+ 2b
® L 2 Lspan
span

aAb2

2
Lspan

Z'b

2
Lspan

+ My 3f Xgpan <X1oad

+Mg i Xgpan 2 X10ad

Maximum bending moment, which is obtained when the load is placed at the point of

measurement

ME.modell.axle(xspan’Xspan]

Bending moment [Nm]

~3x10°
0

Bending moment in the middle of the span

Lspan Lspan
2 2

ME.modell.axle(

—1x10°

~2x10°

10 20 30 40
Xspan

x-coordinate [m]

j=—2.92>< 1963
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Shear force due to distributed loads

Shear force due to distributed loads on the most loaded main-girder, load model 1. The shear
force is zero in the middle of the span and has the same value with opposite sign at the
supports.

_ Lspan
VE.modell.distr‘ibuted(Xspan) = Gmodell.equivalent | Xspan ~ 5

5
VE.modell.distr‘ibuted(Lspan) =3.64x10 N

Bending moment due to distributed loads

Bending moment due to axle loads on the most loaded main-girder, load model 1

ME .modell.distributed (Xspan) = | 9 < 9modell.equivalent
2 2
4 Xspan Lspan 9 Lspan
— q. .XS an + —_—
2 2 P 12
3x10°
5
= 2x10°
i)
< 6
[J] 1x10
£
g ME.modell.distr‘ibuted(xspan]
0o (7]
c
o 6
2 - 1x10
]
o)
—2x10°
] 10 20 30 40

Xspan

x-coordinate [m]

Bending moment in the middle of the span

Lspan 6
Mg .modell.distributed 5 =-1.21x 18 -N-m

Distribution of maximum shear force

Distribution of shear force for the most loaded main-girder, load model 1. The second
parameter, x.load, indicates where the point load is placed along the bridge.

VE.modell.total(Xspan ’Xload) V1 < VE . modell.axle (Xspan ’Xload)

V) < VE modell.distributed (Xspan)
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Maximum shear force, obtained when the load is placed at the point of measurement

1x10°
—_
=
e
5x10°
(O]
U
C
42 VE.modell.total(Xspan’Xspan) 0
S 5
©
O — 5x10
<
v 6
- 1x10
0 10 20 30 40

Xspan

x-coordinate [m]

Maximimum shear force is achieved at the supports when the load is placed at the same
support.

5
VE.modell.total(Lspan’Lspan)==9~48X 10" N

Distribution of maximum bending moment

Distribution of bending moment for the most loaded main-girder, load model 1. The second
parameter, x.load, indicates where the point load is placed along the bridge.

ME.modell.total(Xspan’Xload):z ME.modell.axle(Xspan’Xload)*'ME.modell.distributed(X:

Maximum bending moment, obtained when the load is placed at the point of measurement

4x10°
—_
=
= 2x10°
]
=
[J] 0
£
g ME.modell.total(Xspan’Xspad
6
00 —2x10
=
o 6
°
S ~ 4x10
(]
m
- ex10°
0 10 20 30 40

Xspan

x-coordinate [m]

Bending moment in the middle of the span

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:NN
92



Lspan Lspan B 6
Mg .modell.total 5 7 =-4.13x 16 -N-m

2.2.3 Fatigue loads and fatigue load model 3

The fatigue load model that is used for fatigue calculations is fatigue model 3, in accordance
with Eurocode 1994-2: paragraph 6.8.2-(4) . This fatigue load model takes into account a single
vehicle with four axles. Each axle load is 120kN and placed according to the figure below.

Miscellanous

The number of heavy vehicles that pass over the bridge each year per each slow lane. With
heavy vehicles is here refered to vehicles with a gross weight exceeding 100kN, or
approximately 10 tonnes. Recommended values depending on the traffic category is given in
Eurocode 1991-2: Table 4.5. Ng;016 observea €11 depsite the name be either estimated or

measured. The values given in table 4.5 is applicable for fatigue load model 3 and 4.
Intermediate values are not excluded, but deemed to have little effect on the resulting fatigue
life.

2-196

year

Nfatigue.observed = if categoryipaffic =1

@.5-106

if categor s =2
year BOrYtpraffic

O.125~106

if category . =3
year traffic

0.05~106
year

if categoryipaffic =4

=5x 1@5-

Nfatigue.observed year

For fatigue load model 3 the vehicle is defined in Eurocode 1991-2: Figure 4.8. For further detail
see the Illustration below. In addition, a second vehicle is included 40m behind the primary
vehicle. The second vehicle has a lower load of 30% and is only relevant for bridge spans of over
40m in length. The following vectors is used to account for both vehicles in the calculations.

0
1.2
7.2
8.4
3= | Lo |" loadg 3 =
41.2 0.3
47.2

48.4

1
1
1
1
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ﬁI:I.I___I . I:IIIZI

O

Mlustration of the vehicle model in fatigue load model 3

Notional lane 1
Notional lane 2
Remaining area

1 v 1 [ [
I 1 1 1

A A

Most loaded
main I-girder

Ilustration of the load distribution for the fatigue load.

For the following calculations the axle loads in transversal direction is transformed into a
equivalent point load, in the exact same maner as for load model 1. The point load is
corresponding to the load that is acting on the most loaded main girder. Note that load is only
placed in one of the notional lanes at a time. In addition since fatigue load model 3 is only used
for the damage equivalent method the load will only be calculated for lane 1.

Wearriageway ~ Wlane.notional T ““maingirders
2

r‘eductionlanel = de —

Mg < @q.model1.1lane1 90
Mo

CCmaingirders
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r‘eductionlanel =0.78

Wearriageway ~ Wlane.notional + “Cmaingirders
2

r‘eductionlanez = de —

Mg < Qq.model1.1lane1 90
Mo

CChmaingirders
reduction; . =9.28
Equivalent point load when the axle load is placed in lane 1, the worst case.
Qratigue.equivalent = Q. fatigue reductionyyneg
Qfatigue.equivalent =24 kN

Shear force due to fatigue load

Shear force due to a single axle loads on the most loaded main-girder, fatigue load model
3. The second parameter x, , ; indicates where the load is placed along the bridge.

VE.fatigue.axle(Xspan ’Xload) = |2 < X10ad

b Lspan ~ X1load

2
b 2a
RA — Q-Fatigue.equivalent. 2 1 L
L span
span

2
a 2b
Rg < Qfatigue.equivalent' 2 1+ L
L span
span
Ry if Xspan < Xload

Rg i Xgpan > X1oad

—Rp if Xspan = X1load " Rp > Rp

Maximum shear force in the span, which is obtained when the load is placed at the
point of measurement

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:NN
95



1x10°

—_
=
d
sx10”
(O]
U
C
$ VE.fatigue.axle(Xspan’Xspan) 0
P 4
I
O — 5x10
<
v 5
— 1x10
0 10 20 30 40

Xspan

x-coordinate [m]

Influence line for a selected point at x=30m when the axle load moves alongs the span.

8x10"
L |
= 4
— 6x10
)
o ax1e*
£ VE.fatigue.axle(39m’Xspan) A

2x10
C
o
o 0 /
v 4

— 2x10
0 10 20 30 40

Xspan

x-coordinate [m]

The axle loads are placed at a distance of respectively 1.2m, 7.2m and 8.4m from the first axle.
Note that only the axles that are on the bridge give an contribution to the shear force. The
variable x_; ... indicates the location of the first axle load.

Here:
Vi(x) is the shear force for a given placement of an axle load for the chosen section.

d is the x-coordinate of each axle load in the vehicle model

nis the last row in the vehicle model
load is the amount of axler load, either full or reduced for the second vehicle.

VE.fatigue.vehicle(Xspan ’Xvehicle) = V(Xload) < VE.fatigue.axle(Xspan ’Xload)
d < Xyehicle ~ 9FLM3
n« rows(d) -1

load « loadFLM3

Z

V(di)-load; if @<dj< Lspan )

ON otherwise
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2x10°

—_
=
d
1x10°
(U]
¥
C
$ VE.fatigue.vehicle(zem , Xspan) e
S 5
©
O - 1x10
<
“ 5
— 2x10

- 20 7] 20 40 60
Xspan

x-coordinate [m]

Bending moment due to fatigue load

Bending moment due to axle loads on the most loaded main-girder, load model 1. The second
parameter, x.load, indicates where the load is placed along the bridge.

ME.-Fatigue.axle(xspan ’Xload) = ]38 X10ad

b ¢ Lspan ~ *X1oad

2
b 2a
Ra < Qfatigue.equivalent’ 2 (1 * j

2
a 2b
Rg <~ Qfatigue.equivalent” 5 1+

Ma < Qfatigue.equivalent’ N

Mg <~ Qfatigue.equivalent” 5
Lspan

“Ra-Xgpan T Mo 1f Xgpan <X10ad

RB'(Xspan - I-span) +Mg i Xgpan 2 X10ad

Maximum bending moment, which is obtained when the load is placed at the point of
measurement
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2%10°

Mg .fatigue.axle(xspan ; Xspan)

ME.fatigue .axle(?’em : Xspan)

Bending moment [Nm]

—6x10°
0

_x10°

_4x10°

10 20 30 40
Xspan

x-coordinate [m]

The axle loads are placed at a distance of respectively 1.2m, 7.2m and 8.4m from the first axle.
Note that only the axles that are on the bridge give an contribution to the bending moment. The
variable x_; ... indicates the location of the first axle load of the vehicle.

Here:

M(x) is the bending moment for a given placement of an axle load for the chosen section.
dis the x-coordinate of each axle load in the vehicle model

nis the last row in the vehicle model

load is the amount of axler load, either full or reduced

ME.fatigue.vehicle(Xspan ’Xvehicle) =

M(Xload) A ME.fatigue.axle(Xspan ’Xload)

d < Xyehicle ~ 9FLM3
n< rows(d) —1

load « loadFLMB

n

i=e ON otherwise

M(di)-load; if @<dj<Lgpa, j

Influence line for a selected point at a 1/4 of the span length when the vehicle moves alongs

the span.
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2%10°

—
=
=
e
()
]
=
£ L
span 5
g ME.fatigue.vehicle( 7 ’XSPaéj —2x10
1)
= 5
:5' —4x10
c
()
m
5
— 6x10
0 10 20 30 40

Xspan

x-coordinate [m]

Influence line for a selected point at a 1/5 of the span length when the vehicle moves alongs
the span. Note that due to the fix support the positive moment becomes more prominent
closer to the support.

4x10°
—_
|
=
— 5
2x10
]
c
g L
span
2 ME.fatigue.vehicle( 5 ’Xspaéj °
a0
S 5
= - 2x10
c
(]
[oa)
5
—4x10
0 10 20 30 40

Xspan

x-coordinate [m]
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2.2.4 Wind load

Calculation of the wind load which acts on the bridge.
Height of the bridge

The height of the traffic on the bridge which is used for calculation of wind loads. Value given by
Eurocode 1991-2: Paragraph 8.3.1-(5a)

htpraffic.wind = 2M

The height of the bridge including traffic which is used for calculation of wind loads

Zpridge.max = 4M

Terrain category of the bridge location. Explained by Eurocode 1991-2: Table 4.1

CatEgopyter‘rain =1

Roughness length corresponding to the terrain category. Given by Eurocode 1991-2: Table 4.1

Zpridge.wind.@ = | ©-003m 1if Categoryieppain =@
@.010m if Categoryiappain =1
0.050m if Categoryiappain =2

0.300m if Categoryieppgin =3

1.000m if Categoryieppgin =4

Zpridge.wind.e =9-01m

Minium height to be used in wind load calculations. The value is corresponding to the terrain
category. Given by Eurocode 1991-2: Table 4.1

Zpridge.wind.minimum = | 1m 1if Categoryienpain =9
Im if Categoryiappain =1
2m if Categoryiappain =2
5m if Categoryiaeppain =3

lem if Categoryiappain =4

Zpridge.wind.minimum = 1M

The height of the bridge is not allowed to be less than the minimum value obtained from the
terrain category.

= max(

Zbridge.wind.max - Zpridge.max > ?bridge.wind. minimum)

Zpridge.wind.max = 4M

Factor taking into account the strength of the wind in different directions. Recommended
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value given by Eurocode 1991-1-4: paragraph 8.1-(5).

Cwind.direction =1

Factor taking into account the seasonal variation of the wind strength. Recommended value
given by Eurocode 1991-1-4: paragraph 8.1-(5)

Cwind.season =1

Basic value of the wind speed. Recommended value given by Eurocode 1991-1-4: paragraph
8.1-(5).

m
9223_

V .
wind. S

Wind speed, used for wind load calculations. Given by Eurocode 1991-2: Expression 4.1

C V

Vwind.basic = “wind.direction “wind.season Vwind.o

m
23—

Vwind.basic = .

Force coefficient for horizontal wind loads perpendicular to the span direction. Recommended
value given by Eurocode 1991-1-4: Figure 8.3

. lOdeck.slab.span + 2'bdeck.beam.span 1
Cey.p= | 2.4 if <=
Zbridge.wind.max 3
. bdeck.slab.span +'Z'bdeck.beam.span
1.0 if >5
Zbridge.wind.max
bdeck.slab.span+2'bdeck.beam.span .
2.5-0.3 otherwise
Zbridge.wind.max
Cfx.0 = 1.92

Basic velocity pressure, given by Eurocode 1991-2: Expression 4.10

1 2
Qwind.basic = E'pair""wind.basic

Awind.basic = 330.63Pa

Orography factor, taken as the value of 1 unless otherwise specified. Rules concerning this
factor is given in Eurocode 1991-1-4: Section 4.3.3.

Corography =1

Terrain roughness factor that takes into account the roughness of the terrain and the height of
the structure. Given by Eurocode 1991-1-4: paragraph 4.3.2-(1)

0.07
o (Z ) 9.19 (Zbr‘idge.wind.ej 1n Z,ind
roughness\4wind) = 9-+7" .
: 9.05m Zbridge.wind.0
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Cr'oughness(zbr‘idge.wind.max) =1.02

mean wind velocity at a given height

Vwind.mean (zwind) Croughness (Zwind) "Corography Vwind.basic
Wind turbulence intensity at a given height. Eurocode 1991-1-4: paragrapgh 4.4-(1)

. . 1
1nten51tYWind.velocity(zwind) = S
ln( wind ]

Zpridge.wind.o

Peak velocity pressure, given by Eurocode 1991-2: Expression 4.8.

Awind.peak = | €< 1+ 7'intens‘itywind.veloci‘cy(Zbr'idge.wind.max)
1 2
Amean < E‘pair"Vwind.mean(zbr‘idge.wind.max)
€ Ypean
Awind.peak = 741.61Pa

The exposure factor. Given by Eurocode 1991-1-4: paragraph 4.5-(1)

. 9wind.peak 3
CWind.exposure = =2.24
9wind.basic

Wind load factor. Given by Eurocode 1991-2: paragraph 8.3.2-(1)

Cwind = Cwind.exposure “fx.0

Cuing =4-31

Windload acting on the most loaded main I-girder

The equivalent distributed load that acts on the most loaded main I-girder in the composite
cross-section. The horizontal wind force acting perpendicualar to the bridge span is calculated
using the simplified method as described in Eurocode 1991-2: Paragraph 8.3.2-(1).

The referrence area for the wind load acting horizontal and perpendicular to the bridge span, is
taken as the worst case between just the bridge and the bridge with traffic. The height of the
traffic is given by Eurocode 1991-2: Figure 8.3. In more detail, the worst case senario is the case
that gives the larges moment on the bridge. The rotation centre is assummed to be located at the
top of the bridge. The moment is then carried by the main I-girders, thus the moment is divided
by the distance between the main I-girders. Note that the height of the bridge is taken as an
average, this should be an conservative simplifatication that leads to higher moment.
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Awind.equivalent.composite =

Awind.equivalent.composite =

hpridge < Pbridge.wind

htraffic < 2'M+ Npridge . wind

h 2
bridge
leverbr‘idge «— f
htraffic
leveripraffic < |Ptraffic’ 5 ~Npridge

lever « max(leverbr.idge , levertraffic)

2

moment, ing < E(pair"vwind.basic ~Cwind-lever‘)

momentwind

CCmaingirders

kN

27—

m

Rotation centre

& J_ casel

Rotation centre

/

i

D l case 2

Tllustration of the two cases considered for the wind load

The shear force in the most loaded main I-girder due to horisontal wind load. Since the
composite cross-section is considered the shear force is calculated assuming fix supports.

B I-span
VE.wind.composite(Xspan) = Gwind.equivalent.composite | Xspan ~ 2
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1x10*

—_
=
— 3
5x10
(U]
U
C
$ VE.wind.composite(Xspan) e
S 3
©
O — 5x10
<
v 4
— 1x10
0 10 20 30 40
Xspan

x-coordinate [m]

The bending moment in the most loaded main I-girder due to horisontal wind load. Since the
composite cross-section is considered the bending moment is calculated assuming fix supports.

ME.wind.composi’ce(xspan) = 19< 9wind.equivalent.composite
2 2
9 Lspan 4 Xspan Lspan
+ -a “Xspan
12 2 2
ax10*
—_
£
=
d
£ 2x10"
]
£
g ME.wind.composite(xspan)
Qo
c 0
-
o
c
]
o0
~ 2x10”
0 10 20 30 40
Xspan

x-coordinate [m]

2.2.5 Load combinations in ultimate limit state
Calculations of the load combinations in the ultimate limit state.

Service phase
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Distribution of minimum design bending moment in the ultimate limit state for the composite
structure in the service life. The equation is given by Eurocode 1990-A1: Table A2.4(B).
However note that here the equation and values are taken from the Swedish Annex Chapter 7
Table A2.4(B)S instead.

In order to obtain the maximum negative moment in each section along the span the axle load
should be applied at the current section. There are two load combinations to consider which is
based on equation 10.6a and 10.6b. For both load combinations the self weight is unfavourable
since it always give an negative contribution.

Here

M, is the load combination for 10.6a

My, is the load combination for 10.6b

MEd.ULS. imposed.negative (Xspan ,equ) = | tmp g 1.5 Vepaffic.e

MA(a < tmp'ME.modell.total(xspan ’Xspan)
MA1 < 'Yd'1'5'wwind.@'ME.wind.composite(xspan
MB0 « 'Yd'l'5'ME.mode11.tota1<Xspan ’Xspan)

Mg, < Vd'1-5Wyind.o ME.wind. composite(xspan

1

1

Z MAi if equ
i=o0

1
>

n
)

1
Z MBi if equ
i=20

4x10°

— \J
£ \
= 210°|\
—_
i) wan
CICJ MEd.ULS.imposed.negative(xspan’ A ) 0
£ npn
g MEd.ULS.imposed.negative(xspan’ B ) - 2x10°
o @ - ax10°
o
2 6
o - 6x10
m

- 8x10°

0 10 20 30 40
Xspan

x-coordinate [m]

Distribution of maximum design bending moment in the ultimate limit state for the composite
structure in the service life. The equation is given by Eurocode 1990-A1: Table A2.4(B).
However note that here the equation and values are taken from the Swedish Annex Chapter 7
Table A2.4(B)S instead.

For the positive bending the selfweight is always favourable. Thus only equation 10.6b has to be
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applied since it always will give a larger contribution from the trafficload. In order to find the
maximum positive moment the load has to be moved along the span. The maximum moment
should be found with relative ease.

Here

M, is the contribution from the traffic load

M, is the contribution from the wind load

M, .. is the maxium bending moment which has been obtained

M, is the bending moment for the current step

and

range_ is a function that yields a range vector over the span length. input is number of steps.

span

MEd.ULS. imposed.positive (Xspan) = MZ(Xload) < Yar 1'S’ME.modell.total(xspan ’Xload)
M3 &g 1'5"bwind.G'ME.wind.(:omposite(xspan)

M(Xload) < MZ(Xload) +M3
Moay < M(Om)

for stepe r‘angespan(Se)

Mstep < M(step)
Mmax € m""X(Mstep ’Mmax)
Mmax

1x10’
—
£
=
— 6

5x10
5 MEd.ULS.1mposed.p051t1ve(xspan) \\\\ ////
£ npn
g MEd.ULS.imposed.negative(xspan’ B ) 0 \\\--___"—,/
oo ©
- 6
S — 5x10
c
(]
m

—1x10’
0 10 20 30 40
Xspan

x-coordinate [m]

Distribution of the design bending moment due to self weight in the ultimate limit state for the
composite structure in the service life. The equation is given by Eurocode 1990-A1: Table
A2.4(B). However note that here the equation and values are taken from the Swedish Annex
Chapter 7 Table A2.4(B)S instead.
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For the positive bending the selfweight is always favourable. Thus only equation 10.6b has to be
applied for positive moment since it always gives a larger contribution from the traffic load.
Here

M, is the load combination for 10.6a, self-weight unfavourable

My is the load combination for 10.6b, self-weight unfavourable
M. is the load combination 10.6b, self-weight favourable

MEd.ULS.sel-Fweight(Xspan , choice) = | Ma 'Yd’1'35’ME.self.composite(xspan)
Mg < 'Yd'@'89'1'35'ME.self.composite(xspan)

Mc < 1.00-Mg ge1f, composite(xspan)

Mp if choice = "A-"
MB if choice = "B-"
MC if choice = "B+"

L |
|=
=
— 6

— 2x10
g MEd.ULS.selfweight(Xspan’ A-
£
g MEd.ULS.selfweight(Xspan’ B- ) _ ax10°
!éo MEd.ULS.selfweight(Xspan’"B*'")
o~ 6
S — 6x10
c
7]
m

— 8x10°

0 10 20 30 40
Xspan

x-coordinate [m]

Distribution of the worst case design bending moment. This is function is used to simplify the
calcualtions in the following chapters. Furthermore, only the maximum absulute value of the
bending moment is of interest.

Here

M, fis the contribution from the self weight for respective load combination

M1 poseq 1S the contribution from the imposed loads for respective load combination

M is the resulting moment for respective load combination
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MEd.ULS.max(Xspan):z Mself.A‘“’MEd.ULS.selfweight(Xspan’ ‘A- )
Mself.B4_'MEd.ULS.selfweight(Xspan’ )
Mse1f.c < Med.uLs. selfwelght( span’"B+")
Mimposed.A < MEd.ULS.imposed.negative( span’ A )
Mimposed.B e'MEd.ULS.imposed.negative(Xspan’ )
Mimposed.C e'MEd.ULS.imposed.positive(Xspan)

Ma < Mse1f. A+ Mimposed.A

Mg < Mse1f.8 + Mimposed.B

Mc < Mse1f.c + Mimposed.c

v [ ] e

1x10”

MEd.ULS.max(Xspan)

5x10°

Bending moment [Nm]

0 10 20 30 40
Xspan

x-coordinate [m]

The location where the maximum value of the bending moment chages from being for positive
bending moment to negative moment.

location:= | Mynevious < MEd.uLS.max (OM)

Lspan
Xstep  To00

while Xgtap <Llgpan AMprevious >'MEd.ULS.max(Xstep)
Mprevious G'MEd.ULS.max(Xstep)

Lspan
Xstep < Xstep ¥ 00

Xstep

location =4.6m
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Distribution of design shear force in the ultimate limit state for the composite structure in the
service life. The equation is given by Eurocode 1990-A1: Table A2.4(B). However note that

here the equation and values are taken from the Swedish Annex Chapter 7 Table A2.4(B)S
instead.

For the shear force only the maximum absolute value is of interest. The maximum absolute
value is obtained when the load is placed directly above the current cross-section. The
self-weight always contribute to a larger shear force, therfore it is always taken as unfavourable.

Here
V, is the shear force in accordance with equation 10.6a given in Table A4.2(B)S, Swedish Annex

Vj is the shear force in accordance with equation 10.6b given in Table A4.2(B)S, Swedish Annex

VEd.ULS.composite(Xspan) = VAQ < Afd'1'35'VE.self.composite(xspan)

VAl < ﬁfd':|'°5'”‘L"cr‘a1c-Fic.O'VE.modell.total(xspan > Xspal
VA2 < Afd'1'5"l’wind.e'vE.wind.composite(xspan)

VBQ < '\fd'9°89'1'35'VE.self.composite(xspan)

VB1 < Afd'1'5'VE.modell.to‘cal(xspan ’Xspan)

V82 A "fd'l'S"bwind.e'VE.wind.composite(xspan)

2
Vp Z Va,

i=o90

2
VFZV
B B,

i=o0

min( if Vy<o

V. Vp)
max(vB ,VA) if Vy>0

= 6
E 2%x10
()
o]
C
‘-I? VEd.ULS.composite(Xspan) 0
<
o
£ ~ 2x10°
(Va]
0 10 20 30 40

Xspan

x-coordinate [m]
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Shear force in each end of the span, note that the values should be identical but with opposite
sign for a symmetric bridge.

VEd.ULS. composite (@m) =~1.99-MN

VEd.uLs. composite (Lspan) =1.99-MN

Casting phase

Bending moment distribution in the ultimate limit state (ULS), for the casting phase.

Med.uLs. casting(xspan) =7g'1-35'Mg self.casting (Xspan)

0
L |
=
= — 1x10°
i)
c 6
() — 2x10
1=
g MEd.uLsS. casting(xspan)

6
o0 — 3x10
c
o 6
°
c —4x10
]
m

- 5x10°
0 10 20 30 40
Xspan

x-coordinate [m]

2.2.6 Load combinations in serviceability limit state

Calculation of the load combinations in the serviceablity limit state.

Service phase

Bending moment distribution in the servicability limit state (SLS), for the service phase. Note
that maximum bending moment is obtained when the load is placed at the point of measurement
for the trafficloads.

Currently the bending in the serviceability limit state is only used in the calculation of
deflections or for calculations related to the deformation. An example of an related calculation
is the calculation of stress in the main I-girder in order to determine the secant modulus of
elasticity to be used in the calcuation of deflections.

For calculations of deflections the frequent load combination is recomended in Eurocode
1993-2: paragraph 7.8.1-(2). The frequent load combination is given in Eurocode 1990-At1:

Table A2.6.
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MEd.SLS.composi’ce(Xspan ’Xload) Mo < ME.sel-F.composi‘ce(Xspan)
M1 < Yipaffic.1 ME.modell.total (Xspan ’Xload)

M2 < Vyind. 2 ME.wind. composite (Xspan)

Bending moment distribution along the bridge span, when the point load from load model 1 is
placed in the middle of the span.

5x10°
L |
|=
=2
el
g 0
(O]
g Lspan
£ Med.sLs.composite| Xspan > B
= — 5x10°
o
°
c
]
m

— 1x10’

0 10 20 30 40
Xspan

x-coordinate [m]

Maximum bending moment at the middle of the span is obtained when the axle load also is
placed at the middle if the span.

I-span I-span B
MEd.SLS.composite TT =—7.8-MN-m
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2.3 Bending moment resistance

In this document the bending moment resistance of the bridge is calculated.

This chapter encompasses the following subchapters:

2.3.1 Bending resistance of the composite cross-section in the ultimate limit state, elastic
2.3.2 Bending resistance of the composite cross-section in the ultimate limit state, plastic
2.3.3 Bending resistance of the main I-girders in the ultimate limit state at casting

2.3.4 Stress distribution due to bending in the serviceability limit state

2.3.5 Miscellaneous moment resistances

2.3.1 Bending resistance of the composite cross-section in the
ultimate limit state, elastic analysis

For the bending resistance of the composite cross-section in the ulimate limit state the elastic
resistance of the cross-section will be considered. Note that due to the precambering the main
I-girders will carry more load than the concrete in the composite structure when elastic analysis
is used.

Note that for stainless steel it is given by Eurocode 1993-1-4: Paragraph 5.1-(3) that global
plastic analysis may not be used unless experimental results support the assumptions made in
calculations. Special note is taken to the effect of strain hardening on the loads carried by the
joints.

Furthermore, pressumably the upper flange of the main I-girders is in cross-section class 3 or 4.
According to Eurocode 1994-2: Paragraph 5.5.1-(3) a part that is restrained by the concrete
deck may be taken as a more favourable class. This is only applicable if the performance has
been proved. Therefore it is henceforth assumed to be the case for the upper flange of the main
I-girders, which will be taken as cross-section class 3 for the composite section.

In accordance with Eurocode 1994-2: paragraph 6.1.2.5-(1) and 6.1.2-(1) the effective
cross-section is given by Eurocode 1994-2: Section 5.4.1.2.

In accordance with Eurocode 1994-2: Paragraph 6.2.1.1 all concrete in tension should be
neglected.

Stress and utilisation in the composite cross-section, elastic analysis

In accordance with Eurocode 1994-2: paragraph 6.2.1.5-(2) the stress for the concrete in
compression should be limited to the design cylinder compressive strength when considering
the composite cross-section. Note that the effect of reinforcement is neglected for concrete in
compression. Since the stress is derived for steel it must be converted into equivalent concrete
stress.

The moment that is carried by the composite cross-section and the concrete is only the reduced
part of the moment in the ultimate limit state. The reduced part of the moment does not
consider the self-weight since it is carried only by the main I-girders. Furthermore, for the
concrete it is sufficient to check only case A since this gives a larger contribution from the
imposed loads.
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GEd.ULS.concr‘ete(Xspan) = | 2 < Zcomposite.negative (Xspan ’Ztop.deck.slab.mid(xspan))

(MEd .ULS.imposed.negative (Xspan , A" ) ]
o« ~z

Icomposi‘ce .negative (Xspan)

O-Qgteel.concrete if 0 <0Pa

OPa otherwise

Utilisation ratio. Since the concrete is only considered when in compression the utilisation will
go to zero close to the supports. Note that the absolute value of the stress is used.

~ |GEd.ULS.concrete(XspanH

uULS.bending.concr‘ete(xspan) £
cd.concrete

—_
1
— 0.8
5
o 0.6
f; uULS.bending.concr‘ete(xspan)
] 0.4
o
'_i
o
) 0.2 /—\
>
0
7] 10 20 30 40
Xspan

x-coordinate [m]

Calculation of the steel stress in the lowermost and uppermost part of the main I-girders
respectively. In accordance with Eurocode 1994-2: paragraph 6.2.1.5-(2) the stress in the
structural steel should be limited to the design yield strength when considering the composite
cross-section.

Note that the main I-girders carry the entire self-weight. In addition, the steel is part of the
compoiste cross-section and therefore the main I-girders carries part of the imposed loads as
well.

For the steel section there are three relevant load combinarions in the ultimate limit state. For
negative moment the self-weight is unfavourable and the imposed loads or the self-weight can be
chosen to dominate. This is considered with equation 10.6a and 10.6b respectively.

On the other hand, for positive moments the self-weight is always favourable. Therefore only
equation 10.6b needs to be applied since it gives the largest contribution from imposed loads.
Here:

composite indicates with the value 1 that the composite cross-section is considered

zglobal is the global z-coordinate for the considered part

zmain is the local z-coordinate with regard to bending of just the main I-girders at casting

Z,p is the local z-coordinate with regard to negative bending of the composite cross-section

z.is the local z-coordinate with regard to positive bending of the composite cross-section
Opmain.a/B,/c 18 the stress with regard to respective load combination
Ocomp.a,/B,/c IS the stress with regard to respective load combination
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GEd.ULS.steel(Xspan’papt):z composite « 1

Zlower e'Zbottom.main.ﬂange.lower‘(Xspan)

Zupper e'Z‘cop.main.ﬂange.upper‘(xspan)

Zglobal < Zlower if part = "lower"

Zglobal < Zupper if part = "upper”

Zmain é‘Zmain.beam.neg(xspan’Zglobal’ComPOSite)
ZAB“'Zcomposite.negative(Xspan’Zglobal)

ZC“'Zcomposite.positive(xspan’Zglobal)

MEd.ULS.selfweight(Xspan’"A'")
Omain.A < I )'Zmain

main.beam.neg(xspan’Comp051te

MEd.ULS.selfweight(Xspan’"B'")
Omain.B < I

. Z .

- main

main.beam.neg(xspan’Comp051te)
MEd.ULS.seleeight(Xspan’"B+")

Omain.C < I

. Z .
- main
main.beam.neg(xspan’Comp051te)
MEd.ULS.imposed.negative(Xspan’"A")
Ocomp.A < I

] ] "ZpAB
comp051te.negat1ve(Xspan)

MEd.ULS.imposed.negative(Xspan’"B")
Ocomp.B < .

N "ZAB
composite.negative( span)

MEd.ULS.imposed.positive(Xspan)
Tcomp.C <~ T

.ZC
. . . X
comp051te.p051t1ve( span)

OA <~ %main.At Tcomp.A
OB <~ %main.B* 9comp.B
OC < %main.Cc * %comp.C

max(|op| . |og| - |oc|)

6x10°

" " 8
GEd.ULS.steel(Xspan’ lower ) 4x10

N
TEd.ULS. steel(Xspan- "upper”) 2><198\/ \/

[ |
©
o
d
& 1cyd.steel 9
)
5 - 2x10°
woo- 1cyd .steel 8

—4x10

- 6x10°

7] 10 20 30 40
Xspan

x-coordinate [m]
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Utilisation ratio for the steel in the ultimate limit state. Here only the maximum stress is of
interest, it is not of interest if it is tension or compression. The maximum stress in the steel can
be found in the lower or upper flange.

uULS.bending.s‘ceel(xspan) = | 9lower < GEd.ULS.steel(Xspan . "lower")

Oupper < GEd.ULS.Steel(Xspan , "upper‘")

max(clower‘ ’Gupper‘)
1cyd.steel

—
1
— 0.8
5
S 0.6
+  YuLs.bending. steel(xspan)
%] 0.4
o
-
] 0.2
-]

0

0 10 20 30 40

Xspan

x-coordinate [m]

Calculation of the maximum stress in the reinforcement. In accordance with Eurocode 1994-2:
paragraph 6.2.1.5-(2) the stress the reinforcement in tension should be limited to f_; when

considering the composite cross-section. Since the stress is derived for steel it must be
converted into equivalent stress in the reinforcement.

Note that the effect of reinforcement is neglected for concrete in compression, hence that no
check is performed for negative bending moment. For positive moments the self-weight is
always favourable. Therefore only equation 10.6b needs to be applied since it gives the largest
contribution from imposed loads.

Here:

Zy10par 1S the global z-coordinate for the uppermost part of the concrete deck

zlocal i the local z-coordinate for the uppermost part of the concrete deck

o is the stress in the concrete in the uppermost part of the concrete deck

and

gteel reins1S the factor transforming corresponding steel stress to concrete stress

OEd.ULS. r‘einf(xspan) = | %global < Zreinf.slab.upper.uppermost (Xspan)
Zlocal < Zcomposite.positive(Xspan , Zglobal)

MEd.uLs. imposed.positive (Xspan)
I

0 << "Z1ocal %steel.rein

composite.positive(xspan)
o if o>0Pa

OPa otherwise
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Utilisation ratio

_ |0Ed.ULS.reinf(Xspan)|

uULS.bending.reinf(xspan)'_ P ]
yd.reinf

—_
1
— 0.8
5
~ 0.6
ped uULS.bending.r‘einf(Xsparﬁ
v 0.4
o
-
i 0.2
D

0

0 10 20 30 40
Xspan

x-coordinate [m]

Maximum utilisation ratio

Maximum utilisation ratio in the sections along the span with regard to bending of the composite
cross-section in the ultimate limit state.

uULS.bending.composite.elas‘cic(Xspan):= Uconcrete e_uULS.bending.concr‘ete(Xsp
Usteel e'uULS.bending.s’ceel(xspan)

Upreinf e'uULS.bending.r‘einw‘("span)

max(uconcrete’usteel’ureinf)

Maximum utilisation ratio with regard to bending of the composite cross-section in the ultimate
limit state.

UyLS.bending.composite.elastic.max = |Xspan ¢ Mangegpypn (100)

for Xstep € Xspan
U< UyLs.bending.composite.elastic (Xstep]

Unax < max(u , umax)

u

max

YuLS.bending.composite.elastic.max = 0.95
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0.8

UyLS.bending.composite. elastic(xspan) 0.6

UyLS.bending.composite.elastic.max 0.4

0.2

Utilisation [-]

(4
(4 10 20 30 40

Xspan

x-coordinate [m]

2.3.2 Bending resistance of the composite cross-section in the
ultimate limit state, plastic analysis

For the bending resistance of the composite cross-section in the ulimate limit state the plastic
resistance of the cross-section will be considered.

In addition, the plastic bending resistance of the flanges of the composite cross-section is of
interest when calculating the combined effect of shear force and bending moment. Therefore
the following calculations will be performed with an additional input that will determine if the
whole cross-section or just the flanges will be considered

For stainless steel it is given by Eurocode 1993-1-4: Paragraph 5.1-(3) that global plastic analysis
may not be used unless experimental results support the assumptions made in calculations.
Special note is taken to the effect of strain hardening on the loads carried by the joints.
However, in this analysis it is simply assumed that plastic analysis can be used for this stainless
steel section. Note however, that this may not be the case and that further investigation is
required.

In accordance with Eurocode 1994-2: Paragraph 6.2.1.1 all concrete in tension should be
neglected.

Effective width of the steel in global analysis is assumed to be unreduced. This assumption is
made to simplify the calculations since the assumption should remain true for almost any
choice of bridge span.

assumption g = "true”

steel_unreduce

Concrete in compression, negative moment

Duplex stainless steel is used in the steel section, and since it has similar strength and
mechanical properties to that of the structural carbon steel S460 the rules in Eurocode 1994-2:
Paragraph 6.2.1.2-(2) will be used. According to the rules the plastic moment should be
reduced by a B-value. Alternativly, when the -factor is not applicable, the plastic analysis
should be replaced with a elastic or non-linear analysis.
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Eurocode 1994-2: Paragraph 6.2.1.2-(1) gives that:

e Reinforcement in compresion may be neglected.

e The effective area of the longitudinal reinforcement may be stressed to the design yield
strength.

e The effective area of the structural steel may be stressed to the design yield strength in both
tension and compression.

e The effective area of the concrete may be stressed to 0.85 of the design cylinder
compressive strength of the concrete. The stress should be taken as constant over the area
of the compressed concrete.

Calculation of the plastic neutral axis of the composite cross-section when the concrete is in
compression, negative moment. Note that the neutral axis is assumed to never be in the upper
triangular part of the concrete slab.

Here:

low; is the global z-coordinate of the bottom of each part

high; is the global z-coordinate for the top of each part

centre is the global z-coordinate for the centre of all parts
F,is the resulting force in plastic bending for each part

Equilibrium(z) is the force balance for the cross-section
and

root is a function that finds the where given function is zero.
legend

0 - the lower flange of the main I-girder

1 - the web of the main I-girder

2 - the upper flange of the main I-girder

3 - the square part of the effective concrete slab

4 - the triangular part of the effective concrete slab

5 - the effective part of the edge beam of the concrete deck
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ZNA. composite.plastic.neg(*span) = | ttmp < tdeck.slab.effective.outer

bottomg « Zbottom.main.flange.lower‘(Xspan)
bottomq « Zbottom.main.web(XSpan)

bottom; « Ztop.main.web(xspaﬂ’l)

bottoms « Ztop.main.flangE-UPPer‘(XSPan)
bottomg « Ztop.main.flange.upper‘(xspan) * Tmp
bottoms « Zbottom.deck.beam(xspan)

topg < Zbo’ctom.main.web(xsl’)«i\n)

topy < Ztop.main.web(xspan)

£0P2 < Ztop . main. flange. upper (Xspan)

£0P3 & Ztop . main. flange. upper (Xspan) * ttmp
topg < top3 + tyeck.slab.effective.diff

tOP5 <= Ztop.deck.slab.edge (Xspan)

top + bottom
2

centre «

Fo < fyd.steel Amain.flange. lower‘(xspan)

F1 < 1cyd .steel Pmain.web (Xspan)

F2 < fyd.steel Amain.flange. upper(xspan)

F3 < Adeck.slab.e-F-Fective.squar‘e'6'85"ch.concr‘
Fq < Adeck.slab.e1°1‘:ective.’cr‘iangle 0.85-f . con

Fs < Adeck.beam.effective ©-8> 'ch .concrete

z — centrej
tmp(z,i) < max|min||2-—— | ,1}|,-1
topj — bottomj

5
Equilibrium(z) « z (Fi~tmp(z,i))
i=0
r‘oot(Equilibr‘ium (z) ,z,bottomg, bottom4)
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Location of the plastic neutral axis when the composite cross-section is considered.

z-coordinate [m]

ZNA.composite.plastic. neg(xspan)

0.5

0 10 20 30 40
Xspan

x-coordinate [m]

Reduction factor for the plastic moment capacity for the composite cross-section in negative
bending. Given by Eurocode 1994-2: paragraph 6.2.1.2-(2).

Br‘eduction(xspan)

to < tdeck.slab.effective.outer
t1 < Tdeck.slab.effective.diff
Zuppermost < Ztop.main.1‘:lange.upper‘(xspan) tlg+ 1ty

Xplastic < Zuppermost ~ ZNA.composite.plastic.neg(Xspan)

hstructure e'Zupper‘mos’c_zbottom.main.1‘:1ange.lower'(Xspan)
Xplastic

3¢ —P-astic
hstr‘uctur‘e

1 if a<®0.15
1.09 —a-0.6 if 0.15<a<0.4
0 if a>0.4

Note that the factor should be applied only for S420 and S460, however we will also apply it to
EN1.4162 since it have very similar properties to S460 carbon steel.

steelgrade = "EN1.4162"

Breduction.plastic (Xspan) = | Breduction (Xspan)

if steelgrade = "S460"

Breduction(xspan) if steelgrade = "EN1.4162"

1 if steelgrade = "carbon"
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Breduction. plastic(xspan) 9.5

reduction [-]

0 10 20 30 40
Xspan

x-coordinate [m]

Calculation of the plastic bending capacity of the composite cross-section when the concrete is

in compression, negative moment. Note that the neutral axis is assumed to never be in the upper
triangular part of the concrete slab.

Furthermore, to reduce the amount of calculations the moment capacity can be obtained either
for the entire cross-section or for the flanges only. To calculate the entire cross-section the
second argument should be one. The resistance of the flanges is used for the interaction between
shear force and bending moment.

Here:

Zy4 is the global z-ccordinate for the plastic neutral axis

F,is the resulting force in plastic bending for each part
d; is the distance from the centroid of each part to the plastic neutral axis

tmp < 0.85-f

MRd. composite.plastic.neg (Xspan ’ A) = cd.concrete

X < Xspan

ZNA < ZNA. composite.plastic.neg (X)
Fo < ’cyd.steel'Amain.-Flange.lower' (x)

F1 < fyd.steel Amain.web (X) if A=1

F2 < fyd.steel Amain.flange.upper (X)

F3 < Adeck.slab.effective.square tMP

Fa < Adeck.slab.effective.triangle "tMP

Fs « Adeck.beam.ef-Fective'9'85"‘:cd.concr‘ete
do < Zcentre.main.flange. lower (X) ~ ZNa
d1 < Zcentre.main.web (X) ~ Zya

d2 < Zcentr‘e.main.-Flange.upper‘ (x) - ZNA
d3 < Zcentre.deck.slab.effective.sqr (X) ~Zna
da < Zcantre.deck.slab.effective.tri (X) = Zyp

ds < Zcentre.deck.beam (X) ~ ZNa

5
> (Fi-]di])-Breduction. plastic ()
i—o
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—
= .
— 2x10
> M 1
_t: Rd.composite.plastic.neg(xspan’ ) \ A
v \\ '/
g MRd.composite.plastic.neg(xspan’9) Ncccrecccccccccccccmaaa ’
o ~=7"" 7
Y MEd.ULS.max(Xspan)| 1x1e
o —
c
()
£
o
=
0
0 10 20 30 40
Xspan

x-coordinate

Concrete in tension, positive moment

Eurocode 1994-2: Paragraph 6.2.1.2-(1) gives that:

o The effective area of the longitudinal reinforcement may be stressed to the design yield
strength.

e The effective area of the structural steel may be stressed to the design yield strength in
both tension and compression.

e The effective area of the concrete may be stressed to 0.85 of the design cylinder
compressive strength of the concrete. The stress should be taken as constant over the area
of the compressed concrete.

Calculation of the plastic neutral axis of the composite cross-section when the concrete is
tension, positive moment. Note that the reinforcement in the edge beam si simplified to be
evenly distributed through out the height of the edge beam. Note that the lower reinforcement
in the slab is given a height so that the calculations may be performed without dividing by zero.
Here:

low; is the global z-coordinate of the bottom of each part

high; is the global z-coordinate for the top of each part

centre is the global z-coordinate for the centre of all parts
F,is the resulting force in plastic bending for each part
Equilibrium(z) is the force balance for the cross-section

and

root is a function that finds the where given function is zero.
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ZNA.composite.plastic.positive (Xspan)

P3 <~ Preinf.slab.lower

P4 € Preinf.slab.upper

P5 < Preinf.beam

bottomg « Zbot‘com.main.ﬂange.lower‘(Xspan)
bottom; « Zbottom.main.web(xspan)

bottom, « Ztop,main.web(xspan)

bottoms « z ) — 8mm

reinf.slab.lower(xspan

bottoms < Zpeinf.slab.upper. lowermost (Xspa

bottoms « Zbottom.deck.beam(XSpan)
topg < Zbo’ctom.main.web(xspan)
topy « Ztop.main.web(XSpaﬂ)

tOP2 <= Ztop.main. flange.upper (Xspan)

tops < z ) + 8mm

reinf.slab.lower(xspan

tOP4 <= Zpeinf.slab.upper.uppermost (Xspan)

toP5 <= Ztop.deck.slab.edge (Xspan)

top + bottom
2

centre «

Fo < fyd.steel Amain.flange. lower‘(xspan)

F1 < 1cyd .steel Pmain.web (Xspan)

F2 < fyd.steel Amain.flange. upper'(xspan)

F3 < bdeck.slab.e-F-Fective'93"Fyd.r‘einf
Fa < bgeck.slab.effective P4 Tyd.reinf

Fs < bgeck.beam.effective P5 Tyd.reinf

z — centrej
d(z,i) < max|min||2-———™M|,1],-1
topj — bottomj

5
Equilibrium(z) « Z (Fi~d(z,i))
i=0
r‘oot(Equilibr‘ium (z) ,z,bottomg, bottom4)
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z-coordinate

ZNA. composite.plastic. positive(xspan)

/_H—H\

0.5

0 10 20 30 40
Xspan

X-coordinate

Calculation of the plastic bending capacity of the composite cross-section when the concrete is
in compression, positive moment. Note that the neutral axis is assumed to never be in the upper

triangular part of the concrete slab.

Furthermore, to reduce the amount of calculations the moment capacity can be obtained either
for the entire cross-section or for the flanges only. To calculate the entire cross-section the
second argument should be set to 1. The resistance of the flanges is used for the interaction
between shear force and bending moment.

Here:

Zy4 is the global z-ccordinate for the plastic neutral axis

F,is the resulting force in plastic bending for each part

d; is the distance from the centroid of each part to the plastic neutral axis

MRd. composite.plastic.pos (Xspan ’

web) =

P3 < Preinf.slab.lower
P4 < Preinf.slab.upper
P5 < Preinf.beam

ZNA € ZNA.composite.plastic.positive (Xspan)
Fo < fyd.steel 'Amain.flange.lower(xspan)

F1 < 1cyd. steel 'Amain.web(xspan) if web=1

Fa < 1cyd.s‘ceel 'Amain.flange.upper‘(xspan)

F3 < byeck.slab.effective P3 Tyd.reinf
Fa < bgeck.slab.effective P4 Tyd.reinf

F5 < beck.beam.effective P5 Tyd.reinf

do Zcentre.main.flange.lower (Xspan) ~ZNA

dy < Zcen‘cr‘e.main.web(xspan) ~ ZNA

d2 < Zcentr‘e.main.1‘:lange.upper=(Xspan) ~ZNA

d3 < zr‘eim‘:.slab.lov\ler‘(xspan) ~ZNA

dg < Zr‘eim‘:.slab.upper‘(xspan) ~ZNA

ds Zcen‘cr‘e.deck.beam(xspan) ~ZNA

Z (Fi' |di|)
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2x10’

MRd.composite.plastic.pos(xspan’1)

I
L

‘MRg.qomposite.plastic.pos(xspan’e)

7
1x10
MEd.ULS.max(Xspan)

Moment resistance [Nm]

(4 10 20 30 40

Xspan

Xx-coordinate

2.3.3 Bending resistance of the main I-girders in the
ultimate limit state at casting

At casting of the concrete the entire self-weight of the bridge structure and fromwork is carried
by the main I-girders.

According to the specific rules for stainless steel given by Eurocode 1993-1-4: paragraph 5.1-(1)
the rules given in Eurocode 1993-1-1: Section 5 and 6 should be applied. However, note that
there are some exceptions given in Eurocode 1993-1-4: Section 5.1 that are taken into account
where applicable.

Furthermore, in accordance with Eurocode 1993-1-1: paragraph 6.2.1-(4) it is allowed to use
elastic moment resistance regardless of cross-section class as long as the reduced cross-section
is used for all parts in cross-section class 4.

Moment resistance of a main I-girder without composite action. Given byEurocode 1993-1-1:
paragraph 6.2.5-(2)

MRd.main.beam(xspan) = | composite < @

Zlocal(zglobal)‘_ Zmain.beam.neg(xspan’Zglobal’comPOSite)

I«1I composite)

main.beam.neg(xspan’
d1ower e‘|Zlocal(zbottom.main.flange.lower(xspan)ﬂ

dupper < |Zlocal(ztop.main.ﬂange.upper‘(xspanm

d « max( d

maximum d10wer » upper)

I 1:yd.s‘ceel

dmaximum YMO.stainless
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—_
|=
=2
| -
o 6x10°
U
c
©
+ MRd.main.beam(xspan) .
2 4x10
o MEd.ULS.casting(Xspan)|
C
= 2x10°
]
£
o
=

0

7] 10 20 30 40

Xspan

x-coordinate [m]

Utilisation ratio for the bending moment resistance in the ultimate limit state for the I-girder at
casting. In accordance with Eurocode 1993-1-1: paragraph 6.2.5-(1).

_ |MEd .ULS.casting (Xspan)|

uULS.bending.main.elastic(Xspan) "
Rd.main.beam(xspan)

The maximum value of the utilisation ratio is of interest.

UyLS.bending.main.elastic.max = | Xspan < @M.0.1m. Lgopay

for Xstep € XSpan

Utmp e"uULS.bending.main.elastic(Xs‘cep)

" e—max(

Uma Utmp > umax)

Umax

UULS.bending.main.elastic.max = ©-78

Variation of utilisation ratio along the bridge span.

mm
1

— 0.8hccccagyecccccccccccccsacaa
c
S uULS.bending.main.elastic(xspan)0.6
+
3 UyLS.bending.main.elastic.max 9.4
S
|—|
o
D 0.2
)

0

0 10 20 30 40

Xspan

x-coordinate [m]
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2.3.4 Stress distribution due to bending in the serviceability
limit state

The stress level in the upper and lower flange of the main I-girders are of interest when
calculating the secant modulus of elasticity. This stress is calculated for the nominal
cross-section and the load is for the serviceablity limit state. Note that in accordance with
Eurocode 1993-2: paragraph 7.8.1-(2) the frequent load combination should be used for
calculations pertaining to deformations.

Note that no regard is taken to the effect of precambering of the beams and the resulting stress
differences between steel and concrete. Furthermore, note that since this is a general
calculation the fix value of the modulus of elsticity is used when obtaining the second moment
of area for the cross-section.

It is assumed that the maximum stress is obtained in the middle of the span when the load is
placed in the middle of the span. However, note that since the bridge has fix supports and
concrete is neglected when in tension in accordance with Eurocode 1994-2: Paragraph
7.2.1-(5) it is possible to obtain higher stresses at the support section. Nontheless, this is
deemed unlikely to occur and the effect should remain negligable.

The moment is negative in the mid span and thus the effective composite cross-section with
concrete in compression is used.

The influence of tension stiffening may be neglected in the serviceability limit state in
accordance with Eurocode 1994-2: paragraph 7.2.1-(7).

Stress in the lower or upper flange of the main I-girders in the serviceability limit state.
Here:
x,, is the x-coordinate of the middle of the span

2, is the global z-coordinate of the centre of the flange
zis the local z-coordinate of the centre of the flange

Lspan

95LS.bending. flange (Part) = | xg <

Zg < Zcentre.main.flange.lower‘(Xe) if part = "lower”

Zg < Zcentre.main.flange.upper(Xe) if part ="upper”

lFZ

Zgloba composite.negative (XO g ZO)

MEd.SLS. composite (Xe , XO) S
I (XO) global

composite.negative

O5LS.bending.flange ("lower" ) =234.83-MPa

OsLs.bending.flange ("upper") =-22.85-MPa
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2.3.5 Miscellaneous moment resistances

Moment resistance of the flanges of one of the main I-girders.

Plastic moment capactity of the flanges of the main I-girder, which is of interest when

calculating the shear buckling resistance contribution from the flanges of the main I-girders.
Note that this is a simplification since the upper and lower flange does not need to have the same
area. If the flanges does not have the same area the neutral axis will not be found in the middle of
the beam, this in turn affects the moment resistance.

_ dmain.1‘=1anges(xspan)'Amain.1‘:1anges(xspan)"cyd.steel
MRd.main.Flanges(Xspan) = 5
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2.4 Shear resistance

In this document the shear resistance of the bridge is calculated

For the shear resistance of the bridge the main resistance is obtained from the webs of the main
steel girders.

Note that in Eurocode 1994-2: paragraph 6.2.2.2-(1) it is stated that the resistance to vertical
shear should take into account the contribution from the structural steel section unless the
contribution from the reinforced concrete is known. The same applies for shear buckling
resistance in accordance with Eurocode 1994-2: paragraph 6.2.2.3-(2). Hence that the
contribution from the concrete deck will be neglected in all of the following calculations.

According to Eurocode 1993-1-1: Paragraph 6.2.6-(4) the elastic shear resistance can be
calculated. However elastic shear is overly conservative and should only be used when plastic
shear cannot be calculated. Since plastic shear resistanc ecan be calculated it will be used
instead of elastic shear.

The shear resistance is calculated in accordance with Eurocode 1993-1-1: Section 6.2.6 and the
shear buckling resistance is calculated in accordance with Eurocode 1993-1-5: Section 5. Except
where replaced by the rules pertaining to stainless steel in Eurocode 1993-1-4.

Note that rigid endposts are assumed in the calculations.

This chapter encompasses the following subchapters:

2.4.1 Plastic shear resistance of the main I-girders

2.4.2 Plastic shear buckling restistance of the main I-girders

2.4.3 Resulting shear resistance of the composite cross-section in the ultimate limit state

2.4.1 Plastic shear resistance of the main I-girders

The shear capacity of the main I-girders. Since plastic design is used the shear resistance is
given by Eurocode 1993-1-1: Paragraph 6.2.6-(2). the shear area to be used for the main
I-girder is given by Eurocode 1993-1-1: Paragraph 6.2.6-(3). Note that it is only the web of the
main I-girder which is considered in the calculation.

1cyd.steel
ﬂshear'Amain.web(Xspan)' NE

V . . X =
Rd.main. lastlc( 3 an)'
P P Me.steel

2.4.2 Plastic shear buckling restistance of the main I-girders

The plastic shear buckling resistance of the main I-girders should be considered in addition to
the plastic shear resistance. The smaller of the two resistances should be used when the shear
buckling resistance should be considered. The shear buckling resistance is composed of the
contribution from the web and the contribution from the flanges, when applicable.

Shear buckling resistance of the main I-girders, contribution from web

Calculation of the shear buckling resistance of the main I-girders is carries out in
accordance with the rules and recomendations given in Eurocode 1993-1-5: Section 5 and
Eurocode 1993-1-4: Section 5.6.
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Shear buckling coefficient for the web panel of the main I-girders. Given by Eurocode 1993-1-5:
annex A.3-(1).

k

T.main.web(xspan) = h =

h 2 d
main.web(xspan) . stiff.vertical
5.3+ 4 if

dstiff.vertical

main.web(xspan)

<1

dstiff.vertical h

2
hmain.web(xspan) . ds’ciff.ver‘tical
4.00 + 5.34- if

main.web(xspan)

Elastic plate buckling stress for the web of the main I-girders. Given by Eurocode 1993-1-5:
paragraph A.1-(2).

2 2
T 'Esteel'tmain.web(xspan)

o'E.shear‘.main.web(xspan) 5 5
12'(1 ~ Vsteel )'hmain.web(xspan)

Critical shear stress for the web of the main I-girders. Given by Eurocode 1993-1-5: paragraph
5.3-(3).

=k

Tcr‘itical.main.web(xspan) T.main.web(xspan)'GE.shear.main.web(xspan)

Slenderness parameter for the web of the main I-girders, given by Eurocode 1993-1-5:
Paragraph 5.3-(3).

1cyd.steel

>‘slender‘ness.main.web(xspan) =0.76- o .
Tcr‘1t1ca1.ma1n.web(xspan)

Reduction factor for the plate buckling of the web of the main I-girders. Rigid endpost is
assumed for the main I-gitders at the support. Given by Eurocode 1993-1-4 Paragraph 5.6-(3)
for stainless steel and Eurocode 1993-1-5: Table 5.1 for carbon steel.

For stainless steel

>‘é_'>‘slender‘ness.main.web(xspan)

0.6

Xmain.web.stainless(Xspan)::

Nshear If A<

MNshear

0.64 0.05

0.11 + otherwise

>\2
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For carbon steel

Xmain.web.carbon(xspan) = | X< Xslenderness.main.web (Xspan)
A 0.83
Nshear If A<
Nshear
0.83 0.83
if <X\<1.08

A Mshear

1.37 X
——— otherwise
0.7+ X\

The reduction factor corresponding to the current steel type is chosen.

Xmain.web(xspan):: Xmain.web.stainless(Xspan) if steeltype ="stainless”

Xmain.web.car‘bon(xspan) if steeltype = "carbon”

Shear buckling resistance from the web is given by Eurocode 1993-1-5: Paragraph
5.2-(1).

_ Xmain.web (Xspan) : 1cyd .steel Pmain.web (Xspan)
\/E"YMl .steel

VRd.main. buckling.web (Xspan)

Shear buckling resistance of the main girders, contribution from flanges

Contribution from flanges, given by Eurocode 1993-1-5: Paragraph 5.4-(1). For the buckling of
a composite section the lower flange is to be used even if the upper steel flange has less
resistance, given by Eurocode 1994-2: paragraph 6.2.2.5-(1).

Note that presence of normal force is not taken into account in the current calculations,
otherwise the effect is given by Eurocode 1993-1-5: Paragraph 5.4-(2). Additional exception
can be found in Eurocode 1994-2: paragraph 6.2.2.5-(1)

The width of the flange on each side of the web should be limited according to Eurocode
1993-1-5: paragraph 5.4-(1).

bmain.ﬂange.buckling(xspan) = | Pmax < | tw tmain.web(xspan)
te e tmain.flange.lower‘(xspan)
ls'Esteel't'F'z + tw
min(bmain.Flange.lower(xspan)’bmax)

Constant used for calculation of the contribution of shear resistance from the flanges. Given by
Eurocode 1993-1-4: Paragraph 5.6-(4) for stainless steels and Eurocode 1993-1-5: paragraph
5.4-(1) for carbon steels.

Note that since different steel material is not implemented for the steel section the upper and
lower flange has the same design yield strengt. Hence, the design yield strength is not included in
the calculation. Furthermore, only the stainless steel have a limitation for the c-factor.
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Cshear‘(xspan) = | @< dstiff.vertical
b « bmain.-Flange.buckling(Xspan)
tre tmain.flange . lower‘(xspan)

2
3'5'b'F't'F

<~ a|0.17 +

Tmain.web (Xspan) Pmain .web(xspan)2

1.6-bety
Ccea 0.25 +
2
tmain.web(xspan)'hmain.web(xspan)

c. if steeltype ="carbon"

C

Cg 1if ¢ <@.65-a A steeltype = "stainless”

0.65-a 1if c >0.65-a A steeltype = "stainless”

Resulting contribution of shear resistance from the flanges of main I-girders in accordance with
Eurocode 1993-1-5: paragraph 5.4-(1). Here it is assumed that the effective area of the flanges
is only the steel section and not for the composite section, note that this assumption should be
conservative.

b« b

VRd.main. buckling.flange (Xspan) = main.flange.buckling (Xspan)

te tmain.flange.lower‘(xspan)
Meq < MEd.ULS.max(Xspan)

MRd < MRd.main.flanges (Xspan)

2 2
b-t 'fyd.steel Meg
Vrd < J1-|—
Cshear‘(xspan)"YMl.steel MRrd
. [Med]
Vv if <1
Rd M
Rd

ON otherwise

2x10”
VRd.main. buckling. -Flange(xspan)
1x10"
0 10 20 30 4

Xspan

Shear resistance [N]

0

x-coordinate [m]
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Shear buckling resistance of the main girders, resulting resistance

Shear buckling resistance of a main girder. Given by Eurocode 1993-1-5: Paragraph
5.2-(1).

VRd.main.buckling(Xspan):: VR< | VR0 <_'VRd.main.buckling.web(xspan)
VR.1 <_‘VRd.main.buckling.flange(Xspan)
VR.o * VR.1

nshear'fyd.steel'Amain.web(xspan)
\/E'WMl.steel

VR.max <

VR if VR <VR max

VR .max otherwise

L | 6
=2 3x10 H r—/
| -
)
U
= 6
S 2x10
woy ; ; (x )
o Rd.main.buckling\”*span
0
g

6
c 1x10
©
[J]
<
v

0

(%] 10 20 30 40

Xspan

x-coordinate [m]

2.4.3 Resulting shear resistance of the composite cross-section
in the ultimate limit state

The resulting shear resistance of the main I-girders should be taken as the lowest value of the
shear resistance and the shear buckling resistance. Need for shear buckling check is given by
Eurocode 1993-1-1: Paragraph 6.2.6-(6).

\/Rd.main(xspan):= Vp1é_'VRd.main.plastic(Xspan)
Vb6_'VRd.main.buckling(Xspan)

h
if
pl t

main.web(xspan €steel

Vv ) <72
)

main.web(xspan MNishear

min(Vpl,Vb) otherwise
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L | 6
= 3x10 H r—/
—
(]
U
= 6
EE 2x10
o VRd.main(xspan)
i
g

6
c 1x10
(©
(]
<
5]

7]

0 10 20 30 40

Xspan

x-coordinate [m]

Utilisation ratios

Utilisation ratio for the shear resistance capacity in ultimate limit state. Given by, Eurocode
1993-1-1: Paragraph 6.2.6-(1)

_ |VEd .ULS.composite (Xspan)|

uULS.shear‘.composite(xspan) VRd.main(X )
.main{Xspan

The maximum value of the utilisation ratio is of interest.

< range (100)

UuLS.shear.composite.max = Xspan span

for Xstep € XSpan

Ustep €~ YULS.shear.composite (Xstep)

Unax < rnaX(us’cep , umax)

u

max

UyLs. shear. composite.max = 83°%

Variation of utilisation along the bridge span.

—_
1
— 0.8
c
9 uULS.shear‘.composite(xspan)0.6
i)
3 UyLS.shear.composite.max 0.4
-
—
o
B 0.2
-]
0
0 10 20 30 40

Xspan

x-coordinate [m]

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:NN
134



2.5 Interaction between shear and bending

The interaction between shear force and bending moment should be checked. In accordance
with Eurocode 1994-2: paragraph 6.2.2.4-(1) the combined effect of shear and bending should
be checked when the shear force acting on the cross-section exceeds more than half of the
shear capacity of the section.

Note that the interaction is checked assuming that the cross-section is in class 3 or 4. However,
note that if a better cross-section class of 1 or 2 is implemented some additional rules will
apply. The additional rules are given in Eurocode 1994-2: paragraph 6.2.2.4-(2+4).

Note that currently only the composite cross-section is checked for the interaction between
shear force and bending moment.

The calculations are performed with the maximum shear force and the maximum bending
moment. Note that maximum shear force and maximum bening moment might not occur at the
same time. However, note that this is a conservative assumption which simplifies the
calculations and reduces the risk of assuming a too favourable load case.

This chapter encompasses only the following subchapter.

2.5.1 Interaction for the composite cross-section in class 3 and 4

For a composite cross-section in cross-section class 3 or 4 the rules and recomendations given
in Eurocode 1993-1-5: Section 7.1 should be used, this in accordance with Eurocode 1994-2:
paragraph 6.2.2.4-(3).

The plastic moment capacity of the cross section is calculated so that the correct capacity with
regard to positive respectively negative bending is used. Note that here the plastic capacity
should be used regardless of cross-sectional class of the composite cross-section.

MRd.composite.plastic(Xspan):: Mpositive e'MRd.composite.plas‘cic.pos(Xspan’1)

Mhegative €< MRd.composite.plastic.pos (Xspan ; 1)

Mnegative if 10C3ti°”‘<Xspan‘<L5pan-location

otherwise

Mpositive

The plastic moment capacity of the flanges is calculated so that the correct capacity with regard
to positive respectively negative bending is used. Note that here the plastic capacity should be
used regardless of cross-sectional class of the composite cross-section.

MRd.w‘langes.plastic (Xspan) = Mpositive < MRd.composite.plastic.pos (Xspan ’e)

Mnegative < Mpg. composite.plastic.pos (Xspan ’ 0)

M if location < x — location

negative span < Lspan

Mpositive otherwise
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2x10’

T
N

MRd.composite.plastic(xspan)

7
MRd.flanges.plastic(xspan) 1x10

Moment resistance [Nm]

0 10 20 30 40
Xspan

x-coordinate [m]

checky ., indicates if the shear resistance of the composite cross-section is sufficient. If the

utilisation of the shear resistance is keept below 50% then there is no need for an interaction
check. If no check is needed the function yields the value one. If a check is needed the function
yields the value zero.

_ |VEd.ULS.composite(xspanﬂ

Chec"shear‘(xspan) = y - <0.5
Rd.maln( span)

— 1

)

~

—

v che‘:kshear(xspan)G.S

U

1)

<

e 0

(] 10 20 30 40

Xspan

X-coordinate

check ... indicates if the moment resistance of the flanges of composite cross-section is

sufficient. If the bending moment for the section can be carried by the flanges alone then there
is no need for an interaction check. If no check is needed the function yields the value one. If a
check is needed the function yields the value zero.

CheCkmoment(Xspan) = Mpd.flanges.plastic (Xspan) > MEd.ULS.max(xspan)
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L |
(o)

~

—

d

o« cheCkmoment(Xspan)O.S

U

w

<

e 0

7] 10 20 30 40

Xspan
x-coordinate

checky .or moment iNdicates if the shear or moment capacity is sufficient. If both the shear and

moment resistance is insufficient then a check of the interaction is needed. If a check is needed
the function yields the value zero. If no check is needed the function yields the value one.

CheCkshear.moment(Xspan) = |1 if (CheCkshear(Xspan) v ChECkmomen‘c(xspan))

@ otherwise

| | 1
o
~
i
e
v cheCkshear‘.moment(Xspan)0.5
U
(]
<
~ 0
0 10 20 30 40

Xspan
x-coordinate

Check of the interaction between shear and moment for the composite cross-section, when
applicable. The design plastic resistance of the of the effective area of the flanges should be
used in accordance with Eurocode 1993-1-5: paragraph 7.1-(1). The design plastic resistance of
the effective cross-section should be used in this calculation regardless of the cross-section
class. Note that the cross-section class should otherwise be class 3 or 4 for this calculation to
apply.

If the check is fulfilled, or not needed, the function yields the value one. If the check is needed
and not fulfilled the function yields the value one.

Here:

M, is the bending moment acting on the composite section in the ultimate limit state

V415 the shear force acting on the composite section in the ultimate limit state

M, rqis design plastic resistance of the effective cross-section
M pqis the resistance of the flanges of the composite section

Vyw.rq 18 the shear buckling resistance of the web of the main I-girder

V4 is the shear buckling resistance of composite cross-section

1, is the ratio between bending moment and plastic resistance of the flanges
1, is the ratio between shear force and shear buckling resistance of the web

check,,,.pineq 1S the check that is performed for interaction of shear force and bending moment

and

checkg, indicates if a interaction check is needed

ear.moment
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CheCkinter'action(Xspan):= MEd“'MEd.ULS.max(Xspan)
VEd<_'VEd.ULS.composite(Xspan)
Mpl.Rd e'MRd.composi‘ce.plastic(Xspan)
Mf . Rd e''V‘Rd.-Flanges.plastic(Xspan)
Vow.Rd e’VRd.main.buckling.web(xspan)
[Meq|
N1
Mp1.Rd
e e LVed
3
Vbw.Rd
Mf Rd 2
check combined < M1+ |1 - ” (2m3-1)7|<1.0
pl.Rd
1 if (CheCkcombined v CheCkshear‘.moment(xspan))
@ otherwise
— 1
(o)
<
—
v Che‘:kinteraction(xspan)0.5
U
@
<
e )
0 10 20 30 40

Xspan

Xx-coordinate

It is assumed that the resitance to shear, moment and any interaction between shear and
moment is sufficient over the entire span length. This is checked for a certain amount of points

along the span.

assumption;ntepaction =

assumption

interaction =

XSpan e—rangespan(lee)

for Xstep € XSpan
test e‘ChECkin‘cer‘action(Xs’cep)
(break ) if test=#1

"true" if test=1

"false" otherwise

"true"
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2.6 Deflections

In this chapter the deflections of the bridge is calculated.

This chapter encompasses only the following subchapter.
2.6.1 Deflections in the serviceablity limit state

The deflection of the bridge is measured in the service phase for the composite cross-section.
Note that due to precamber of the bridge there is no need to account for deflection due to
self-weight. By the precambering the deflection due to self-weight is calculated and
compensated for in the design so that no deflections are obtained for the unloaded bridge.

Note that both the modulus of elasticity and the second moment of inertia varies along the
bridge span. However, the calculations are simplified to allow for an analytical solution with
a conservative constant value is used for both the elastic modulus and second moment of area.

Modulus of elasticity

The modulus of elasticity that is used in the deflection calculation is the mean value of the
secant modulus of elasticity for the upper and lower flange of the main I-girder.

Note that eventhough the stress varies along the length of the span a constant minimum value
is used in the calculations. This is done in order to significantly simplify the calculations and
shorten the computational requirements. The current method yields a conservative result,
which should be acceptable as long as the deflection is determining the desing of the
cross-section.

For calculations of deflections the frequent load combination is recomended in Eurocode

1993-2: paragraph 7.8.1-(2). Therefore the secant modulus of elasticity is derived for the
stresses that is obtained for the frequent load combination.

Secant modulus of elasticity for the upper and lower flange of the main I-girder in the
serviceability limit state. Calculated with the help of the stress level due to bending in the
serviceablity limit state.

Secant modulus of elasticity in the upper flange in the serviceability limit state.
n n 7
O5LS.bending. flange ( "upper”) =-2.28x 10 Pa
Edeflection.flange.upper = Esteel.secant(GSLS.bending.flange ("upper” ))

Edeflection.flange.upper = 200-GPa

Secant modulus of elasticity in the upper flange in the serviceability limit state.
OSLS.bending.flange ( "lower") =234.83-MPa
Edeflection.flange.lower = Esteel.secant(GSLS.bending.flange ("lower” ))

Edeflection.flange.lower = 188 GPa
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The modulus of elasticity that is used calculations of deflections. The modulus is taken as the
mean value of the secant modulus of elasticity for the upper and lower flange of the main
I-girders. Given by Eurocode 1993-1-4 paragraph 4.2-(5)

Edeflection.flange.lower‘ + Edeflection.flange.upper‘

Esteel.deflection = 5

E =194-GPa

steel.deflection

Second moment of area

The second moment of area for the deflection calcluations of the bridge is taken as the minimal
value for the nominal cross-section. The minimum value is used in order to obtain
conservative value for the deflection.

Icomposite.min = | Inin < Icomposi’ce.nominal (em)
for Xstep € rangespan(Se)
Inegative e'Icomposite.negative(Xstep)
Ipositive e‘Icomposite.positive(Xstep)
Tmin e'min(Inegative’Ipositive’Imin)
Inin
I =0.02m4

composite.min

Contribution from load model 1

For further information about the load model 1, see chapter 2.2.2 - Traffic loads, load model 1

Equivalent point load for the axle loads in load model 1. The point load is corresponding to the
load that is acting on the most loaded main girder. Original calculation can be found in chapter
2.2.2 - Traffic loads, load model 1

5
Qmodell.equivalent =5.83x10° N

Equivalent line load for the distributed loads in load model 1. The line load is corresponding to
the load that is acting on the most loaded main girder. Original calculation can be found in
chapter 2.2.2 - Traffic loads, load model 1

N
=1.82x% 104«—
m

Amodell.equivalent
Deflection due to the axle load. Note that the result can be interpreted in two ways, it can be the
deflections at the middle of the span when the load is moved along the x-axis. Alternatively, it
can be interpreted as the distribution of deflections when the load is stationary in the middle of
the span. The furmula is valid for beams with fixed support in both ends of the span.
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5mode11.axle(xspan):=

Q <~ Qmodel1.equivalent

E < Esteel.deflection
I e"Icomposi’ce.min
20 4 L
Q Xspan "Lspan Xspan | . span
13- if Xespan S ———
48-E- 1 Lspan P 2

Q'(Lspan“Xspan)z'l-span. 3__4(Lspan'"xspan)
48-E-I

otherwise
Lspan

The maximum deflection is obtained at the middle of the bridge span

Lspan
dmodell.axle TS =54.61-mm

Deflection distribution along the span due to the distributed load. The furmula is valid for
beams with fixed support in both ends of the span.

Smodell.distributed(Xspan)::

4 < 9modell.equivalent
4 2
Xspan  Lspan y 3 Lspan y 2
24 12 span 24 span
Esteel.de-Flection'Icomposite.min

The maximum deflection is obtained at the middle of the bridge span

Lspan
dmodell.distributed —, |=34.9-mm

Contribution from wind loads

For further information about the wind load see chapter 2.2.4 - Wind load

5wind(xspan)::

9wind.equivalent.composite’

4 2
Lspan 3 Lspan z
24 12 span 24 span

Xspan

Esteel.deflection'Icomposite.min

The maximum deflection is obtained at the middle of the bridge span

L
span
6w1nd(Tj =0.51-mm
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Check of the deflection in serviceability limit state

The deflection in the servicability limit state (SLS). For calculations of deflections the frequent
load combination is recomended in Eurocode 1993-2: paragraph 7.8.1-(2). The frequent load
combination which is used here is given in Eurocode 1990-A1: Table A2.6.

The deflection should be interpreted as the vertical deflection in each section along the bridge
span when the axle load is placed in the middle of the span. Note that due to the precambering
no regard is taken to the deflection that is caused by the self-weight.

6Ed.SLS(Xspan) = | % < Vtraffic.1 Omodell.distributed (Xspan)
b1 « 11’tr‘aﬁ‘:ic.1'6mode11.axle(xspan)

82 < Pyind. 2'5wind(xspan)

Maximum deflection is obtained in the middle of the span.

Lspan

SEd.SLS( j:66.53‘mm

Limit for maximum vertical deflections in the serviceability limit state. The limit is linearly
proportionate to the span length.

d1imit.sLs = 100 -mm

Utilisation ratio for the deflection. Note that maximum deflection is obtained in the middle of

the span.
Lspan
Oed.sLs| ™,

91imit.sLs

UsLs.deflection =

Us|s.deflection = 67 %
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2.7 Fatigue

In this chapter the fatigue life of the bridge is calculated with the damage equivalent factor
method. Note that only the main I-girders are considered for the fatigue life. Thus the fatigue
life of the reinforced conrete or the shear studs connecting the I-girders and the concrete deck
are not considered in the calculations.

Furthermore, note that the fatigue life is also assessed with the damage cumulative
Palmgren-Miner method in complementary Matlab calculations.

This chapter encompasses the following subchapters:

2.8.1 Calculation of the damage equivalence factor, Lambda
2.8.2 Fatigue cracking modes and fatigue strength

2.8.3 Stress range for the fatigue calculations

2.8.4 Fatigue life according to damage equivalent method

2.8.1 Calculation of the damage equivalence factor, Lambda

Calculation of the damage equivalence factor which also is known as the lambda factor.

Lambda factor 1

Lambda factor 1 takes into account the damage effect of traffic.

The factor depends on the critical influence area or line, whichever is applicable. The critical
length to consider is the span length. For further information see Eurocode 1993-2: Paragraph
9.5.2-(2). The value is given by Eurocode 1993-2: Table 9.5 for the graph corresponding to
midspans.

>‘fatigue.1 = | 2.55 if Lspan < 10m
Lspan —10m )
2.55-0.7 —mmm— if 10mSLS anSS@m
70m P

1.85 otherwise
>‘Fatigue .1=2.25

Lambda factor 2

Lambda factor 2 takes into account the traffic volume on the bridge.

Axle load and mix vehicle distribution for fatigue load model 4. Given by Eurocode 1991-2:
Table 4.7.

70 130 (7] (7] (7]

70 120 120 © (7]
aXIEIoad-Fatigue.model4 =70 150 90 90 90 |kN

70 140 90 90 ©

70 130 90 80 80
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20 40 80
5 10 5
frequencyfatigue.modem = |tmp«< |50 30 5 |%

15 15 5

10 5 5
tmp<9> if rangetpaffic = "long"
tmp<1> if range¢paffic = "medium"
tmp<2> if rangei,gffic = "local”

Average gross weight of the lorries in the slow lane, given by Eurocode 1993-2: Paragraph
9.5.2-(3). Here the traffic is taken according to fatigue load model 4 given in Eurocode 1991-2:
Table 4.7.

Qfatigue.m1= | N ¢ COlS(‘_")‘l‘el"’a‘dfatigue.model4) -1

k « r'o""s(aX1e1°ad-Fatigue.model4) -1

n

Quehicles ¢ Z axleloadgatigye.models
i=o0

(L

- -5

4
5
Z [‘c"equencyfatigue.mode14i'(Qvehiclesi>}
i=o0

4

Z fr‘equencyfatigue.modemj
j=e

Qfatigue.m1 =316.69 kN

Factor taking into account the traffic volume on the bridge. Given by Eurocode 1993-2:
Paragraph 9.5.2-(3).
1

N 5
Q1Catigue.m1 [ Fatigue.obser‘ved}

Nfatigue.2 =

Q1‘:atigue .lambda.o Nfatigue .lambda.o

>‘1Catigue.2 =0.66
Lambda factor 3

Lambda factor 3 takes into account the design life of the bridge. Given by Eurocode 1993-2:
Paragraph 9.5.2-(5). Note that the design life of the bridge is given in years, and that the
reference life span is 100 years.
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1
5
tdesignlife}

Afatigue.3 = ( 100-years

>‘Fatigue .3=0.96

Lambda factor 4

Lambda factor 4 takes into account the load that is acting on the other lanes. Given by
Eurocode 1993-2: Paragraph 9.5.2-(6). Here is taken into account the fact that the bridge has a
lane in each direction. It is assumed that the trafic in both directions is identical, leading to the
simplification of the original formula.

assumption; notjonal lanes = true

1

5
Nfatigue.4 = (1+1)

>‘1Catigue.4 =1.15

Limitation of the lambda factor

Limiting factor for the maximum value of the damage equvivalence factor lambda. Given by
Eurocode 1993-2: Paragraph 9.5.2-(7). The value is given by Eurocode 1993-2: Table 9.5 for the
graph corresponding to midspans.

Nfatigue.max = |2-50 1if Lgpay <l6m
Lgpan - 10m
2.50-0.5-——— if 1om<L < 25m
15m span

2.00 otherwise

>‘fatigue.max =2

Resulting damage equvivalence factor

The damage equvivalence factor used in fatigue calculations is given in Eurocode 1993-2:
Section 9.5.2. It is applicable to bridges with a span of up to 8om.

The value of the damage equvivalence factor before limiting the value

>‘1°atigue a0 >‘-Fatigue .27 >‘-Fa‘cigue .37 >‘fatigue .4=1.63

Check that the assumption about span length is fulfilled

assumptiong,an length less_than_8em = | true” if Lg,o, <86m

"false" otherwise
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assumption = "true"

span_length_less_than_80m

The value of the damage equvivalence factor. The value of the factor should not exceed 2.

>‘fatigue = A >‘fatigue.1'>‘-Fatigue.2'>‘1catigue._'«‘>'>‘1Ca‘cigue.4

min(X, Nfatigue. max)

>‘fatigue =1.63

2.8.2 Fatigue cracking modes and fatigue strength

The constant amplitude nominal stresses fatigue strength for the cracking modes in the main
I-girders. Note that the cracking modes and values of the fatigue strength is defined in chapter
1.4 - fatigue strength and chapter 0.4 - fatigue strength.

Cracking mode A1 and A2

Constant amplitude nominal stresses fatigue strength for cracking mode A with regard to shear
stress.

Constant amplitude nominal stresses fatigue strength for cracking mode A with regard to direct
stress.

Cracking mode B

The unreduced fatigue strength for fatigue cracking mode B

AGC modeB. unreduced = 112-MPa

Factor taking into account the size effect, the sice effect is only considered for thickness above
25mm. Given by Eurocode 1993-1-9: Table 8.3.

25mm

ksize.lower‘(xspan) = min T N »1
main.ﬂange.lower‘( span)

25mm

k

size.u er‘(xs an) = min 1
PP P tmain.-Flange.upper‘(xspan)

The reduced capacity for cracking mode B. Given by Eurocode 1993-1-9: Paragraph 7.2.2-(1).

Ac’C.modeB.lower‘(Xspan) = | Ao < AG¢ modeB. unreduced
Ac-Kgize.lower (Xspan)

AO'C.modeB.upper‘(Xspan) = | A0 < A0 podeB. unreduced
Ao ksize.upper‘(xspan)
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1.5x10°

3 1.25¢10°
Ao (X ) 8 ! !
o C.modeB. lower|\Xspan 1x10 R H
c
2 AcyC.modeB.upper‘(Xspan) 7.5%x10"
& ATC modeB.unreduced 5x10
g 7
b 2.5x10
[V}
7]
(7] 10 20 30 40
Xspan
x-coordinate [m]
Cracking mode C

Constant amplitude nominal stresses fatigue strength for cracking mode C with regard to
principal stress.

A0 modec = 80-MPa

Cracking mode D

Constant amplitude nominal stresses fatigue strength for cracking mode D with regard to direct
stress.

AGC.modeD = 80-MPa

Cracking mode E

Constant amplitude nominal stresses fatigue strength for cracking mode E with regard to shear
stress.

ATC.mOdeE = 80-MPa

Cracking mode F

The unreduced fatigue strength for fatigue cracking mode F

A0C  modeF . unreduced = 112-MPa

Factor taking into account the size effect, the sice effect is only considered for thickness above
25mm. Given by Eurocode 1993-1-9: Table 8.3.

25mm
,1
tmain.web(xspan) j

ksize.web(xspan) = min(
The reduced capacity for cracking mode B. Given by Eurocode 1993-1-9: Paragraph 7.2.2-(1).

AGC.modeF(Xspan) = | Ao < Adc modeF. unreduced

Ac-Ksize.web (Xspan)
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1.5x10°

—_
& 1.25x10°
d
) 1x10°
90 A0C.modeF . unreduced ,
S 7.5x10
AO'C.modeF(Xspan) .
"
A 5x10
b 7
] 2.5x10
[V}
0
(7] 10 20 30 40

Xspan

x-coordinate [m]

2.8.3 Stress range for the fatigue calculations

It is assumed that the direct stress is given by the effective cross-section in SLS while the shear
force is carried only by the main I-girders. In accordance with Eurocode 1994-2: paragraph
1.5.2.12 the flexural stiffness, e.i. EI, the concrete should be neglected in tension and only the
reinforcement should be considered.

The largest positive bending for the fatigue load in a given section.

<~ om,1m.. + 8.4m

ME.fatigue.positive(Xspan) = [ Xvehicle Lspan

for Xstep€ Xvehicle

Mmax < maX(ME.fatigue.vehicle(xspan ’Xstep) Mma;

M

max
The largest negative bending for the fatigue load in a given section.

<~ Om, 1m.. + 8.4m

ME.fatigue.negative(Xspan) = | Xvehicle Lspan

for Xstep€ Xvehicle

Mmin < min(ME.-Fatigue.vehicle(xspan ’Xstep) Maiy

Mmin
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—
£
=
[ —
= 2x10°
GE" Mg .fatigue. positive(xspan
()]
E Mg .fatigue. negative(xspan)
= 1x10°
o
©
c
[
(o}

(4]

(4] 10 20 30 40
Xspan

x-coordinate [m]

The stress range is taken as the difference between the highest and lowest value of the shear
force as the vehicle load travels along the span.

AVE fatigue (Xspan) = | Xvehicle

for x

Mma

<~ om,1m..

X(—max(

Mnin < m1n(

Lspan + 8.4m

step € Xvehicle

VE.fatigue.vehicle(Xspan ’Xstep) ’Mmax)

VE.fatigue.vehicle(Xspan ’Xstep) ’Mmin)

10

20 30 40

Xspan

x-coordinate [m]

Mmax = Mmin

=
= 3x10°
)
U
< 5
S A\/E.-Fatigue(xspan) 2x10
C
o 5
= 1x10
n

0

0
Cracking mode A

Cracking mode A takes into regard the effect of both the shear and the direct stress in the web

close to the longitudinal weld.

The shear stress in the lower part of the web

A"'fa’cigue .modeA. lower (Xspan)

Z < Zpottom.main .web(xspan)

AVE fatigue (Xspan) “Smain. beam(xspan , Z)

I

main.beam.unreduced (Xspan)‘ Thmain.web (Xspan)
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Stress range [Pa]

T T T
2x10’F =
A"'fa‘cigue .modeA. lower‘(xspan)
1x10’f s
0 1 1 1
(] 10 20 30 40
Xspan

x-coordinate [m]

The shear stress in the upper part of the web

ATfa‘cigue.modeA.upper‘(xspan) =1z< Z‘cop.main.web(xspan)

Stress range [Pa]

A"'-Fa‘cigue .modeA. upper‘(xspan)

AVE fatigue (Xspan) “Smain. beam(xspan , Z)

I

+

main.beam.unr‘educed(Xspan)' main.web(xspan)

1.5x10 .

1x10’F -

5x10°F -

) 1 1 1
(%] 10 20 30 40

Xspan

x-coordinate [m]

The direct stress in the lower part of the web

ATfatigue.modeA. lower (Xspan) =

Zglobal <~ Zbottom.main.web (Xspan)

Znegative < Zcomposite.negative (Xspan ; Zglobal)
Zpositive < Zcomposite.positive (Xspan ; Zglobal)
ME.-Fa'cigue.negative(Xspan)
Tnegative < 7 )  (x "Znegative
comp051te.negat1ve( span)
ME.-Fa‘cigue.positive(Xspan)
Ipositive < 7 ) . (x "Zpositive
comp051te.p051t1ve( span)

0'positive| + |°negative |
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—_
(©
[a¥
—_

7
)] 4x10
oo
=
o A0 fatigue.modeA. lower‘(xspan)

7
v
A 2x10
Q
;.
]
V5]

0

7] 10 20 30 40
Xspan

x-coordinate [m]

The direct stress in the upper part of the web

Acr1‘:atigue.modeA.upper‘(xspan) = | %global < Ztop.main.web(xspan)
Znegative e'Zcomposite.nega‘cive(Xspan’Zglobal)
Zpositive e'Zcomposite.posi‘cive(Xspan’Zglobal)
IvlE.Fatigue.negative(Xspan)
Tnegative < 7 ]  (x "Znegative
composrce.negatlve( span)
ME.-Fatigue.positive(Xspan)
Ipositive < T ] . (x "Zpositive
comp051te.p051t1ve( span)
Gnegative|*‘|cpositive|

3x10’

AO'fatigue.modeA.upper‘(Xspan) 2x10’

1x10”

Stress range [Pa]

) 1 1 1
0 10 20 30 40

Xspan

x-coordinate [m]
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Cracking mode B

Cracking mode B takes into regard the effect of direct stress in the flanges at the splices.

The direct stress in the lower flange at the location of the splices.

A0fatigue.modeB. lower = |Xsplice < Splitter'(Xsplice.ﬂange.lower‘ ,10mm)

A0¢atigue.modeB. lower =

2.79x 107
2.79%x 107
3.63x 1@7
3.64 X 107
3.61x% 107
3.6 X 197
2.81x 197

2.82 X 107

for ic 0,1.. rows(Xsplice)—l

Zglobal < Zbottom.main.flange.lower (Xsplice:.L)

Znegative < Zcomposite.negative (Xsplicei , Zglobal)

Zpositive < Zcomposite.positive (Xsplice:.L , Zglobal)

M. fatigue.negative Xsplicei

Inegative < 7 _ X . "Znegative
composite.negative spllce:.L

1

9positive < 7 _ . X . "Zpositive
composite.positive(”splice;

N N N —

M. fatigue.positive (Xsplice .

Aoj O'negative| + |°'positive|

Pa
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The direct stress in the upper flange at the location of the splices.

«— splitter‘( ,10mm)

Ao'-Fa‘cigue.modeB. upper = Xsplice Xsplice.ﬂange. upper

for i€ 0,1. '"OWS(Xsplice) -1

Zglobal < Ztop.main.-Flange.upper‘(xsplicei>
Znegative < Zcomposite.negative (Xsplicei , Zglobal)
“—

Zpositive < Zcomposite.positive (Xsplicei , Zglobal)

ME.Fa’cigue.negative (Xsplicei)

“negative < 7 _ . "Znegative
comp051te.negat1ve( spllcei>
M : ‘g X .
E.fatigue.positive spllcei

9positive < 7 _ . X . "“Zpositive
comp051te.p051t1ve( spllcei>

Aoy o'negative| + |Gpositive|

5.92 x 196
5.87 x 106

4.42 % 1@6

ACfatigue.modeB.upper = Pa

4.42 x 1@6

5.31x 106

5.34 x 196

Cracking mode C

Cracking mode C takes into regard the effect of principal stress in the web at the location of the
vertical stiffeners. Note that the stiffeners is not welded the lower most and upper most 50mm
of the web,

It is assumed that there is only vertical stiffeners at the supports and that the stress is equal in
both ends of the span.

assumption "true"

no_intermediate_stiffeners =

The range of the z-coordinates of interest is limited by the web and decreased by 5o0mm at the
top and bottom, since this part is not welded.

Ziin.modeC ‘= Zbottom.main.web (€M) + S0mm
Zmin.modec =©-05m
Zmax.modeC = Ztop.main.web (€M) — 5@mm

Zmax.modec = 1-28m
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Direct stress in the web at the support.

AUFatigue .modeC.direct (Zbridge) =

Shear stress in the web at the support.

A"'-Fa‘cigue .modeC. shear (Zbr‘idge) =

Xstiff < Om

Znegative < Zcomposite.negative (Xsti-Ff ; Zbr‘idge)

Zpositive < Zcomposite.positive (Xsti-Ff ; Zbr‘idge)
ME. fatigue.negative (Xstiff)

Tnegative < 7 "Znegati
composite.negative(Xstiff)
ME. fatigue.positive (Xstiff)

Ipositive < 7 "Zpositi
composite.positive (Xstiff)

|°'positive| + |Gnegative |

Xstiff < Om

AVE fatigue (Xstiff)‘ Smain.beam (Xstiff , Zbr‘idge)

Principal stress in the web at the support.

Aoatigue.modeC.principal (Zbr‘idge) =

Ao fatigue.modeC

range [Pa]

Stress

. principal( Zbridge) ax10’
Ao fatigue.modeC. dir‘ect(zbr‘idge)

A"'-Fatigue .modeC. shear(zbridge)

Imain.beam.unreduced (Xsti-Ff) “Tmain.web (XstiF-F)

Ao Acr-Fa'cigue .modeC.direct (Zbr'idge)

AT ATfa’cigue .modeC.shear (Zbridge)

2
A
(—Gj ATZ
2

Ao

2

2x10”

0.5

Zbridge

x-coordinate [m]
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Cracking mode D

Cracking mode C takes into regard the effect of direct stress in the flange at the location of the
vertical stiffeners. It is assumed that there is only vertical stiffeners at the supports and that
the stress is equal in both ends of the span.

. T n
assumption,, jntermediate_stiffeners = true

The direct stress in the lower and upper flange at the location of the vertical stiffener. Note that
the direct stress is checked at the level of the upper and lower part of the web. This since the
weld in which the fatigue crack originates is located at this height.

A0fatigue.modeD = | Xstiff < Om

Zglobala < Ztop.main.web (Xstif-F)

Zglobal1 A Zbottom.main.web(xsti-ﬁc)

for i€ 0,1

Znegative < Zcomposite.negative (Xstif-F ; zglobali>
Zpositive < Zcomposite.positive (Xstiff ; Zglobali>

Me.fatigue.negative (Xstif-F)

o . -z .
negative negative
Icomposi‘ce .negative (Xstif-F)
ME.fatigue.positive (Xstiff)
Opositive < 7 ' . (x.....) ‘positive
comp051te.p051t1ve( S‘tl'F'F)
Aoy 0'negative| + |°'positive|
Ao
3.73 X 197
Aofatigue.modeD = 2 Pa
5.5x 10

Cracking mode E

Cracking mode E takes into regard shear stress in the longitudinal welds. In accordance with
Eurocode 1993-1-9: paragraph 5-(6) the shear stress is taken as the following.

Shear stress in the lower weld of the main I-girder
A"'-Fatigue.modeE .lower (Xspan) = | %0 < Zpottom.main .web(xspan)

AVE fatigue (Xspan) “Smain. beam(xspan , ZO)

Imain .beam.unreduced (Xspan)' 2aweld .main.lower
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3XIQ7W

7
AT-Fatigue.modeE.lower‘(xspan) 2x10° |- —

1x10’F -

Stress range [Pa]

1 1 1
0 10 20 30 40

Xspan

x-coordinate [m]

Shear stress in the upper weld of the main I-girder

ATfatigue.modeE . upper (Xspan) = | %0 < Ztop.main .web(xspan)

AVE fatigue (Xspan) “Smain. beam(xspan , 20)

Imain.beam.unreduced (Xspan)' 23ye1d.main. upper

T T T
—_
©
o
| -
7
w 2x10 W“n"\
[eT1]
c
o ATfatigue.modeE. upper‘(xspan)
n 7L _
" 1x10
1)
.
i}
V5]
0 | | |
7] 10 20 30 40
Xspan
x-coordinate [m]
Cracking mode F

Direct stress in the web at the location of the splices in the web.
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Adfatigue.modeF (Zbr‘idge) = | Xsplice < Sp:Litter‘(xsplice.web g 10mm)
for i€ 0,1.. PO""S(Xsplice) -1

— Z

Znegative composite.negative Xsplicei ’ Zbr‘idge)

Zpositive < Zcomposite.positive (Xsplicei s Zbr‘idge)

ME.-Fa‘cigue.negative (Xsplicei)
Tnegative < ] X "Znegatiy
composrce.negatlve( spllcei>
M . sk X .
E.fatigue.positive spllcei
Ipositive < ] . X . "Zpositiy
comp051te.p051t1ve< spllcei)

Ao « Gnegative| + |°'positive|

Ao

3x10’
Adgatigue. modeF(Zbr‘idge)O

2x10’
AO'-Fa‘cigue.modeF(Zbr‘idge)z

1x10”

Stress range [Pa]

Zbridge

x-coordinate [m]

2.8.4 Fatigue life according to damage equivalent method

The utilisation of the fatigue life in is calculated with the following manner for the damage
equivalent method. Note that in Eurocode 1993-1-9: P 6.2-(1) the partial factor may be added
for the stress under the assumption of linear behaviour. However, if non-linear behaviour is
used the partial factor should presumably be applied directly to the load.

Fatigue crack mode A

Cracking mode A takes into regard the effect of both the shear and the direct stress in the web
close to the longitudinal weld. This crack mode can take place both at the top and bottom of the
web. Hence that two sets of checks are performed.

The utilization ratio in the lower part. calculated in accordance with Eurocode
1993-1-9: paragraph 8-(3) and Eurocode 1993-1-9: paragraph 6.3-(1).
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UELS.Lambda.modeA. lower (Xspan) =

UFLS.Lambda.modeA. lower‘(xspan)

Utilisation [-]

Acg 5 < Adgatigue.modeA. lower (Xspan) Afatigl

ATE 5 < ATgatigue.modeA. Lower (Xspan)' Nfatigl

3 5

YF.fatigue AE.2 . VF.fatigue ATE.2

ATC modeA ATC modeA

M. fatigue M. fatigue

T T T
1
0.5 n

B . | |

0 10 20 30 40
Xspan

x-coordinate [m]

The utilization ratio in the upper part. calculated in accordance with Eurocode

1993-1-9: P 8-(3).

UFLS.Lambda.modeA. upper (Xspan) =

Utilisation [-]

0.3

UFLS.Lambda.modeA. upper‘(xspan) 0.2

A0E o < ATgatigue.modeA. upper (Xspan) Nfatigt

ATE o < A"'Fatigue.modeA. upper (Xspan)' >‘fatigL

3 5
VF.fatigue AE.2 VF.fatigue ATE.2

A0C modeA ATC modeA
M. fatigue M. fatigue

0.1

0 10 20 30 40
Xspan

x-coordinate [m]
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The maximum value of the utilization ratio for fatigue crack mode A

UFLS.Lambda.modeA.max =

— om,0.1m..

Xspan Lspan

for Xstep € Xspan

Uupper €~ YFLS.Lambda.modeA. lower (Xstep)

Ulower €~ YFLS.Lambda.modeA. upper‘(xstep)

X(—max(

Una Unax > Yupper ulower')

Umax

UELS.Lambda.modeA.max = 1-27

Fatigue crack mode B

The utilization ratio for the fatigue life for fatigue crack mode B. The check is
performed in the flanges at the location of the splices. Calculated in accordance with

Eurocode 1993-1-9: P 8-(2).

For the lower flange

UFLS.Lambda.modeB. lower

For the upper flange

UFLS.Lambda.modeB.upper =

= i< 0o

for Xgplice€ Splitter'(Xsplice.flange.lower' ,10mm)

TF.fatigue’ Acr1Catigue .modeB.lower i ’ >‘-Fatigu

uj «

[AGC .modeB. lower (Xsplice)]

M. fatigue

i—i+1

i« o0

for x € splitter( lemm)

splice Xsplice.-Flange.upper' ’

YF.fatigue AOfatigue.modeB. upper;’ Nfatigue

(AGC .modeB. upper (Xsplice))

M. fatigue

uj <

i—i+1
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The result

0.12 0.88

0.12 0.88

~ 0.1 1.14
YFLS.Lambda.modeB.upper = | o 4 1.14
.13 YFLS.Lambda.modeB. lower ~ | ; ;3

0.13 1.13

0.88

0.89

The maximum value of the utilization ratio for fatigue crack mode B

UFLS.Lambda.modeB.max = maX(UFLS.Lambda.modeB.lower’uFLS.Lambda.modeB.upper)

UELS.Lambda.modeB.max = 1-14

Fatigue crack mode C

The utilization ratio for the fatigue life for fatigue crack mode C. The check is performed at the
end of the span along the web height, except the lower and upper most 50mm. calculated in
accordance with Eurocode 1993-1-9: P 8-(2). It is assumed that the fatigue life is the same in
both ends of the span, hence that only one end is tested.

WF.fatigue”ﬁo¥atigue.modec.principal(Zbridge)'xfatigue

u Zi o =
FLS.Lambda.modeC( brldge)'
Ao,
C.modeC
(WM.fatiguej
T T
R
1.5
c
o
o
pe uFLS.Lambda.modec(zbr'idge) 1r
"
;::
- 0.5
i)
D
0 | |
0.5 1
Zbridge

z-coordinate [m]
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The maximum value of the utilization ratio for fatigue crack mode C

c+0.01m..

UELS. Lambda.modeC.max == | Zweb < Zmin.modeC > Zmin.mode Zmax . modeC

for Zstep € Zeb

Ustep < uFLS.Lambda.modeC(Zs‘cep)

Unax < maX(umax : ustep)

Umax

UELS. Lambda.modeC.max = 1+°°

Fatigue crack mode D

The utilization ratio for the fatigue life for fatigue crack mode D. The check is performed in the
flange at the end of the spans. calculated in accordance with Eurocode 1993-1-9: P 8-(2). It is
assumed that the fatigue life is the same in both ends of the span, hence that only one end is
tested.

) “fF.fatigue'Acfatigue.modeD'Xfatigue
UFLS.Lambda.modeD = A
[ GC.modeD]

M. fatigue

1.03
u =
FLS.Lambda.modeD 1.51

The maximum value of the utilization ratio for fatigue crack mode D
UFLS.Lambda.modeD.max = m""X(“'FLS .Lambda. modeD)

UELS.Lambda.modeD.max = 1:°1

Fatigue crack mode E

The utilization ratio for the fatigue life for fatigue crack mode E. The check is performed in the
longitudinal welds of the main I-girder with regard to the shear force in said welds. This fatigue
crack mode can take place both at the top and bottom weld. Hence that two sets of checks are
performed. The utilization ratio in the lower part. calculated in accordance with Eurocode

1993-1-9: P 8-(2).

VF.fatigue DTfatigue.modeE. lower (Xspan) “Nfatigue

u X =
FLS.Lambda.modeE. lower\*span
( P ) ATC modeE

M. fatigue
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eOs}/hh\hnnnnuuuﬂﬁrda\;
0.6 N

0.4 ]

UFLS.Lambda.modeE. lower‘(xspan)

Utilisation [-]

1 1 1
0 10 20 30 40

Xspan

x-coordinate [m]

The utilization ratio in the upper part. calculated in accordance with Eurocode
1993-1-9: P 8-(3).

7F.fatigue”ATfatigue.modeE.upper(xspan)'xfatigue

u X
FLS.Lambda.modeE.upper\”span
PP ( P ) ATC modeE

M. fatigue

L |
=
d

0'675{:..."".“”\_
o
%]
C
qc_’ UFLS.Lambda.modeE.upper‘(xspan)0-4_ T
c
© L _
A 0.2
<
w0

0 I I I

0 10 20 30 40
Xspan

x-coordinate [m]

The maximum value of the utilization ratio for fatigue crack mode E

UELS.Lambda.modeE.max = |Xspan <~ Om.0.1m.. Lopa,

for Xstep € Xspan
Uupper < YFLS. Lambda.modeE.lower'(xstep)
Ulower < YFLS. Lambda.modeE.upper(xstep)
Unax < m‘—"X(umax »Uupper ulower‘)

Umax

UELS.Lambda.modeE .max = 984
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Fatigue crack mode F

The utilization ratio for the fatigue life for fatigue crack mode F. The check is performed in the
web at the location of the splices in the web. The stress which is checked is the direct stress,
calculated in accordance with Eurocode 1993-1-9: P 8-(2).

Urs. Lambda.modeF(Zbridge) = |i<o
Ao < AGratigye.modeF (Zbr'idge>

for x € splitter‘(xsplice_web,10mm)

splice
b VF.fatigue A%i Matigue
1

(AGC.modeF(xsplice)j

M. fatigue

ie—i+1

u
The maximum value of the utilization ratio for fatigue cracking mode F

UELS.Lambda.modeF.max = |Xsplice € Spl:.Ltter‘(xsplice.web , 19”‘"”)
for i€ 0,1.. POWS(Xsplice) -1
Zstart < Zbottom.main.web (Xsplicei>
Zstop < Ztop.main.web(xsplicei)
Zprange < r“"‘nge(zstar‘t ' Zstop 25)
for Zgtep€ Zrange

Ustep < uFLS.Lambda.modeF(Zstep>

Unax < maX(“step ; umax)

max

UFLS.Lambda.modeF .max = @76

UFLS.Lambda. modeF(zbr'idge)ee- 6

UFLS.Lambda. modeF(Zbr'idge)ze_4

UFLS.Lambda.modeF .max 0.2

Utilisation [-]

Zbridge

z-coordinate [m]

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:NN
163



3 Results

In this document the results from the bridge analysis is presented and selected data is exported.

This chapter encompasses the following subchpaters:
3.1 Bending moment resistance
3.2 Shear resistance
3.3 Deflection
3.4 Fatigue life
3.5 Check of assumptions
3.6 General bridge data
3.7 Data needed for fatigue calculation of the bridge
3.7.1 Constants
3.7.2 Data along the span
3.7.3 Other data ranges

Exporting data

To aid the export of data to other programs. Examples of programs which can be of interest is
Matlab, Octave and Excel.
The current path to the result directory

directory,sqyit = "--\Results\Test run\"

Absolute or relative path to the result folder

path:= directory..¢ 1t

Name of the subfolder
folderExcel:: "Mathcad data\"
fower‘w‘atigue = "Fatigue\"

File extension

extension := ".dat"

function for obtaining the path.fatigue from the varaible name

pathfatigue(variablename) = concat(path ,folder‘fatigue,variablename,extension)

pathg, e (variablename) := concat(path ,folderg, o1, variablename, extension)

Format for the exportation of varaibles. Note that the output may NOT contain any units, just
the numerical value. Howver, the output can be a scalar, vector or matrix. In the case of too
long variable names the value of the variable can be stored in temporary variable 'tmp'.

. [
variablename
WRITEPRN(path_Fatigue("var‘iablename" )) = —t

uni
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3.1 Bending moment resistance

Elastic utilisation for the composite cross-section

The utilisation ratio for bending capacity for the composite cross-section with regard to elastic
analysis.

YuLS.bending.composite.elastic.max ~ 95-%

The value is saved to a file that will contain the numerical value of the selected varaible, all units
should be SI-units or similar base unit. Note that the file should have the same name as the
variable plus the extension .dat.

TP = UyLs . bending. composite.elastic.max

WRITEPRN(pathExcel ("u.ULS.bending.composite.elastic.max" )) = tmp

Elastic utilisation for the main I-girders at casting

The utilisation ratio for bending capacity for the main I-girders at casting.

YuLS.bending.main.elastic.max = 78:%

The value is saved to a file that will contain the numerical value of the selected varaible. Note
that the file should have the same name as the variable.

WRITEPRN<pathExce1("u.ULS.bending.main.elastic.max" )) = UyLs.bending.main.elastic.m

3.2 Shear resistance

Utilisation of the capacity in the lower flange of the I-girder with regard to bending in ULS. For
the nominal cross-section.

UuLS.shear.composite.max = 83-%

The value is saved to a file that will contain the numerical value of the selected varaible. Note
that the file should have the same name as the variable.

WRITEPRN(pathExcel ("u.ULS.shear.composite.max" )) = UyLS. shear. composite.max

3.3 Deflection

Ratio between the maximum deflection in the middle of the span and the limit to the maximum
deflection.

Us|s.deflection = 67%
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The value is saved to a file that will contain the numerical value of the selected varaible. Note
that the file should have the same name as the variable.

WRITEPRN(pathgy o ("u.SLS.deflection” )):= ug| s deflection

3.4 Fatigue life
Fatigue cracking mode A
Utilisation of the fatigue life with regard to cracking mode A.

UFLS.Lambda.modeA.max = 127°%

The value is saved to a file that will contain the numerical value of the selected varaible. Note
that the file should have the same name as the variable.

WRITEPRN(pathExcel("u.FLS.Lambda.modeA.max" )) = UpLs . Lambda.modeA. max

Fatigue cracking mode B

Utilisation of the fatigue life with regard to cracking mode B.

UELS. Lambda.modeB.max = 114-%

The value is saved to a file that will contain the numerical value of the selected varaible. Note
that the file should have the same name as the variable.

WRITEPRN (pathpy o1 ("u.FLS.Lambda.modeB.max" )):= Ur| s | ambda.modeB.max

Fatigue cracking mode C

Utilisation of the fatigue life with regard to cracking mode C.

UFLS. Lambda.modeC.max = 15°%

The value is saved to a file that will contain the numerical value of the selected varaible. Note
that the file should have the same name as the variable.

WRITEPRN(pathExcel ("u.FLS.Lambda.modeC.max" )) = UpLs. Lambda.modeC . max

Fatigue cracking mode D

Utilisation of the fatigue life with regard to cracking mode D.

UFLS.Lambda.modeD.max = 151-%

The value is saved to a file that will contain the numerical value of the selected varaible. Note
that the file should have the same name as the variable.

WRITEPRN (pathgy o ("u.FLS.Lambda.modeD.max" )) = Ug| s | ambda.modeD.max
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Fatigue cracking mode E

Utilisation of the fatigue life with regard to cracking mode E.

UELS. Lambda.modeE .max = 84 %
The value is saved to a file that will contain the numerical value of the selected varaible. Note
that the file should have the same name as the variable.

WRITEPRN(pathExcel("u.FLS.Lambda.modeE.max" )) = UE|S. Lambda . modeE . max

Fatigue cracking mode F

Utilisation of the fatigue life with regard to cracking mode F.

UFLS. Lambda.modeF .max = /6%

The value is saved to a file that will contain the numerical value of the selected varaible. Note
that the file should have the same name as the variable.

WRITEPRN (pathpy o1 ("u.FLS.Lambda.modeF.max" )) = U\ s | ambda.modeF .max

3.5 Check of assumptions

The checks and assumptions are currently not printed as output files. However, observe that the
assumptions should be checked manually before accepting the results.

Check that there are no intermediate stiffeners in the main I-girders. Some of the calculations
are based on this assumption and thus it must be fulfilled.

assumption "true"

no_intermediate_ stiffeners =

Check if the interaction between shear and moment in the composite cross-section in the
ultimate limit state is whitin the permitted limits.

assumption "true"

interaction =

Check that the height to width ratio for the web is not exceeded.

web.width.thickness = true”

assumption

Check that the steel area is not reduced for the effective cross-section

assumption "true"

steel_unreduced ~

Check that there are exactly two notional lanes.

assumption; potjonal lanes = Ctrue

Check that the web's height to thickness ratio is not exceeded.

web.width.thickness = true”

assumption
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3.6 General bridge data
Steel amount in the bridge

The mass of the stainless steel in the bridge.

Mpridge.steel = 30041kg

The value is saved to a file that will contain the numerical value of the selected varaible, all units
should be SI-units or similar base unit. Note that the file should have the same name as the
variable plus the extension .dat.

Mpridge.steel

WRITEPRN(pathExcel("m.bridge.steel" )) = »
g

Exposed steel area

The exposed area of steel in the bridge. This is of interest if the bridge would be painted or need
regular maintence.

2
Abridge.steelsurface =397m

The value is saved to a file that will contain the numerical value of the selected varaible, all units

should be SI-units or similar base unit. Note that the file should have the same name as the
variable plus the extension .dat.

Abridge.steelsurface

2
m

WRITEPRN(pathExcel("A.bridge.steelsurface")):=

3.7 Data needed for fatigue calculation of the bridge

The cross-sectional properties and a few constants is needed when performing fatigue
assessment of the bridge in external programs. Currently the external fatigue assessment is
carried out with Matlab and the data is collected in a subfolder with the name 'Fatigue'.
Note that ranges cannot be used to export data, therefore vectors will be used instead.

Supporting functions
A specialised function for creating a vector that contains a value for each 0.5m of the span.

Lspan

nspan — —0.5m +1

vector‘span (function) =

vector function,om,L

super‘( span: nspan)

A specialised function for creating a vector that contains a value for the z-coordinates for
fatigue cracking mode C at the end of the span.

vectory, qec (function) := « 25

Nspan

vector (function .z

super min.modeC’Zmax.modeC’nspan)
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A specialised function for creating a vector that contains the values for the given z-coordinates
for fatigue cracking mode F at the location of the splices in the web.

vechor'modeF(Xspan) = | Zstart < zbottom.main.web(xspan)

Zstop < Ztop.main.web(xspan)

vectorg han(echo. Zgtant - Zstop - 59)

A specialised function for creating a matrix that contains the values for the given z-coordinates
for fatigue cracking mode F at the location of the splices in the web.

matrixyoger = | rangey < r‘angevec‘cor'(Xsplice.web)
rangey < r‘angevector,(vector‘modelz (em))

for ne range,

for ie rangey

Xstep < Xsplice.webn
Zstep < Vec’cc’"modeF(Xs‘cep)i

Si.n ¢ Smain.beam(xstep s Zstep)

A specialised function for creating a vector that contains the values for the given z-coordinates
for fatigue cracking mode F at the location of the splices in the web.

range, < I"angevector'(Xsplice } web)

Zpange.modeF =
range, « r‘a”gevector‘(veCtor‘modeF (em))

for ne range,

for ie range,,

Xstep < Xsplice.webn
Zstep < Veaor‘modeF(Xs‘cep)i

Zpange, < eChO(Zstep)

1,n

z

range

3.7.1 Constants

The span length
Lspan = 40m
Lspan
WRITEPRN(path_Fatigue("L.span" )) =
m
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Design life of the bridge

tdesignlife = 80-years

t . .
d 1if
WRITEPRN (Pathe,y g e ("t designlife” )):= _gesien-ire
years

Observed heavy vehicles per year.

5
Nfatigue.observed =°* 10 - year

WRITEPRN(pathfatigue("N.fatigue.obser‘ved" )) = Nfatigue.obser‘ved'year'

The distance or range of the traffic passing the bridge. for fatigue load model 4 this can be
long, medium or local. To aid compatibilty between Mathcad and Matlab the range is
designated as 1,2 or 3. Here 1is "long", 2 is "medium" and 3 is "local".

rangetnaffic = local”

rangetpraffic.number = |1 1f range¢npeic ="long”
2 if rangeipyffic = "medium”
3 if rangei.,ffic = "local”

rangetpaffic.number = 3
WRITEPRN(pathgatsgye ("range.traffic”)) = rangetnaffic. number

Damage equivalent factor. Note that while Mathcad can save the file using the greek letter A
matlab cannot read it easily. Thus it is saved with the letter A spelled as 'Lambda’, note that in this
study there is currently no destinction made between upper and lower case greek letters when
saved or loaded from external sources. Note that the factor is also written to the Excel file.

>‘fatigue =2

WRITEPRN (pathgytjgye ("Lambda. fatigue™ )) = Neatigue

WRITEPRN(pathg, o1 ("lambda.fatigue™)) = Neatigue

Thickness of the longitudinal welds.

dyeld.main.lower = > MM

aweld.main.upper = > MM

dweld.main.lower

WRITEPRN (pathfatigue ("a.weld.main.lower" )) =
m

dweld.main.upper

WRITEPRN (pathfatigue ("a.weld.main.upper" )) =
m
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Load reduction factor, takes into account how much of the fatigue vehicle load is carried by the
most loaded main I-girder.

WRITEPRN(pathfatigue("reduction.lanel" )) == reductionyjnaq
WRITEPRN(pathfatigue("reduction.laneZ" )) = reductiony ey

Constant amplitude nominal stress fatigue strength for each cracking mode. Note that the
fatigue strength for node B varies along the length of the span and therefore is given in the next
subchapter.

WRITEPRN(P?ﬂthf‘-ﬂtigue("Del‘caSigma.C.modeA" )) = —AGCI;H;OdeA
WRTTEPRN (path gyt gy ("DeltaTau.C.modeA” )) := ATe .Pr:odeA
WRITEPRN(Pathfatigue("DEItaSigma.C.modeC" )) = A(’C;—r:odec
WRITEPRN(path_Fatigue("DeltaSigma.C.modeD" )) = Acc;’:odeD
WRITEPRN (path i 0,,0 ("DeltaTau.C.modeE" )) := At ,P:odeE

Aoc modeF (€M)
Pa

WRITEPRN(pathfatigue("DeltaSigma.C.modeF" )) =

Partial factors for the fatigue calculations

WRITEPRN(pathgatsgye ( "Gamma.F.fatigue” )) = Ve fatigue

WRITEPRN (path,ygye ("Gamma.M. fatigue™ )) = Yy fatigue

3.7.2 Data along the span

Most of the data given here is created using vectorg,,, that creates a vector with the result in

evenly spaced sections.

x-coordinates

x-coordinates for vectors that contains data for the whole length of the span.

vector‘Span (echo)

WRITEPRN(pathfatigue("x.r‘ange" )) =
m
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x-coordinates for splices in the lower flange, web and upperflange of the main I-girders.

Xsplice.flange.lower

WRITEPRN(pathfatigue("X.splice.flange.lower"))::
m

X .
splice.web
WRITEPRN (path ¢t oye ("X splice.web” )) = _Sp-lce.wes
m

Xsplice.flange.upper‘

WRITEPRN(pathfatigue(“X.splice.flange.upper")):=
m

z-coordinates

Global z-coordinates for the lower and upper part of the web.

VeCtOPspan(Zbottom.main.web)

WRITEPRN(pathgatsgye ("2 bottom.main.web" )) =
m

vectorspan(ztop.main.web)

WRITEPRN(pathfatigue("z.top.main.web"))::
m

Global z-coordinates for the lowermost part of the flanges of the main I-girder.

VeCtOPspan(zbottom.main.flange.lower)

tmp =
m

WRITEPRN(pathfatigue("z.bottom.main.flange.lower")):: tmp

Global z-coordinates for the uppermost part of the flanges of the main I-girder.

vector‘span(ztop .main.flange. UPPGV‘)

tmp =
m

WRITEPRN(pathfatigue("z.top.main.flange.upper")):: tmp

Global z-coordinate for the neutral layer in negative and positive bending of the composite
cross-section.

VeCtOPspan(ZNA.composite.negativ

WRITEPRN(path{atigue("z.NA.composite.negative“)):=
m

VeCtorspan(ZNA.composite.positiv

WRITEPRN(pathfatigue("z.NA.composite.positive"))::
m

Fatigue strength

Constant amplitude nominal stress fatigue strength for fatigue cracking mode C in the lower and
upper flange respectively. Since the fatigue strength depends on the thickness of the flanges the
fatigue strength may vary along the span.
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VeCtO"spanoﬁoc.modeB.1ower

Pa

WRITEPRN(pathfatigue("Deltasigma.C.modeB.lower"))::

vector‘span(lﬁo'c.modeB-Upper

Pa

WRITEPRN(path_Fatigue("DeltaSigma.C.modeB.upper" )) =

Measurements

Thickness of the web of the main I-girder.

VeCtOPspan(tmain.web)

WRITEPRN(path_Fatigue("t.main.web" )) =
m

Second moment of area

Second moment of area for the composite cross-section for negative moments

vector I

composite.negative,

4
m

span(

WRITEPRN(pathfatigue("I.composite.negative"))::

Second moment of area for the composite cross-section for positive moments

\

span(Icomposite.positive,

4
m

vector

WRITEPRN(pathfatigue("I.composite.positive")):=

Second moment of area for the unreduced main I-girder.

VeCtor'span(Imain.beam.unr‘educ

4
m

WRITEPRN(pathfatigue("I.main.beam.unreduced"))::

First moment of area

First moment of area for the lower flange of the unreduced main I-girder.

S =S

main.beam.lower(xspan) main.beam(xspan’Zbottom.main.web(xspann

VeCtorspan(Smain.beam.lower)

3
m

WRITEPRN(pathfatigue("S.main.beam.lower")):=

First moment of area for the upper flange of the unreduced main I-girder.

Smain.beam.upper‘(xspan):= Smain.beam(xspan’Ztop.main.web(xspan)]
vector (S . )
) span\®main.beam.upper
WRITEPRN(path : "S.main.beam.upper" )| :=
(p fatlgue( pp )) 3
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3.7.3 Other data ranges

Some miscellaneous data ranges used in the external fatigue calculations.

z-coordinates

z-coordinates that corresponds to the data taken in the web at the end of the span.

vector,, jac (echo)

WRITEPRN(pathfatigue("z.range.modec"))::
m

z-coordinates that corresponds to the data taken in the web at the location at the location of the
splices in the web.

z
range.modeF
WRITEPRN(pathfatigue("z. range.modeF" )) .- _[ange.mocer

m

First moment of area

First moment of area for selected z-coordinates in the web of the unreduced main I-girder at the
end of the span.

Smain.beam.modec(zbridge):: Smain.beam(em’zbridge)

VeCtormodec(Smain.beam.modeC)

3
m

WRITEPRN(pathfatigue("S.main.beam.modec"))::

First moment of area for selected z-coordinates in the web of the unreduced main I-girder at the
location of the splices in the web.

matrlxmodeF

3
m

WRITEPRN (pathfatigue ("S.main.beam.modeF" )) =
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