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Abstract

Most steel bridge failures and collapses demonstrate that environmental influences substantially
impact the structural integrity of steel bridges. Fatigue and corrosion have been recognized as
the primary aging processes for steel bridges, especially in marine environments. Acknowledged
gaps in research due to the absence of detailed guidelines for evaluating structural integrity
in relation to fatigue and corrosion are problematic. Additionally, the absence of general S-N
curves for structures of steel prone to corrosive environments, alongside the lack of research on
both fatigue and corrosion increasing the vulnerability and failure of steel classes used in bridges,
makes the estimation of the fatigue life of steel bridges uncertain. Estimating the remaining
service life accurately is crucial to using the available infrastructure efficiently.

This thesis determines a more accurate fatigue life for steel road bridges based on measured
corrosion wastage and actual traffic loads. Corrosion fatigue, one of the main factors in reducing
the fatigue life of a steel bridge, is explored at the same time. A conventional approach (Miner’s
rule) and two current proposed methods are used alongside different scenarios of actual traffic
loads to calculate the fatigue life of a specific steel bridge (Storana I bridge in Norway). A
database gathered from the bridge’s visual and technical inspections is used while estimating the
fatigue life of the bridge. Moreover, a comparison and discussion of results assembled from the
conventional method and the two current proposed methods used alongside different scenarios
of actual traffic loads are illustrated within the thesis.

Fatigue life assessment of a steel bridge based on measured corrosion wastage and actual traffic loading 1
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Chapter 1 Introduction

1 Introduction

1.1 Background

Steel bridges are subjected to multiple recurring traffic loads that may be substantially under
their structural resistance limit. A single application of load would not result in an anomalous
consequence, but structural damage accumulated continually over a period of time results in
localized and cumulative failure processes known as fatigue. Moreover, when these structures
are exposed to aggressive environmental conditions, the steel bridges risk the time-dependent
loss of protective coating, a material loss due to corrosion. Thus, if the steel is present in a
corrosive environment and exposed to alternating cyclic stresses, then the steel is subjected to
corrosion fatigue. Sandviknes et al. [6] note that the damage from corrosion fatigue is almost

always more significant than the damage from fatigue and corrosion.

Material loss due to corrosion causes surface roughness, irregularities, corrosion pits, and
minimization in the cross-sectional characteristics of the members. The deterioration process
caused by environmentally assisted cracking will result in the degradation of material
strengths, affecting a bridge’s integrity. A reduction in remaining fatigue life is expected in

these bridges due to stiffness and structural behavior changes [7].

Although fatigue is one of the most critical forms of damage potentially occurring in steel
structures and principal failure modes, fatigue is still less understood regarding the cause of
formation and failure mechanism. As the service life of existing steel bridges is also limited by
fatigue, significant attention should be given to the aging issues of bridges for which
replacements are not economical. Consequently, searching out innovative methods and
creating improved technologies for capturing the fatigue phenomena and undertaking a reliable
assessment of the fatigue damage state of steel bridges is vital. Doing so serves as a vital

component in a nation’s transportation infrastructure [5, 7].

1.2 Research problem

Over an extended period, the strength and serviceability modes of failure have been well
investigated in the professional engineering communities. Various research studies have
uncovered and simulated these effects. The main flaw in structure design or evaluation of
recommendations is that time alongside fatigue strength curves for materials dependent on
corrosive media materials have not been discussed. The guidelines are specified by codes and

standards and are only provided in some countries. The environment-assisted fatigue damages
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Chapter 1 Introduction

are pretty significant, and the presence of reliable methodologies and theories is essential.

What is still challenging and unsolved is the accurate prediction of the fatigue damage and the
remaining fatigue life of the steel bridge. Numerous investigations have been conducted into
fatigue damage evaluation and life prediction of steel bridges using deterministic or probabilistic
methods. Siviero et al. [8] and Siwowski et al. [9] proposed a simplified assessment procedure
for existing bridges. The assessment procedure is mainly based on visual inspections and non-
destructive testing. Thus, these techniques cannot identify essential concepts that are supposed

to be included in the guidelines, such as internal damage.

Adasooriya et al. [7] declare that detailed provisions and frameworks are not available for
assessing structural integrity and propose a generalized formula of the S-N curve for corroded
structural details. The proposed curve’s applicability and significance are confirmed by
performing case studies. Sandviknes et al. [6] applied this proposed S-N curve to estimate the
fatigue life of a steel bridge and compared the results with conventional approaches. A
conceptual framework for fatigue life assessment of steel bridge details that are corroded and
exposed to a corrosive environment is also implied in the study. The assessment was based on
the assumed corrosion wastage and standard fatigue load models. Hence, conservative fatigue
lives were calculated. As a result, the existing research is inadequate for a more realistic

fatigue life for the bridge based on measured corrosion wastage and actual traffic loading.

Aeran et al. [5] point out that existing life assessment suggestions and guidelines are dispersed
throughout design and integrity assessment standards and research papers. Furthermore, these
requirements are not revised to account for suggested theories and models. Even now, specific
inadequacies in the current standards can be addressed. The fatigue damage theory proposed by
design and integrity assessment standards might lead to incorrect life estimates during fatigue
life estimations based on nominal techniques. Commonly employed damage theories contain

flaws that may result in erroneous life projections [5].

On a more critical note, most existing standards fail to consider different approaches in
investigating the influence of various traffic loads on the fatigue life of a bridge by comparing
uncorroded and corroded structural details. Fluctuations in traffic loads can cause a significant
change in material fatigue performance. The influence induced by various factors and wildly
different types of actual traffic loads on fatigue strength is a necessary aspect of fatigue

research.

Fatigue life assessment of a steel bridge based on measured corrosion wastage and actual traffic loading 2



Chapter 1 Introduction

1.3 Research objectives

1.3.1 General objective

This thesis aims to spot and assess the potential for improvements in the fatigue assessment
procedure. Case studies need to validate the applicability and significance of the proposed
generalized formula of the S-N curve for corroded structural details. Sandviknes et al. [6] applied
the proposed S-N curve by Adasooriya et al. [7] to estimate the fatigue life of a steel bridge and
compared the results with conventional approaches. The assessment was based on the assumed
corrosion wastage and standard fatigue load models. Hence, conservative fatigue lives were

calculated.

Moreover, another approach designed by Aeran et al. [5] can be used to accurately anticipate the
remaining lifespan of existing infrastructures, such as aging oil and gas platforms, aged bridges,
and industrial structures. The Eurocode-based residual life calculations may result in a longer
lifespan than the structures can support. This demonstrates the significance of employing a
precise fatigue damage model. This thesis will calculate a more realistic fatigue life for steel

road bridges based on measured corrosion wastage and actual traffic loads.

1.3.2 Specific objective

« Examining a database of a specific road bridge, i.e., Storana I bridge, acquired from Statens

vegvesen (The Norwegian Public Roads Administration).

» Using a conventional method (Miner’s rule) and two other approaches (models) proposed

by Adasooriya et al. [7] and Aeran et al. [5] to investigate various actual traffic loads.

» Considering two varied traffic loads, i.e., fatigue load model 4 ( lorries with different axel
specifications) and the alternative traffic load model (a more eclectic collection of vehicles
than fatigue load 4).

» Comparing and discussing outcomes gathered from applying the conventional and two

proposed models to fatigue load model 4 and alternative traffic loads.

1.4 Significance

This paper might benefit while estimating the fatigue life of a steel bridge when considering

various traffic loads alongside different models used to estimate the fatigue life of a bridge.

Fatigue life assessment of a steel bridge based on measured corrosion wastage and actual traffic loading 3
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Additionally, the thesis can be used for research since the methodology can be recreated to

investigate the fatigue life of bridges.

1.5 Scope

A database from a specific bridge (Storana I bridge) is used while applying a conventional
method (Eurocode) and two different proposed methods presented by Adasooriya et al. [7]
and Aeran et al. [5]. In addition to using these methods, various traffic loads are taken into

consideration for the fatigue life assessment of different case studies.

1.6 Limitations

Only corrosion that has resulted from a marine environment is explored.

Effects resulting from wind, braking forces, or such are not included in the calculations.

No fracture mechanics are investigated.

Only the steel components of the bridge are considered, and the concrete decks and slab

reinforcements are ignored.

1.7 Outline of the thesis

Chapter 1: Introduction
This chapter introduces the study by first discussing the background and context, followed by
identifying the research objectives. Moreover, the significance, scope, and limitations of the

thesis are entailed in this chapter.

Chapter 2: Literature review and theory
This chapter deals with the theoretical part of fatigue theory. A literature review from a history
of fatigue, fatigue assessment, and the primary mechanism of fatigue is described. Additionally,

the fundamentals of corrosion and corrosion fatigue are included in this chapter.

Chapter 3: Methodology
This chapter comprises the different standards of Eurocode. Furthermore, the various types of
actual traffic loads used to calculate the fatigue life of a bridge are discussed. In addition, fatigue

designs, equivalent stress methods, and the definition and applications of influence lines on a

Fatigue life assessment of a steel bridge based on measured corrosion wastage and actual traffic loading 4
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road bridge are covered. A brief description of the software utilized throughout the thesis is also

provided in this chapter.

Chapter 4: Fatigue damage model for improved assessment of remaining life

This chapter covers the proposed methods for estimating the fatigue life of a steel bridge.

Chapter 5: Framework for life assessment
This chapter discusses the two frameworks utilized to assess the life of existing steel bridge

details prone to a measured corrosion wastage.

Chapter 6: Bridge specifics with traffic load models
This chapter includes the specific details of Storana bridge I in Norway. Furthermore, the various
actual traffic loads and the nominal stress results based on alternative traffic loads are entailed

in this chapter.

Chapter 7: Case studies

This chapter comprises the various case studies investigated under this thesis.

Chapter 8: Discussion and comparison of the case studies

This chapter compares and discusses the different case studies illustrated in chapter 7.

Chapter 9: Conclusion and future directions
This chapter concludes the thesis by highlighting the main findings and giving future directions.

Fatigue life assessment of a steel bridge based on measured corrosion wastage and actual traffic loading 5



Chapter 2 Literature review and theory

2 Literature review and theory

2.1 Background

Fatigue is a failure at relatively low-stress levels of structures subjected to fluctuating and
cyclic stresses. This type of failure is the single largest cause of failure in metals and is typical
for bridges, aircraft, and machine components. Fatigue failure can be catastrophic since the
occurrence is sudden. The initiation and propagation of cracks occur due to fatigue, and the

fracture surface is typically perpendicular to the direction of applied tensile stress [10].

Siwowski et al. [9] present that among the leading damage causes of existing bridges, failure due
to fatigue comes first, accounting for about 38.3 % of total failures. Siwoski et al. [9] declare
the results based on a study by Oehme et al. [11], considering different types of steel structures
and their causes of failure. Among 128 considered damaged steel structures, 16 were bridges,
including railway and road bridges. According to the study, approximately 98 % of the damage
occurred between 1955 and 1984. This indicated that most of these steel bridges were riveted.

A further study confirmed that fatigue is the primary cause of the failure of steel-riveted bridges.

2.1.1 History of fatigue

In the 19th century, fatigue was considered an uncanny phenomenon in engineering construction
materials, as fatigue damage could not be observed, and failure occurred without forewarning.
In the 1840s and *50s, the term "fatigue" was coined to characterize failures caused by repetitive
loads. In the early 1850s, August Wohler, a German railroad technician, conducted the first
significant engineering research on fatigue. As part of the research, Wohler started developing
design techniques to prevent fatigue failure. Wohler conducted bending and torsion tests on iron,
steel, and other metals under bending, torsion, and axial loads. Wohler further proved that cyclic
stresses influenced fatigue and the constant (mean) stresses present simultaneously. As a result,
Wohler conducted the first systematized research on fatigue by conducting several laboratory

fatigue experiments under cyclic stresses [12].

In the 20th century, an observation regarding repetitive load applications could commence a
fatigue process in the engineering material, resulting in the initiation of a microcrack, the
propagation of the crack, and the eventual collapse of a structure. Mann et al. [13] assembled
literature documents on fatigue drawbacks. These documents covered the period from 1838 to
1990 and included engineering materials, constituents, and structures in four books with an

index of themes, years, and authors. Additionally, the years 1837-1994 were investigated by
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Chapter 2 Literature review and theory

Schutz et al. [14] by pinpointing fatigue history. Cui et al. [15] also conducted a state-of-the-art
review on metal fatigue, focusing on the most recent advancements in methodologies for

predicting fatigue life.

2.1.2 Impact of fatigue

Fatigue is amongst the prime causes of fatal mechanical failures of many structures and
infrastructures. Such calamitous occurrences happen abruptly and result in substantial human
and material losses. Stephens et al. [16] stipulate that while the definite percentage of
mechanical failures due to fatigue is nonexistent, numerous studies imply that 50-90 % of all
failures are attributable to fatigue. Furthermore, the American Society of Civil Engineers
(ASCE) Committee stated that about 80-90 % of malfunctions within metallic designs are
linked to fatigue fractures. [17]. After an extensive study report performed in 1983, Reed et
al. [18] deduced that numerous mechanical malfunctions are affiliated with fatigue. The report
summarized that nearly 61 % of the failures were associated with fatigue, and the three leading

causes of fatigue are improper maintenance, fabrication defects, and design deficiencies.

According to the findings, the cost of fatigue-induced fractures can be drastically decreased
using appropriate fatigue analysis methodologies and technologies. The complexity of the
fatigue mechanism makes the fatigue failure of metal materials, components, and structures

less predictable and not entirely understood by designers and engineers.

2.1.3 Factors of fatigue process

The following conditions are vital to the fatigue process [19]:

Extraneous cyclic loading

Geometry of the constituent

Material features

Impact of the environment

Endurance limit

Extraneous cyclic loading: In cyclic loading, elements such as stress range Ao, disparity of

force, and the number of cycles are vital. External forces might instigate regular bending or
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torsion effects on a structural constituent, along with associated stress conditions in proximity
to a potential crack spot. These kinds of scenarios of loading and response are typically known
as loading and stress modes. The direction of the stress relative to the crack planes defines the
latter term. The primary causes of crack start and propagation are normal stresses initiated by
normal and bending modes. In this situation, the usual stresses move the crack planes directly
apart [19].

Geometry of the constituent: The majority of structural members feature geometrical or
microstructural disjointedness, known as notches. By increasing the object’s dimensions or
amplifying the notch’s local geometry, often the radius, the stresses can be lowered. Enhancing
the local geometry of the notch’s radius is favored since neither additional weight nor expense
is required [19].

Material features: Standard material properties, such as modulus of elasticity, yield strength,
and tensile strength, affect the metal’s fatigue strength. The fatigue resistance of a material
is measured through experimental testing of material samples. The resistance is yielded by
applying a constant-amplitude stress range on a material specimen and counting the number of

cycles until failure [19].

Impact of the environment: The environment to which a structural component is exposed
affects fatigue life. There is a synergy effect between the mechanical-fatigue damage process
and the electrochemical corrosion process when welded joints are subjected to recurrent stress
in a corrosive environment. Corrosion may cause surface pits that accelerate the crack
initiation time. In addition, the corrosion process worsens the situation within a crack close to
the crack’s front and may significantly accelerate its growth rate. Therefore, in seawater and
other corrosive environments, welded structures should always have some corrosion

protection. Typically, cathodic protection and protective coatings provide this [19].

At high-stress levels, fatigue life under cathodic protection is approximately 2.5 times shorter
than fatigue life in dry air, although cathodic protection is highly adequate at low-stress levels.
At small stress ranges, fatigue life is exceptionally close to that in dry air, and it is reasonable to
assume a fatigue limit for corrosion prevention. The corrosion process may soften the crack front
at low-stress ranges and leave calcareous deposits behind the crack front. The final consequence
could result in a crack closure. The curve provides much shorter fatigue lifetimes at all stress

levels in an environment devoid of corrosion [19].

Endurance limit: Certain materials have a fatigue or endurance limit, which denotes a stress
level at which the material will not fail and can be repeatedly cycled indefinitely. If the imposed
stress level is below the material’s endurance limit, the structure has an indefinite life. Under

benign environmental circumstances, this is typical of steel and titanium. Numerous non-ferrous
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metals and alloys, such as aluminum, magnesium, and copper alloys, lack well-defined limits of

endurance. In contrast, the S-N reactivity of these materials is gradually decreasing [19].

2.2 The fundamentals of fatigue

Fatigue is the initiation and progressive growth of microscopic damage into a crack or
macroscopic damage under repeated stress application. Even when the stress levels are below
the material’s ultimate strength, cracks can still develop [20, p. 416 - 417]. As long as the
structural components are subjected to recurrent cyclic loading or fluctuation loads, a new
material failure known as fatigue failure will develop [21, p. 567]. Fatigue failure uses the term
catastrophic because failure occurs suddenly within the materials. Moreover, the failure is not
readily observable before it happens and is dangerous because of the change in the condition of

the material to resist stress.

There are three phases to the fatigue life of material: the initial damage that causes crack
initiation; the propagation of the crack or fractures that result in the partial separation of a

member’s cross-section; and the final fracture of the material.

2.2.1 Crack initiation

In general, fatigue is viewed as a process of crack initiation followed by a period of crack
propagation. Fatigue cracks typically begin from the surface of a structural part where fatigue
damage originates as microscopic shear fractures on crystallographic slip planes, which is the
first stage called crack initiation. Fatigue cracks begun by the recurrent application of loads that

separately would be too small to cause failure.

Fatigue crack initiation occurs at a specific point where there is a high concentration of stress,
specifically at defects present in the materials, and what happens in the surrounding environment
directly impacts the initiation phase of the crack. In most cases, a crack will begin by roughening
the surface under cyclic stresses caused by plastic deformation, and this will result in the process
of irreversible plastic deformation along with the active slip-bands that cause accumulation of

extrusion and intrusion on the surface [19].
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2.2.2 Crack propagation

In crack propagation process, the crack spread from the concentrated plastic deformation to a
macroscopic size in a direction at right angles to the applied load. The crack grow to be unstable

to make the component fracture.

The fracture propagates typically perpendicular to the primary stress (tensile) during the crack
development phase. Plastic deformation occurs along the active slip-band, with the maximum
shear stress occurring ahead of the crack tip, resulting in the creation of plastic deformation. The
crack development and fracture surface are shown by striations or ripples left on the surface due
to the crack propagation and fracture surface. The transition between two phases of the fatigue
process is typically difficult to describe precisely since it depends on a variety of variables,

including the size of the component, the material, and the fracture detection techniques.

Typically, a steel component experiences most of its fatigue life during the crack initiation
phase, especially during the high-cycle fatigue (HCF) regime. The majority of the fatigue life
in the low-cycle fatigue (LCF) regime (about fewer than 10,000 cycles) is used up by fracture
propagation. During crack propagation, localized plastic deformation at the crack tips is formed,
despite the applied stress the object is exposed to in each stress cycle is lower than the yield
strength of the metal. The applied stress is amplified at the crack tips until the local stress levels

exceed the yield strength of the metal, causing a final fatigue failure [19].

2.2.3 Final failure

Finally, the material fails when the fracture has grown to such a size that it is no longer capable
of supporting the applied load. A ductile or brittle condition is seen in the eventual failure of
materials at the point of failure. When low cycle fatigue failure occurs, the material is considered
ductile with significant deformation; when high cycle fatigue failure occurs, the material is

considered to be in a brittle state with minimal deformations [19].

2.3 Fatigue stress

When it comes to fatigue damage, the fluctuations in stress are a higher level of significance than
the maximum stress; as a result, the amplitude and mean stress are the most important factors
to consider when conducting a fatigue assessment. As a result of this development, the stress

range has evolved as a critically important design consideration for many applications.
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It is taken into mind while calculating the stress range that the difference between the maximum
and lowest stress due to cyclic loading is taken into account; the stress range is defined by the
Equation below [22]:

Ac=0, _—o0,; (D

where :
0,..x = Maximum stress value

0,in = Minimum stress value

2.3.1 Nominal stress analysis

The nominal stress is the most straightforward approach to evaluating fatigue life by calculating
the bending and axial load of the member. For bending stress occurring under the design loading,
the conventional elastic bending equation uses 0 = M y/I, where M is the design moment, y
is the distance from the neutral axis, and I is the area moment of inertia about the bending axis.
For axial stress occurring under the design loading, the equation of stress uses o = P/ A, where
P is the design load, and A is the cross-sectional area. Mean stresses are used to calculate the

maximum stress sustained under cyclic loading [22].

2.3.2 S-N curve

Fractures may form in materials and engineering components that have been subjected to enough
cyclic stress. This can ultimately lead to the component’s failure due to fatigue or other damage.
The number of cycles needed to fail the test reduces as the stress level increases. A stress—life
curve, also known as an S-N curve, maybe plotted by doing stress tests at different stress levels.
Typically, the amplitude of stress, or nominal stress, is plotted versus the number of failure

cycles.

There appears to be a distinct stress level below which fatigue failure does not occur under
ordinary conditions in mild steel or certain other steels. There is a flattening of the S-N curve that
looks to be an approximation approaching the amplitude of stress. Fatigue limits or endurance
limits refer to the lower limiting stress amplitudes. Although the S-N curves of many materials

do not show a specific endurance limit, they tend to go down as N increases.
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The S-N curve is predominantly utilized for high cycle fatigue, which is regarded to exist when
the majority of the metal is deformed elastically throughout each cycle. Crack initiation
described in 2.2.1 is the primary factor that controls this fatigue regime [23]. When a material
undergoes low cycle fatigue, each stress cycle causes it to undergo plastic strain in addition to
the elastic strain. Crack propagation described in 2.2.2 is the primary factor that controls this
fatigue regime [24]. The gliding transition between these regimes typically corresponds to
N = 10* cycles [25].

2.4 Limit states for steel bridges

Limit state is a condition where a structure or an element of a structure no longer meets
performance specifications [26]. The limit state function for fatigue is characterized by two
random variables: the number of applied sequences and the number of cycles to failure for a

given stress history [27].

The limit states are classified into the four groups listed below:

Ultimate limit state (ULS)

Serviceability limit state (SLS)

Fatigue limit stare (FLS)

Accidental limit state (ALS)

In this thesis, the only limit state explored is FLS.

2.4.1 Fatigue limit state

One of the most critical factors that need consideration while designing bridges is the fatigue
limit state. The fatigue limit state function for bridge girders can be expressed as the difference

between the section’s moment-carrying capacity and the applied load moment [27].
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2.4.2 Main parameters influencing fatigue life

In structural design, the fatigue life of a component is measured by the number of stress cycles

it can withstand before failing under repeated cyclic loading.

An important factor in fatigue life is the start or propagation of fatigue cracks under applied

stress cycles. According to EN 1993-1-9, the most important parameters are [28]:
e Stress range

An influence line approach calculates the maximum stress levels at the points where fatigue
evaluation is required. The stress ranges that need to be considered in conjunction with these
cycle counts are the maximum point stress ranges on a component for a fatigue vehicle or axle

set located anywhere within the structure.

It is taken into mind while calculating the stress range that the difference between the maximum
and lowest stress due to cyclic loading is taken into account; the stress range is defined by the

Equation 1.
e Structural detail geometry

A component’s fatigue life and performance under stress and fatigue loads are affected by various
factors, including the applied stress range, initial discontinuity introduced during production, and

local stress increase arising from the geometry of structural detail.

Discontinuities occur in all fabricated steel constructions due to the steel’s production process
and the usual fabrication operations of the components. Due to the manufacturing process of the
steel and the usual fabrication operations of the components, all manufactured steel structures are
subject to discontinuities. The fatigue life of rolled shapes and plate members may be severely

reduced by these discontinuities, depending on their size, shape, and composition [29].
e Material characteristics

The fatigue life of plain metallic specimens, also known as non-welded specimens, consisting
of steel or aluminium alloys, is determined by the composition of the metal and the mechanical
qualities and microstructure of the metal. Therefore, since metal has higher tensile strength, it
may be possible for it to have a longer fatigue life within the same stress range. This is primarily

attributable to a rise in the fracture initiation phase instead of a rise in crack propagation.

e Environmental influence
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Structural integrity is adversely affected by corrosion. Corrosion fatigue is a form of
environmentally assisted cracking that refers to fractures caused by cyclic stress in corrosive
environments [30]. The reduction in fatigue strength that corrosion causes has a significant
impact on the amount of time the material may remain fatigue-resistant. The fatigue life may
likely be decreased by more than 60 percent in circumstances where there is light corrosion

and by more than 70 percent in circumstances where there is medium or severe corrosion [31].

2.5 Miner’s fatigue damage theories

Fatigue life prediction of onshore and offshore steel structures subjected to changing amplitude
loading is a complex problem [32]. Miner’s rule is the most straightforward illustration of the
damage accumulation model since the model is easy to apply [33]. Miner’s rule is a linear
damage accumulation theory. The Swede Palmgren proposed the rule in 1924, and Miner refined

the rule in 1945. Miner proposed damage law as follows:
n.
D= —
2(3)

where, D is the total damage , n, is the number of cycles required for a constant level of stress
and N, is the number of total cycles can be endured before the i-th constant amplitude loading

level fails, given the SN-curve.

Schilling et al. [34] examined the accuracy of the Miner rule for steel bridge members subjected
to varying amplitude loadings; root-mean-square had a somewhat better correlation with tests.
Nonetheless, the Miner rule is conservative. This discrepancy could result from the Miner rule
failing to account for the implications of load sequence. Miner’s rule may result in inaccurate
life estimates since the rule does not adequately account for the damage caused by the loading
sequence [35, 36]. Additionally, through the use of tests, Hashin and Rotem [37] indicated
that load sequence can drastically impact a specimen’s life when subjected to fatigue variable

amplitude loading.

To quantify the fatigue damage caused by variable amplitude loading, specific approaches seek
to do so while maintaining the simplicity of the Miner rule and, at the same time, taking into
account the effect of load sequence. As a result of the fact that several different empirical
fatigue damage theories were developed based on the observation that a fatigue fracture involves
both a stage of crack initiation and a stage of crack propagation. Manson and Halford [38,
39] formulated the widely recognized Double Linear Damage Rule (DLDR). As a credible

alternative to Miner’s rule, the DLDR has been considered. In addition to the stress range
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and the cycles, some researchers looked for additional parameters that influence the fatigue
damage of steel components. Two examples of such parameters are the mean stress and the
stress ratio [40—43].

A significant number of investigations are currently being carried out to find a valid indicator
or measure of fatigue damage accumulation under variable-amplitude loading. Aeran et al. [44]
provide a precise and straightforward fatigue damage model. The suggested damage model
does not involve material testing and is based only on the material’s S-N curve or the equivalent
detail category. In addition, it does not require a full-range S-N curve. The proposed damage
model may be implemented easily by practicing engineers using the partially known S-N curves
provided by design standards [44]. Despite its fundamental flaws, the Palmgren-Miner linear

damage accumulation model is still widely used in design due to its simplicity.

2.6 Corrosion

Corrosion is the destructive attack and degradation of material (both metallic and non-metallic)
in contact with its environment. Degradation results from electrochemical reduction reactions
between the material and the setting for a majority of metals and metallic alloys [45]. Corrosion
can affect a steel bridge’s long-term functionality and integrity [46]. To develop corrosion , four
conditions must simultaneously be fulfilled. There must be an anode, a cathode, a conduction
electrolyte for ionic movement, and an electrical current. If one of the preconditions is absent,

no Corrosion will occur [47]. These components are briefly described below.

Anode: The location where oxidation occurs. The metal corrodes by losing electrons and

forming discrete ions in the solution.

M — M 4+ ze”

M: a metal
z: the valence of the metal. z = 1,2 or 3 (frequently)

e: electrons

Cathode: the part that usually attracts the electrons created in the anode. The reactions at the
cathode consume the electrons. Such reactions can be forming a metal film, reducing oxygen,
or hydrogen evolution.

N +ze- > N

2H,0+0,+4e” — 40H- PH>7
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2H*" +2¢” - H, PH <7

Electrolyte: a solution with enough conductivity to conduct the ions.Water is commonly used
as an electrolyte on bridges.

Electrical connection: A connection between the anodic and cathodic sites is needed for
corrosion to occur. When the anode and cathode are not made of the same material, a physical

connection is required for current flow and corrosion.

Anode —_—

l e

electrone
transport

ion
transport

Figure 2.1: Corrosion cell

It is always simpler to illustrate corrosion in a primary wet corrosion cell, such as the one
depicted in Figure 2.1. Steel corrosion is frequently electrochemical, beginning with the
presence of oxygen and water. Carbon dioxide, sodium chloride, and hydrogen sulfide all

impede the process.

Corrosion is a series of redox processes that involve the removal of electrons from the metal
(oxidation) and their consumption by a reduction reaction, such as oxygen or water reduction.
The reduction reaction is frequently referred to as a cathodic reaction, whereas the oxidation
reaction is often called an anodic reaction; both reactions are required for corrosion to occur.
While the oxidation reaction results in metal loss, the reduction reaction is necessary to utilize
the electrons produced by the oxidation reaction to maintain a neutral charge. Otherwise, a
considerable negative charge between the metal and the electrolyte would rapidly accumulate,

halting the corrosion process.
The description of the corrosion mechanism of iron is as follows:

Iron loses electrons when exposed to moisture (H,0), forming a positively charged ion in water.
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Oxidation reaction: iron undergoes oxidation (losing electrons).

—+ —_
Fey — Fe, +2e

)

(s): solid
(aq): aqueous
These electrons are then used to decrease the amount of oxygen in the water(H *and OH ™).

Reduction reaction: Oxygen is reduced (gaining electrons)

0,+4e” +4H* - 2H,0

These Fe; ions react with the O H™ ions in water to form iron hydroxide, which dries in multiple

stages to become rust:

Fe;L +20H" — Fe(0H), -»— Fe,05(rust)

Water is required for the redox reaction, explaining why a wet environment accelerates the
rusting process. Rusting can occur in dry environments, but it appears much more slowly due to

the air’s relative lack of humidity [48].

Types of Corrosion
Corrosion occurs in various extensively differing forms. Corrosion can be classified based on

one of these three factors mentioned below.

Nature of the corrodent: Corrosion can be observed in wet or dry conditions. Wet corrosion
needs liquid or moisture, and dry corrosion usually involves a reaction with high-temperature

gases.
Mechanism of corrosion: This requires either electrochemical or direct chemical reactions.

The appearance of the corroded metal: Corrosion is either uniform or localized. The metal
corrodes over the entire surface at the same rate when corrosion is uniform and localized, where

only small areas are affected [49].

The most important types of corrosion encounters in road bridges may be classified into the
following [46]:
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1. Uniform corrosion
2. Pitting corrosion
3. Crevice corrosion
4. Galvanic corrosion

5. Corrosion fatigue

1. Uniform corrosion

Uniform corrosion is also known as general corrosion, often occurs in road bridges and is
characterized by a corrosive attack that affects the entire exposed surface of a metal or a large
fraction of the total area [50]. This type of corrosion is relatively uniform penetration over
the entire exposed metal surface, which the human eye can practically see. From a technical
standpoint, it is the most accessible type of corrosion to manage because the life of a structural
element is accurately estimated based on a comparatively simple immersion test. These tests
allow weight loss to monitor and reduce member thickness, thereby the reduction of the effective
cross-sectional properties of the members as a function of time can calculate. It is crucial to
precisely include the time-dependent effect of general corrosion in the finite element model,
using an appropriate corrosion wastage model [2]. Figure 2.2 illustrates a typical uniform

corrosion damage.

Figure 2.2: Uniform corrosion [1]

2. Pitting corrosion

Pitting is a localized form of corrosion that selectively attacks the surface area of a metal where

there is:

» A surface scratch or mechanically induced in an otherwise protective oxide film

» An emerging dislocation or slip step caused by applied or residual tensile stresses
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« A compositional heterogeneity such as inclusion, segregate or precipitate [51]

Even though pitting corrosion has no significant effect on the structure’s global stiffness, it is
dangerous because it can cause local stress concentrations at the structural detail and reduce
fatigue. Therefore, it is crucial to consider pitting corrosion while calculating stress
concentration factors at the corroded structural element. Figure 2.3 shows a typical Pitting

corrosion on steel [2].

TROUGH PITS

MNarrow, deep Shallow, wide Elliptical Vertical grain attack

\b e~ \_/ W

SIDEWAY PITS

Subsurface Undercutting Horizontal grain attack

Figure 2.3: Types of pitting corrosion [2]

Crevice corrosion is the most common location-based corrosion on steel bridges. It occurs inside
the crevice formed by the contact between two metal surfaces or the surface between a metal and
non-metal. A part of the metal that is in contact with unprotected steel elements of a member
generates corrosion. Components or elements of the steel bridges prone to Crevice corrosion
are, for example, splice plates, gusset plates, and the surface between the bolt/rivet head [52]. In
contrast to general corrosion and pitting corrosion, crevice corrosion is often not distinguishable
until it becomes critical and can lead to severe problems. An example of connection failure due
to crevice corrosion is the Minaus River bridge collapse [52]. Steels that depend on an oxide
film for protection, such as weathering steel, are particularly subject to crevice corrosion. High
chloride concentrations destroy these films or hydrogen ions that can occur in crevices [53]. The

corrosion rate of crevice corrosion is significantly 20 times higher than uniform corrosion [54].
3. Galvanic corrosion

Galvanic corrosion (also called bimetallic) commonly occurs in steel bridges when two different
metals are placed in an electrolyte and electrically connected. When a galvanic couple forms,
the metal with an initially more negative potential becomes the anode and corrodes. In contrast,
the metal with an initially more positive potential becomes the cathode and is protected. Unlike

metals must contact with an electrolyte to have galvanic corrosion. The corrosion potential (a
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potential variation between the various metals) controls the corrosion rate. Generally, because
metals can be sorted into a galvanic series table in terms of their electric potential, galvanic
corrosion can occur. The galvanic series lists the electrochemical potentials of selected metals
at 25°C in seawater [55].

4. Corrosion fatigue

Corrosion fatigue is the last dominant and dangerous form of corrosion.. It is referred to the
mechanical degradation of a material under conditions of simultaneous corrosion and repeated
cyclic loading at lower stress levels. Corrosion fatigue can be categorized as a type of
environmentally assisted cracking. In section 2.7, the phenomena will be more thoroughly

appraised [56].
Factors Affecting Rate and Progress of Corrosion

The environment significantly impacts corrosion and can alter the corrosion rate. Corrosion rate
is when a material deteriorates (loss of metal). It is the reduction in thickness that occurs each
year and may be computed in general by dividing metal loss by time. Because corrosion rate
is one of the most important parameters, it is crucial to investigate how corrosion affects the
structural integrity of steel structures and then the corrosion factor . The rate of corrosion is one
of the most important elements influencing the service life of a structure. The intensity of the

corrosivity is determined by the corrosive environment in which it occurs.

The corrosion rate is frequently prone to change, and it is hard to anticipate when corrosion
will occur. Lower PH values, higher concentrations of chloride, sulfate, and carbonate ions, and

higher stress levels will all increase the rate of corrosion on steel bridges.
This section will discuss the most significant impacts of corrosion rate on steel bridges.
Effects of corrosion on steel bridges

Corrosion damage is a significant factor in the design of steel bridges. Corrosion’s effects on steel
bridges can range from minor maintenance issues to catastrophic failures.The Loss of material
from the surface, which results in thinner sections, loss of material strength, and deposition
of corrosion products (rust) on the surface are the three primary impacts of corrosion on steel
structures. Due to material loss, the section properties of a member, such as the second moment
of area, area, and the radius of gyration would be diminished, resulting in a decrease in the
carrying capacity of the structure [57]. Kulicki et al. [53] recognized four basic categories of

corrosion impacts.

1. Loss of section: is the most significant issue to consider. Corrosion’s primary effects on steel

structures are material loss from the surface, which results in thinner areas, material strength loss,
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and the deposition of corrosion products (rust) on the surface. Due to material loss, the section
properties of a member, such as the second moment of area, cross-sectional area, the radius
of gyration, and so on, would be lowered, reducing the structure’s carrying capacity. Bridge
members’ static, fatigue, fracture, and buckling resistance can be decreased by section loss and
the addition of stress raisers. If the metal loss is severe, it may also impact the structure’s load

distribution characteristics, increasing the load in members next to the deteriorated component.

2. Creation of stress concentration: Corrosion-induced holes and notches cause stress

concentrations and can initiate cracks.

3. The introduction of unintentional fixity: When corrosion freezes moving components of
the bridge, such as expansion devices or hangers, the structure behaves abnormally. Members

may be exposed to unexpectedly high levels of stress.

4. Initiation of unintended movement: According to one study, corrosion products
accumulated in restricted areas ("pack rust") can generate up to 10,000 pounds per square inch.

This pressure can bend or shift bridge components, resulting in damage [57].
The economic impact of corrosion

Safety, economics, and environmental conservation are the three key concerns that motivate
corrosion research. Corrosion-related premature failure of bridges or structures can result in
bodily harm or even death. Loss of functioning equipment can have similar catastrophic
consequences [58]. Corrosion cost studies have been carried out in several countries, and the
results demonstrate that corrosion has a significant influence on the economies of
industrialized countries [59] . Numerous industry and infrastructure components, such as
bridges, tunnels, and vehicles, are susceptible to corrosion damage. Multiple industries have
realized that improper corrosion management can result in significant cost savings over the
lifespan of an asset and that improper corrosion management can be highly expensive. The
estimated global cost of corrosion is US $ 2.5 trillion, which is comparable to 3.4% of the
global GDP (2013). In 2020, the GDP of Norway was roughly 362.52 billion US dollars.
Assuming that 3.4 % of Norway’s GDP in 2020 was attributable to corrosion-related damages,
this would amount to 12.32 billion dollars [60].

Method for preventing corrosion

Unless rust-prevention measures are adopted, the strength and other attributes of structures
constructed of steel will gradually deteriorate over time due to corrosion, which will also shorten
the structure’s service life. Protecting steel from rust has historically been accomplished using

various approaches. The most apparent method is applying a protective coating to steel to protect

Fatigue life assessment of a steel bridge based on measured corrosion wastage and actual traffic loading 21



Chapter 2 Literature review and theory

its surface from a corrosive environment. Painting, zinc plating, and coating with various
oils are examples of this long-practiced technique. Recent protective coatings for the steel
include thermal spraying of other metals, organic paints, and lining with rubber or porcelain

enamel/plastic film lamination.

Using steel less readily vulnerable to rust is the second method of corrosion protection. Specific
components can alter the intrinsic characteristics of steel so that a protective layer forms on
its surface during the manufacturing process. Adequate corrosion protection must be balanced
with ease of fabrication, dependability, maintenance, and overall cost savings when designing a
corrosion protection system. Among these considerations, maintenance is frequently given little
consideration during building. Corrosion prevention involves various aspects, the most critical
of which are routine maintenance and its economic impact. Even if a corrosion-protection device
is an initially successful, chemical or mechanical damage, or even both, eventually degrade its
efficiency. Anodes for cathodic protection, organic coatings, and corrosion-resistant steels are
all susceptible to corrosion as they age. Corrosion protection requires regular inspections and

maintenance, which may be time-consuming and expensive [50].

Environment-assisted cracking

Environment-assisted cracking (EAC) is caused by environmental influences, notably a
corrosive environment (EAC). EAC may create damage that is difficult to detect and result in
unanticipated failures. In practice norms, there are no detailed requirements or protocols for

assessing structural integrity when a structure is subjected to EAC [61].

The formation of EAC is dependent on three factors. These factors describe the mechanism
underlying the onset and propagation of cracks in aqueous conditions and demonstrate the

significance of developing simplified ways to anticipate EAC [62].

1. Environmental factors such as temperature, pH, pressure, and radiation.

2. Material factors such as tensile strength, grain size, grain boundary segregation, and

constitution of phases.

3. Stress factors such as applied or residual stress, stress intensity factor, and tension.

There are three basic types of EAC: corrosion fatigue (CF), stress corrosion cracking (SCC),
hydrogen embrittlement (HE), and , which all significantly contribute to the deterioration of

metal structures [3].

Fatigue life assessment of a steel bridge based on measured corrosion wastage and actual traffic loading 22



Chapter 2 Literature review and theory

2.7 Corrosion fatigue

Corrosion fatigue is a product of a corrosive environment and alternating stress [50]. As a
combined effect, the two forms of corrosion fatigue are more harmful than any acting alone.
When environmental corrosion and vehicle-induced fatigue damage combine, they could cause a
catastrophic breakdown that compromises safety and dependability . An essential component of
the infrastructure system, bridges are particularly prone to corrosion and fatigue [31]. Regarding
road bridge infrastructure, the materials used are subjected to a variety of stresses and corrosion
[63]. Particularly extreme situations occur if salt is used to de-ice bridge decks, which melt
ice and release brine into the bridge structure. Chemically aggressive conditions are likewise
a problem for river bridges [56] . The fall of the Silver Bridge in 1967 was an example of a

catastrophic failure resulting from this behavior [64].

2.7.1 The Process of Corrosion Fatigue

Corrosion fatigue is a frequent cause of unanticipated cracking in vibrating metal structures
designed for safe operation in the air at stresses lower than the fatigue limit. Cracks caused by
corrosion - fatigue are frequently transgranular, as depicted in the figure 2.4. Several cracks can

be seen at the metal’s surface in the region of the failure-causing crack.

Figure 2.4: Corrosion-fatigue fracture through mild steel sheet, resulting by fluting of the sheet in flue
gas condensate [3]

In CF crack initiation and propagation, the stress range and peak stress level are the governing

parameters. The commencement of CF cracks may occur in the absence of pits, and the
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expansion of CF cracks in carbon steel is due to the post-corrosion reaction [65]. Due to cyclic
stresses, grain gliding is visible in some grains. A dislocation’s glide is terminated when it
reaches a grain boundary [66]. Under reduced load, grain motion retraces the original slip
plane. When there are even just a few bumps on the road, it slows traffic and creates a new slip
plane. Finally, these disordered bands of material create separation between slip planes at
high-stress levels. With decreased activation energy, atoms in a corrosive environment move in
a disordered fashion along slip planes. This behavior is possible even at low-stress levels,
implying that there is no safe stress threshold beyond which fatigue life is limitless [30,67].

2.7.2 Prevention of corrosion fatigue

There are multiple methods for decreasing corrosion fatigue. One of the methods to control
corrosion fatigue is either a reduction in cyclic stress or corrosion-protection techniques [50]. A
protective coating system is the standard practice for shielding steel against corrosion fatigue.
Electrodeposited zinc or cadmium act as sacrificial coatings on steel and protect the underlying
metal against corrosion in the event of coating flaws. Other repair methods include cathodic

protection, inhibitors, and electrodeposits of tin-lead, copper, or silver on steel [3].

2.7.3 Stress corrosion

Stress corrosion cracking is caused by the interaction of tensile tension and a corrosive
surrounding. The requisite tensile stresses may be imposed directly or exist as residual
stresses. Welding, fabrication, heat treatment, machining, and grinding initiate residual
stresses. The inability to anticipate the identification of such minute fissures makes stress
corrosion cracking a catastrophic type of corrosion. An unanticipated catastrophic breakdown

may result in a low total material loss.

Failures that can arise from stress corrosion cracking depend on the crack size, the intensity of
stress, and temperature. This type of failure was exemplified by the 1967 collapse of the Silver
Bridge across the Ohio River in the United States, which claimed 40 lives [68]. The bridge
structure had eye bars with massive pin connections that could not be inspected. A little crack
in one of the eye bars triggered a fracture, which led to the failure of other eye bars owing to

overload and the consequent collapse of the entire bridge [50].
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2.7.4 Hydrogen embrittlement

Hydrogen intrusion into a component lowers its ductility and load-bearing capacity, leading to
cracking and catastrophic brittle failures at stresses much below the yield stresses. Hydrogen
embrittlement can cause a component to fail, such as when weldments or hardened steels shatter
in the presence of hydrogen. Not all metals are similarly vulnerable to hydrogen embrittlement,
and the effect is not permanent. Hydrogen embrittlement may quickly weaken high-strength
steels, titanium, and aluminum alloys. Reducing the quantity of in situ hydrogen integrated into
the structural part’s service life and keeping the steel’s residual hydrogen content to an acceptable
level are effective ways to prevent hydrogen embrittlement. Despite being discussed in terms of

corrosion, hydrogen embrittlement is not technically corrosion [50].
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3 Methodology

3.1 Fatigue assessment approach

This chapter provides an exhaustive discussion of the methodology used in bridge fatigue life
assessment. The crack growth and the S-N methods are the two methods that can be utilized in
order to do a fatigue assessment on the structural components of a bridge. In the crack growth
method, the number of cycles required to attain the final crack size is determined based on
the beginning crack size, stress range operating on the detail, the average daily number of cycles
experienced by the detail, and geometric variables reflecting the stress concentration at the detail.
This method determines the number of cycles required to reach the final crack size. The S-N
method, which was used in this thesis, calculates the fatigue resistance of a particular detail
based on the total number of stress cycles applied to that particular detail. This indicates that
the stress range operating on the detail and the number of stress cycles are the most critical

elements for a reliable fatigue life estimate [69].

3.2 Standards of the Eurocode

Several standards are connected to the subject of fatigue design. These standards provide
regulations and guidance for the design of fatigue in structures. Standards for various loads on
structures are specified in Eurocodes throughout Europe. The figure 3.1 presents a listing of
the various sections of the Eurocodes relevant to the design of steel bridges and the steel

components of composite bridges.
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Figure 3.1: The Eurocode components utilized in bridge design and construction

(4]

In this thesis, three Eurocodes are studied for fatigue design. These standards are presented in
the table below. The reasons behind the selection of these three standards will be described in

more detail in sub-sections.

Table 3.1: Relevant standards for this thesis [4]

Standard Name
NS-EN 1993-2 Eurocode 3: Design of steel structures- part 2: Steel bridges
NS-EN 1991-2 Eurocode 1: Actions on structures- Part 2: Traffic loads on bridges

NS-EN 1993-1-9 Eurocode 3: Design of steel structures- Part 1-9: Fatigue

3.2.1 NS-EN 1993-2

The NS-EN 1993-2 standard provides a general framework for sizing steel bridges and steel

components in cooperative bridges. It adds to, modifies, or replaces related requirements in the

Fatigue life assessment of a steel bridge based on measured corrosion wastage and actual traffic loading 27



Chapter 3 Methodology

various parts of NS-EN 1993-1.

3.2.2 NS-EN 1991-2

The consequences of traffic loads on bridges are typically somewhat complex. In order to address
such complicated loading conditions, the "actual" traffic loads must be represented by one or
more equivalent load models. Actual loads are required to conduct a fatigue evaluation of a road
bridge. In order to accomplish this, the fatigue damage induced by these equivalent load models
must be comparable to that caused by the actual traffic load on bridges. NS-EN 1991-2 provides
five distinct Fatigue Load Models (FLM) of varying complexity and application scope. On the
basis of these concepts, fatigue load models for EN 1991-2 were constructed. In general, the

Eurocode fatigue load model derivation approach is shown graphically in figure 3.2 as follows:

» Typical bridges were chosen for modeling bridge responses to traffic flow

« Selection of typical structural components for fatigue analysis and their curves of fatigue

resistance

» Performing a simulation of bridge reaction using measured traffic data and the influence
line for each examined detail to derive the stress history pertinent to the fatigue design of
the detail.

« Utilizing an appropriate cycle counting approach to convert the stress history into a stress

histogram with some stress ranges with constant amplitude.

» Applying the damage accumulation rule, also known as the Palmgren-Miner rule, to
achieve an equivalent stress range, denoted by the symbol Ao results in the same

damage factor as the stress histogram produced by the traffic simulation.

» Damage-equivalent fatigue load models that yield comparable damage to that caused by

/o are derived.
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Figure 3.2: Concept behind fatigue load models in Eurocode [4]
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3.2.3 NS-EN 1993-1-9 Eurocode 3: Design of steel structures

EN 1993-1-9:2005 provides general requirements and procedures for assessing fatigue in steel
structures and their components. This section of the Eurocode applies to all grades of structural
steel (including stainless steel) with appropriate corrosion protection and maintenance for the
required service life. This indicates that EN 1993-1-9:2005 applies to constructions exposed

only to slightly corrosive environments, such as normal atmospheric conditions [4].

The NS-EN 1993-1-9 contains ten detailed categories, numbered 36 to 160. The category
number represents the stress range at 2 million cycles with constant amplitude, expressed in
megapascals. The matching S-N curve is then generated using test data for specimens of standard
geometry subjected to varying amounts of stress. Each number category corresponds to its S-N

curve.

Dedail
category Constructiona detail ‘ Descnplion Requirements

NOTE The fatigue strength curve ascowiated with category 160 | Rolled and extruded praducis: Details )10 3):
i the highest. No detail can reach a befter fatigue streagth s any '

number of cycles, 1) Plates and flats; Sharp edges, surf: 1Li
v ] flats; p edges, ace and rolling
160 —— — 33 Rolled sections; flave 10 be improved by grinding
—_— . ‘--;[- 3) Scamless hallow sections, until removed and smooth
KM P e e — either rectanpular or circular, tramsition achjeved.
: -, sy
J) 2 3)

Figure 3.3: Detail category of constructional detail in the Euroco-de [4]

Some detail categories are also marked with an asterisk, which indicates that these details are
"placed one detail category below their fatigue strength at 2 million cycles." This indicates that
their results would not be conservative if they were categorized as if the asterisk was omitted.
This pertains to categories 36*,45%, and 56* of detail. [4]

The S-N curves that are illustrated in this Eurocode are all shifted with one another, and they all

adhere to the equation 2 that is stated below:

log N =loga — mlog \o @)

where

N: Failure cycles for the specified stress range

log a: The intercept with the logN-axis

m: The negative slope of the S-N curve relates stress range to fatigue life

/\o: Stress range
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The Eurocode refers to tables 8.1 through 8.10 for the categorization of curve details in order
to select an appropriate curve. The designer must select the appropriate detail for the given
condition from these tables, followed by the appropriate S-N curve. The curves are displayed in

Figure 3.4.

1000

Direct stress range Aoy [N/mm?]

o o
5
1,0E+04 1,0E+05 1,0E+06 1,0E+07 1,0E+08 1,0E+09

2

Endurance, number of cycles N
Figure 3.4: Fatigue strength curves for direct stress ranges [4]

The S-N curves are displayed on a logarithmic scale with direct nominal stresses o versus the
number of cycles before fatigue damage occurs. The curves for various materials and

connections are empirically obtained using several tests for constant stress ranges.

For nominal stress ranges with constant amplitude, the fatigue strength can be calculated as
follows:
Aoh Np=/Aop 2.10° with m=3 forN <5.10° A3)

where

e /\oy : Stress range
e Ny : The number of cycles a stress range can withstand.

» /\o, is the detail category, the fatigue strength reference value for 2 million cycles.
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Direct nominal stresses /\oj are obtained by multiplying stress ranges /\o by partial
components.

A6R=ny>kny*Aa 4

The recommended partial factor for fatigue strength y,, ,, is stated in EN 1993-1-9 Table NA.3.1

as follows:
Table 3.2: Recommended values for partial factors for fatigue strength [4]
Assessment method Consequence of failure
Low consequence High consequence
Damage tolerant 1.0 1.15
Safe life 1.35 2.0

This partial factor’s value is dependent not only on the safety method, but also on the
consequences that might result from the structure failing due to its ultimate collapse. The
assessment method (safety method) and consequence of failure from table 3.2 are described as

follows:
> Safety method

1. Safe life method (There are no inspections performed during the service life.)

2. Damage tolerant method (periodic inspections are performed during the service life)
> Consequences of failure:

1. Low for less important members

2. High is for important member

When using the safe life method, it is essential to select the appropriate value, as making an error
in this selection will significantly impact the life calculations. In this thesis, the safe life method

is used.

According to EN 1993-2, the following value is the fatigue factor for fatigue loads:

YFle
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Equation 3 implies thatuntil N = 5.10°, where the constant amplitude fatigue limit Ao, (CAFL)
is located, all S-N curves have a negative slope m = 3. Constant amplitude loading is a type of
cyclic loading that combines constant amplitude and mean load. The CAFL is a stress threshold
that indicates that fatigue failure will not occur below this limit under constant amplitude loading.
Hence, the CAFL can be calculated as follows:

1

Aoy = (%)3 ~ 0.737Ac,

In figure 3.4, the slope changes from m = 3 to m = 5 as N increases from * 10° to 103. A
horizontal line emerges from the data after N = 10® cycles. It is presumed that fatigue failure
will not occur in low-stress ranges; hence, the component can tolerate an endless number of
cycles under stresses lower than this limit. The cut-off limit, often known as the limit for fatigue

failure, is denoted by the letter Ao, . The cut-off limit can be calculated as follows:

5\5
Ao, = <E> ~ 0.549Ac,,

3.3 Models for traffic load

This thesis will analyze two distinct traffic load models:

1. Fatigue load model 4 (FLM4) from NS-EN 1991-2, section 4, subsection 4.6.5.

2. An alternate traffic load model version that attempts to account for all traffic.

Both models are specified under 3.3.1 and 3.3.2.

3.3.1 Fatigue load models

As stated earlier, in section 3.2.2 five fatigue load models are recommended to accurately depict
the actual load conditions when building road bridges against fatigue. A precise estimation of
fatigue load models for both road and railway bridges involves a proper selection of the geometry
of the load model vehicles, their axle loads, axle spacing, and the composition and dynamic
effects of the traffic. In Eurocode, traffic load models for bridges have been derived, taking into

account all of these elements [4].
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The fatigue load models recommended in 3.2.2 for road bridges are based on reference influence
surfaces for various types of bridge structures. These structures include simply supported and
continuous bridges ranging from 3 to 200 meters. These load models can be split into two major
categories based on the required fatigue life. The first group is utilized to confirm infinite fatigue
resistance. This category includes FLM 1 and FLM 2. The second category of fatigue load
models is intended for analyzing fatigue for a particular fatigue design life using the damage
accumulation approach based on the Palmgren-Miner rule or the damage equivalent concept,
also referred to as the simplified -coefficient method. In this group, FLM 3 is used to calculate
the damage equivalent concept, while FLM 4 is used to calculate the cumulative damage concept.

The classification of fatigue load models for road bridges is shown in figure 3.5.

—D(INFINITE LIFE DESIGN

[ROAD BRIDGES} @
A(SAFE LIFE DESIGN%

CUMULATIVE
DAMAGE

Figure 3.5: Fatigue assessment of bridge structures by Eurocodes

Fatigue load models 1, 2, and 3 aim to estimate the maximum and minimum stresses arising
from the various load configurations on the bridge of any of these models. Moreover, models 1
and 2 are primarily used to validate the fatigue resistance of structures for which the so-called
cut-off limit described in section 3.2.3. In the case of such constructions, we may determine
the direct stress range ¢ that, regardless of the number of variations in value, does not result in
fatigue failure for a specific type of structure or connection. Models 1 and 2 are consequently
useful when verifying steel constructions to assess the structure’s life due to the onset of fatigue
damage. In addition, the model 1 and 2 can be utilized to determine if a load history with a
constant stress amplitude has an indefinite fatigue life. Such a method has not been established
for concrete structures. Therefore, they lack a specified acceptable stress range whose non-
exceedance guarantees a particular fatigue life of the structure regardless of the number of stress
cycles [70].

The Fatigue Load Models 3, 4, and 5 are designed to assess a component’s fatigue life concerning
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fatigue strength curves established in EN1992 to EN1999. The Fatigue Load Model 3 can also
be used for the direct verification of designs through the use of simplified techniques. These
methods consider the influence of the annual traffic volume and specific bridge dimensions

through an adjustment factor that is material-dependent.

The Fatigue Load Model 4 and the Fatigue Load Model 5 are designed to determine the stress
range spectra that are the direct result of the movement of vehicles across the bridge. When the
simultaneous presence of numerous lorries on the bridge may be overlooked, the Fatigue Load
Model 4 provides more accurate results than the Fatigue Load Model 3. This applies to a range
of bridges and the traffic that uses them. FLM 5 is the most comprehensive model based on
real-world traffic data [71].

Fatigue Load Model 4

The Fatigue Load Model 4 (FLM4) comprises sets of regular lorries that, when combined,
provide the same effects as ordinary traffic on European roads. This model replicates traffic that
is believed to cause equal fatigue damage to actual traffic. Each conventional lorry is assumed to
cross the bridge without any other vehicle. Nevertheless, many national annexes stipulate that
10% of the vehicles on the slow lane must be used concurrently with a vehicle on the adjacent
lane [72]. The number of lorries crossing the bridge throughout its design life is determined
based on a traffic category and a traffic type, chosen from one of two different tables, namely
Table 6.6 and Table 6.2 . The tables can be found in the standard NS-EN 1991-2.

According to the NS-EN 1991-2 standard, it is recommended that the category of traffic on the
bridge be defined for fatigue calculations based on at least the following criteria:

¢ The number of slow lanes

o The number N, of heavy vehicles that is gross vehicle weight greater than 100 kN, seen

or approximated, per year and slow lane (i.e., a traffic lane utilized primarily by trucks).

The chosen traffic type and N, will be presented in the case study in detail. The application
of FLM4 to a bridge yields realistic loads in a structure evaluated for fatigue. It is possible
to extract a stress spectrum such that a Palmgren-Miner summation can be done in the details

where a fatigue crack could develop.

3.3.2 Alternative Fatigue Load Model

Based on fatigue load model 4 from the Eurocode, the alternative traffic load model has been

developed to incorporate vehicle classes that depict more realistic traffic. In this proposal, the

Fatigue life assessment of a steel bridge based on measured corrosion wastage and actual traffic loading 35



Chapter 3 Methodology

traffic parameter known as N, described in section 3.3.1 for the traffic categories, which refers
to the number of vehicles with a maximum gross weight of greater than 100 kN per year per
slow lane—has been replaced with yearly average daily traffic. The annual average daily traffic
(AADT) is the average daily heavy traffic volume for a particular highway. The projected annual

and per-slow-lane vehicle volume is then:

N,, =05x%x365x AADT

The alternate fatigue load model for road bridges is discussed in length in section 6.3, along with

its application.

3.4 Fatigue design

For the fatigue design of bridges, Eurocode permits using two primary methods: the equivalent
damage method, often known as the A-coefficient approach, and the more general cumulative
damage method [4]. The simplified A-method in Eurocode is an adaptation of the general
equivalent stress range notion rectified by several A-factors. In contrast, an alternative to this
approach is a direct application of the Palmgren-Miner rule, which may be used for both road

and railway bridges [70].

3.4.1 Damage Accumulation Method

Bridge components deteriorate owing to cumulative fatigue damage caused by repetitive
vehicle loads, and cracking in the steel girders may begin to occur. This will lead to a reduction
in the effective cross-section of the steel girder, which, in turn, will cause an increase in stress.
In turn, the increased tension could hasten the onset of corrosion and exacerbate fatigue
damage to the bridge. The combined effect of corrosion and overloading will accelerate the
bridge’s degradation and limit its service life [73]. As fatigue failure results from the
cumulative damage produced by each truck passage, an adequate number of stress cycles for
fatigue design should consider the influence of each truck passage on the cumulative fatigue

damage during the bridge’s life cycle [74].

The consequences of traffic loads on bridges are typically somewhat complex. Not only do these
loads generate stress ranges with fluctuating amplitudes, but other characteristics that may affect
the fatigue performance of bridge details, such as the mean stress values and the sequence of

loading cycles, are also entirely stochastic.
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It is necessary to characterize the fatigue load effects induced by the "real" variable amplitude
loading in terms of comparable, constant amplitude loading in order to be able to tackle such
complex loading scenarios. In other words, a complicated loading situation should be
represented as one or more equivalent constant amplitude loads in order for the latter to

generate equivalent fatigue damage to the actual loading history. Two steps are essential:

o The variable amplitude loading is transformed into a representative constant amplitude

loading using a cyclic counting method.

« the new set of representative constant amplitude loading is used to perform the fatigue
design or analysis directly by applying the Palmgren-Miner damage accumulation rule or

by employing the equivalent stress range concept [70].

3.4.2 Palmgren-Miner damage accumulation

The Palmgren-Miner rule is the best estimate of the fatigue limit and is based on the linear
cumulative damage concept [75]. It states that the damage equals the ratio between the number
of cycles at a specific amplitude and the number of cycles to failure. At failure, the fatigue life
is expended, and the total fatigue damage to the detail is thus 100%, or D = 1. If the same detail
is now subjected to n < N stress cycles within the same stress range, the accumulated fatigue

damage would be calculated as follows:

giving:

D =10 when n=N
D < 1.0 when n< N

Palmgren initially suggested the above method in 1924 to estimate the life of roller bearers, and
Miner subsequently modified it in 1945 to other structural components [76]. The procedure
assumes that a component can resist a predetermined number of cycles N, for a predetermined
degree of stress S,. If the component goes through n; cycles while subjected to this stress level,
then the amount of damage is equal to the fraction n;/ N,. By adding up all the different k stress
levels, cumulative damage can be found [77]. If the stress range distribution function is known,
an integral function can be substituted for the summing of the partial damages caused by each

stress range level. Failure is characterized by the accumulation of partial damages and happens
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when the theoretical value D,,, = 1.0 is attained . This is represented in the equation below [78].

n n n ntm‘ n.
Dtot:_l+_2+_3+zz_l: @Sl() (5)
Nl N2 N3 N; N

The number of cycles that would induce failure in each stress range o, can be estimated directly

using Equation 6:

(6)

N, =5.10° (A"D/YMf>m

App-Ao;
Where:

m is interpreted as either 3 or 5 according to the stress level [4].

3.4.3 Limitations of the Palmgren-Miner method

Although the Palmgren-Miner rule is a helpful approximation model in many situations, it has

the following significant limitations:

« It fails to acknowledge the probabilistic characteristics of fatigue.

e Under certain conditions, low-stress cycles followed by high stress result in more
significant damage than the rule predicts. It does not consider the impact of an overload
or excessive stress, which can result in compressive residual stress that can inhibit crack
formation. Due to compressive residual stress, high stress followed by low stress may

cause minor damage. This is represented in the equation below [79].

« It disregards load history, interaction effects, and cumulative damage and has no link to
load sequence effects. These are the reasons that led to the development of models of

nonlinear damage buildup. These models take load interaction effects into account [80].

3.5 Equivalent Stress Method

The concept of the equivalent stress range underpins the equivalent stress approach. As a result
of the Palmgren-Miner rule, the comparable constant stress range correlates to a fatigue life that
is identical to the design spectrum if the damage summation is used. After a series of N multi-
level stress cycles, any stress o, equal to or greater than this value will cause the component’s
failure. Any load with an equal number of cycles in a complex load spectrum will cause damage
to the specimen if applied with an equal amount of comparable force [70].
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For linear S-N curves with a constant slope of 3, the equivalent stress range for any load spectrum

can be expressed as follows in Equation 7:

n
2. n; X Acl"
i=1

N2 [ — (7)

n

3=

n;
1

]

For multilinear (i.e., bi- or tri-linear) S-N curves, the equivalent stress equation is as follows:

1
Y Ao, + Y njAa;ﬁ" (Aaj/AaD>m’_mi i
Ao = St o ®
i J

where:

1 1is the index of stress ranges with a magnitude greater than Ao, and their respective stress

cycles.
J 1sthe index of stress ranges with a magnitude less than Ao, and their associated stress cycles.

m; represents the slope of the trilinear S-N relationship above the knee point Ac,, where m; = 3

stands for structural steel details.

m; represents the slope of the trilinear S-N relationship below the knee point Ao, where m; =5

stands for structural steel details.

The transformation from Ac . to Aoy, can be obtained easily from the following equation:

AO‘Z,Z 3 A(;g (9)
2.106 N
Resulting in:
N n
Ao, = A ( ) 10
PE2 = 29E\ 5 706 (10)

The fatigue verification is essentially reduced to a straightforward comparison between the
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comparable stress range at 2 million cycles and the fatigue strength of the detail, i.e.

Acg, < Aoc (11)

All partial factors are eliminated for the sake of simplicity.

Fatigue verification formats using the Palmgren-Miner summation and the similar stress range

concept are equivalent in terms of damage and will produce virtually identical results.

3.6 Definition and applications of influence line on a road bridge

The influence line, defined as the reaction curve of a specific point on the bridge under the
moving unit concentrated load, includes much information regarding the structure. An influence
line represents the variation of a response (reaction, shear, or moment) at a particular point in
a member when a concentrated force moves over the structure. The influence line is utilized to
establish where the moving load should be put on the structure so that it exerts the maximum
effect at the specified spot. After calculating the response caused by this unit load at the region
of interest, values are displayed to construct the influence line for the function, where f(x) is the

static load function and x; is position of the axles as demonstrated in Figure 3.6.

f&
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Figure 3.6: Load function of a vehicle

Influence lines have been effectively utilized to update structural models to improve the
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prediction of numerical model responses and evaluate engineering structures. In addition,
influence lines communicate the structural state and have been used to assess and diagnose

structural deterioration [81].

3.7 Approach for structural analysis

A brief description of the software utilized throughout the thesis is provided below.

SAP 2000

The Storana I bridge is modeled in the FEM-program SAP2000 and AutoCad for the analyses.
SAP 2000 is an integrated and powerful tool for structural analysis and design developed by
Computers and Structures Inc. (CSI). This software can draw structures ranging from simple
2D to complicated 3D. After drafting and assigning all bridge parameters, moving loads are
analyzed. For the sake of simplicity, only one vehicle is allowed to cross the bridge lane at a
time [82].

The program can also perform different loading analysis such as: static linear/nonlinear analysis,
buckling analysis, influence lines analysis, pdelta analysis, accidental load analysis and vibration
analysis. All the capacity checks are based on the given standard and the program compares the
acting analysis forces to the sectional capacities. The bridge elements subjected to the maximum

stress range were discovered as a consequence of this analysis.

AutoCad

Autocad was chosen as an application program that can interact with programming classes
based on a product model since it is the most widely used construction industry program and
includes graphical user interface functionality [83]. The geometry of Figure 6.2 was created

using AutoCad — 3D program.
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4 Fatigue damage model for improved assessment of

remaining life

4.1 Proposed fatigue strength of corroded steel

Adasooriya et al. [7] research aims to develop a formula for determining the fatigue strength of
structural joints and constructional elements in corrosive media or environments. Based on an
experiment conducted by [7], the corrosive environment-dependent parameters were
previously determined conservatively. These parameters are derived from corrosion fatigue
testing performed on various steels subjected to various conditions. The urban and maritime
environments (also known as corrosive environments) and the corresponding constructional
detail need to be accounted for in most calculations throughout the fatigue design process (i.e.,

detail category).

The proposed formula can be easily used with the trilinear or bilinear fatigue curves/S-N curves
of defined categories provided in any fatigue design codes of steel structures. However, this is
only relevant to the high cycle fatigue (HCF) region. High cycle fatigue is a form of fatigue
generated by modest elastic strains subjected to a large number of load cycles prior to failure.
Because HCF is driven by elastic deformation, stress is typically a more practical failure criterion
parameter than strain. A component’s HCF life is often represented as a stress—life curve. The
corrosive environment and constructional detail are the key sources of information used by the
formula in calculating the parameters. The proposed formula is validated by comparing the
experimental results of an extensive number of full-scale experiments performed on corroded

structural components.

According to Adasooriya et al. [7] research, the fatigue performance of steel components was
significantly affected when they were exposed to environmental conditions. Adasooriya et al. [7]
results provided evidence of this phenomenon, which indicates that a modification may be used
to describe the design fatigue strength curves of connection categories and detail classes. Thus,
this thesis uses Adasooriya et al. [7] model to estimate the fatigue life of members, specifically,

uniform corrosion on girders.
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Figure 4.1: Schematic representation of fatigue strength curve of uncorroded and corroded details
categories

A proposed formula for calculating fatigue strength has been provided for the corroded detail as

follows:

If AGcor > AO-D,cor

1 (_c__)
Where ¢ = log [AAL] /log [fjvf,mu]
OD.corr f.LCF
If AGcor < AO-D,cor
As,, = Aoy, [N}:f’CAFL] Né 13

Where Ao, is the stress range at the fatigue curve slope changing point, which corresponds to
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the N c4rp cycles, The slope of the fatigue strength curve is _?1 According to the Eurocode,
m is equal to 3 when Ac > Ao, , is equal to 5 when Ao, > Ao > Ao, , and it is infinite when
Ao < Aoy, Aoy is the fatigue endurance limit of the detail which corresponds to N,y 4p;
Ao ., 18 the stress range corresponding to N, 4, cycles at the intersection of the two corroded
fatigue curves, N, is the number of cycles to fatigue failure of uncorroded details at the

intersection point of their HCF and LCF regions.

4.1.1 Parameters used in the proposed curve

To get the values of Ac,, Aoy ,m, N; jcrs Npcappand Ny 4y for air-tested constructional
details, the code provides the fatigue strength/SN curves. Ac ., and As, . are accountable
for the detail’s corrosive condition and environmental properties. These properties are often
studied using full-scale fatigue experiments, which are expensive in terms of resources and time
because of the low loading frequency. Various factors and uncertainties affect the test findings
(i.e., experimental fatigue lives). Fracture mechanics theories may be used to estimate As ), .,

and Ao, ., in the case of corrosion pits.

Research shows that carbon steel fractures may develop in any corrosive environment, even
when pits are absent. Ao, ., and Ao, ., values for structural steels in freshwater (i.e., similar
to an urban environment) and seawater (i.e., similar to a marine environment) may be calculated
using the recommended formula for corroded material. Eurocode and DNV fatigue curves may

be calculated using the numbers shown below tables.

Table 4.1: Parameters used in the proposed fatigue strength curve of corroded details — Eurocode

| Parameter Construction details in Eurocode |
4
| N f.LCF | 10 |
6
8
| Nyvarr 10 |
A
=L 0.549
Acop
C ) ( Marine environment Urban environment
orrosion parameter - -
p Mean value Conseravtive Mean value Conservative
value value
AGDAcor
—r 0.497 0.308 0.536
Acp
AU cor
—Leor 0.356 0.175 0.40
Aoy
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Table 4.2: Parameters used in the proposed fatigue strength curve of corroded details — DNV code

| Parameter Construction details in Eurocode |
4
| N f.LCF | 10 |
| N F.CAFL | 107 |
8
| N FVAFL | 10 |
29, 0.631
Acop
C ) ¢ Marine environment Urban environment
Orrosion parameter Mean value Conseraviive Mean value Conservative
value value
A
“Dcor 0.46 0.27 0.61 0.50
Aop
A
SoLcor 0.356 0.175 0.518 0.40
Aoy

4.2 Proposed uniaxial fatigue damage model

While several standard codes and research articles guide how to conduct an assessment, these
codes have not been updated to reflect the most recent ideas and models. Enhancing the existing

guidelines on structural degradation require:

« taking into account the effect of localized corrosion on stress concentration factors,
« selecting proper fatigue strength curves for corroded structural detail categories and

 using more accurate uniaxial fatigue damage models for a better estimation of remaining

life are all necessary steps.

An accurate uniaxial fatigue damage model is proposed due to new theories and guidelines.
Aeran et al. [44] put forward a uniaxial fatigue damage model. Utilizing nominal and hot-spot
techniques and code-supplied S-N curves, the model can be used to predict the remaining life
of aging offshore structures accurately. The suggested model requires no additional material
parameters and relies on known S-N curves. Practicing engineers can use the S-N curves
provided in design codes and standards in various engineering applications. The proposed
model is validated using experimental data for several materials’ damage curves and fatigue
life predictions. This model was chosen for this thesis due to the model’s applicability to
several engineering fields. In addition, nominal stress analysis is the technique selected
alongside code-supplied S-N curves to predict the remaining life validity of aging steel

infrastructure in this thesis.

Equation 14 illustrates a simple and effective model for fatigue damage. The material’s damage
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evolution curve is used to determine the damage for a particular stress level. Once this damage
has been transferred to the next stress level, the appropriate number of cycles is determined using

the proposed load interaction factor.

Sit1

nl e Hi+1
—1—[1—_ =1—[1—M] (14)
N

i+1

where:

D, is the damage at load level,

1 when exposed to a given stress amplitude (or range) o, for n; cycles,

Ny sy the effective number of cycles corresponding to o, at level i+1, and

N; and N, are the cycle-to-failure numbers stated in design standards and regulations.

o; and y; are model parameters that depend only on N and stress levels, as shown in equation 15

and equation 16.

(15)

Hy = ( ) (16)
O;

Fatigue life assessment of a steel bridge based on measured corrosion wastage and actual traffic loading 46



Chapter 5 Framework for life assessment

5 Framework for life assessment

5.1 A Conceptual framework for life assessment of steel bridge details

Essential guidelines based on past studies need to be carried out to identify critical structural
members to assess existing road bridges. Contingent on recent research presented in chapter 4,
alongside existing guidelines presented in chapter 3, chapter 5 discusses the frameworks utilized
to assess the life of existing steel bridge details prone to a measured corrosion wastage. The

frameworks are applied to the case studies demonstrated in chapter 7.

5.1.1 Framework-1

Existing steel bridge

L Material properties

Traffic loading =| Structural analysis F—

¥

Determination of

stess spectrum of

critical elements

—= Urban/Marine environment

Y

4{ Fatigue assessment }7

/ ¥

‘ Corroded elements ‘ ‘ Uncorroded elements
Y

Damage accumulation

AtFeor = A0D cor

Adcor c- 1m
N = |—= Tm
Ay Npyor Nieap u

Agg 2 Aor =z Ao
1

=( AZD)Esmnﬁ
Aﬁrcor ]T S
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Fatigue life estimation
R =@

i
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Figure 5.1: Conceptual framework-1 for estimating fatigue life of corroded structural members
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Framework-1 is the conceptual framework proposed by Adasooriya et al. [7] for fatigue life
estimation. Figure 5.1 is a modified form of the framework designed to be applied to the existing
steel bridge. The framework includes determining fatigue life for both corroded and uncorroded
materials. The approaches are based on Eurocode’s damage accumulation and a newly proposed
method for evaluating the service life of members exposed to corrosion and EAC. The structure

applies to aging steel bridges in urban or marine environments.

The framework consists of a series of fundamental steps. First, a structural study is conducted
to replicate the current state of the bridge and identify the key components. Following this, the
stress spectrum of the indicated vital elements must be determined. Then, these are included in

the remaining life computation using both the standard and newly proposed methods.

5.1.2 Framework-2

A proven fatigue life estimation method presents a novel notion of damage transfer. This idea
relies on fatigue damage progression curves and a hypothesized load interaction factor. This
approach to transferring damage is repeated until the fatigue damage D reaches one, signifying
failure due to weariness (failure). Using a basic flowchart, as shown in figure 5.2, explains the

notion of damage transfer, while the published study provides further information [5].

| Proposed damage transfer concept |
I
l synumber of cycles at stress level o, |
I
| N, number of eycles to failure at stress level & (from S-N curve) |
I

Determine the damage as per the proposed model, D;

—1.25
In vy

D=1— [1 _ ;—:]5'; where §; =

No
—————————————————————— iro=1 ]

Fatigue failure

s+, number of cycles at stress level o, |

Damage transfer from previous step to next step using proposed damage transfer concept

L1 2
D =1-— [l — M]""‘ where [y, = (;—A])u

Nisq

I
H Determine effective number of cycles rip+n, o for stress level o+

M
Mi+1)eff = [1 — (1 - Drjé‘!'l] Ny
|

Determine fatigue damage at end of stress level oi-s

&
({417 cata 1
Diy, =1 — [1 7%] where

: N+ayioral = M+iders + M1y
I

| [ o-mom ]
i

Figure 5.2: Diagrammatic depiction of the proposed damage transfer concept [5]

Fatigue life assessment of a steel bridge based on measured corrosion wastage and actual traffic loading 48



Chapter 6 Bridge specifics with traffic load models

6 Bridge specifics with traffic load models

6.1 Bridge description

The Storana I is a road bridge /steel beam bridge and located between Tau (Strand municipality)
and Ardal (Hjelmeland municipality) in Norway. The bridge was built in 1937 and partially
destroyed by floods. Rebuilt and expanded to what it was today in 1942.

==
Figure 6.1: Storéna I Bridge

6.1.1 Model of the existing road bridge structure

Existing Storana I bridge has two simple spans of a non-composite section with an equal length
of 19.50m and an end span of concrete tee beam with 12.70m length. It is a two-lane single
carriageway where pillars support the superstructure (see Figure 6.2). Layout and sectional

drawings are attached in Appendix A.
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Figure 6.2: Longitudinal section of bridge

The non-composite section comprises a reinforced concrete deck founded on a girder. The girder
consists of 3 equally spaced rolled sections DIP 95. The total width of the deck slab is 5.82m,
with an average depth of 190mm (Figure 6.3).

5820 "
4940

i

230

«; CONCRETE DECK

 — | —

180

MAIN GIRDER
DIP 95

i

1800 » 1800

Figure 6.3: Non Composite Rolled Steel Beams

6.1.2 Damage description of the steel bridge

Due to the old bridge structure, increased load cycles, and exposure to a corrosive environment,
evidence of coating loss and corrosion is observed in the girder. A maximum of 4mm uniform

corrosion is recorded in the midspan of the exterior girder (see Figure 5-3).
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Figure 6.4: Girder with corrosion

It is found that the bottom surface of the top flange is partially corroded, and the bottom and top
surface of the bottom flange. This corrosion damage will result in the reduction of geometric
properties that govern the structural behavior of the steel (see Figure 6.5). The visual inspection
revealed that some areas of the bridge had been exposed to uniform corrosion. There were no

visible cracks identified in any portion of the bridge.

Documents such as previous inspection reports and existing drawings record inspection results
in the bridge were detailed in the inspection report by Staten vegvesen and will be found in

Appendix A.
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Figure 6.5: Corroded DIP 95 cross section at midspan of exterior girder with 4mm uniform corrosion at
top and bottom flange bottom surface.

6.2 Fatigue load model

6.2.1 FLM4

There is no data available for a given bridge concerning the average daily traffic. An

approximation from the Eurocode will apply to measure the level of fatigue.

There are five different fatigue load models defined in Eurocode, and Fatigue Load Model
4 (FLM4) is used as recommended for road bridges for calculating the total fatigue damage

accumulated through the design service life of the bridge [4].

The set of equivalent lorries and traffic loading is classified as the medium distance used for the
simulation of the existing bridge. The axle spacing, equal axle loads, and percentage of heavy

traffic according to the road type in each lorry are found in figure 6.6.
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FLM4
Axle
VEHICLE TYPE spacing | Equivalent| Vehicle %
(m) axle loads | Medium
(kN) distance
Lorry 1 4.5 70 40%
130
Lorry 2 42 70 10%
1.3 120
120
3.20 70 30%
5.20 150
1.30 90
1.30 90
90
3.40 70 15%
6.00 140
1.80 90
90
48 70 5%
3.6 130
4.40 90
1.30 80
80

Figure 6.6: Five standard lorries for fatigue load based on Eurocode

6.2.2 Materials properties (Uncorroded and corroded DIP95)

Calculation of fatigue assessment is as follows,

- Uncorroded members are in line with the recommendation in Eurocode, which consists of

detail category, S-N curves, and Miner’s rule is used for remaining fatigue life estimation.

- Corroded members are the application of the newly proposed formula of S-N curves, and

Miner’s rule is used for remaining fatigue life estimation.
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6.2.3 Cross section properties of uncorroded members (effective area, second moment

area and section modulus)

Steel beam section : DIP 95

Depth of section (H) = 950 mm B
Width of section (B) = 300 mm —:]i
Web thickness (¢, ) = 19 mm t

Flange thickness (¢ r)= 36 mm
Structural steel: S275

f, =275 MPa. | ——F— sl
E =20 Gpa.

Figure 6.7: Uncorroded DIP95

Table 6.1: Girder properties for fatigue verification — Uncorroded Steel [4]

| Steel section | Area I [cm*] | w, [em?®] |

| DIP 95 | 390.55 | 572953 | 12062 |
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6.2.4 FLM4 for maximum moment at midspan

The influence line on a bridge has been presented as a method for studying the bridge’s behavior

during its service life since it reflects structural behavior under moving vehicle loads [84].

The current bridge has two simple spans of a non-composite section, and due to a typical span
of 19.50 meters, a single-span bridge will be modeled. To calculate the moment in girder is by

using the influence line to determine the response from the point of interest.

In this thesis, the corrosion is present in the girder’s midspan. Therefore, we move the load and
put it in the center of the span to determine the response and generate the maximum moment for

a single passage of different types of vehicles crossing the bridge as illustrated in figure 6.8.
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Figure 6.8: Influence line diagram for maximum moment position in midspan, (a) Lorry 1, (b) Lorry 2,
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6.3 Fatigue assessment

In defining the stress history from the relevant influence line, simulation of bridge response by
fatigue load models is to be considered. Stress history from a single passage is obtained by

considering the following steps;

1. Fatigue assessment for the current bridge classified as a safe life method adopting the

recommended value for partial factor for fatigue, y,, , = 1.35
ii. Calculate the number of notional lanes and load distribution

The total carriage width of the bridge 4.94m
Notional lane number: =7, =1
Width of notional lane: = w; = 3m

Width of remaining area = 1.94 m

- 4940 _
|
Lane 1: Wi = 3000 i remaining area =1940
F==1 | [==1="1 —
L | =
670 1800 500 1270
==t T—=g=—1 {—=1="}

Figure 6.9: Notional lane and remaining area
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500 2000 500 1270
==

Figure 6.10: Transverse axle position

The complexity of the vehicle’s application on the deck slab has led to simplifying assumptions
regarding the transverse position of the lorry on the deck slab. For assessing the local effect with
notional lanes, Eurocode provides that in transverse position, a single lorry is placed on the span

centered in the notional lane.

Therefore, one-lane loading is analyzed using the level rule to determine the load distribution
factor to exterior and interior girders.
Load distribution factor for exterior girder = 0.55

Load distribution factor for interior girder = 0.14

iii. Determine the annual heavy vehicles passage to the slow lane.
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Table 6.2: Indicative number of heavy vehicles expected per year and per slow lane

) N,,, Per year
Traffic categories
and per slow lane

{ Roads and motorways with 2 or more lanes per direction with high flow 2.0 x 10°
rates of lorries
2 Roads and motorways with medium flow rates of lorries 0.5x 10°
3 Main roads with low flow rates of lorries 0.125 x 10°
| 4 | Local roads with low flow rates of lorries 0.05 x 10°

The total number of lorries crossing the bridge per year is = 125 000. Traffic category 3 — Main

roads with low flow rates of lorries.

iv. Maximum moment response Since we are evaluating the corroded exterior part of the girder
that is in the midspan of the simple span bridge, we have to determine the moment at a location

of interest.

The bending moments are established based on the influence line during the passage of each
lorry, which will result in a stress history. These moments range during the passage of the lorry
is used in place of stress cycle ranges.

Figure 6.11 show one range of bending moment cycles due to design vehicles crossing the
influence line and are used as a reference to compare the corresponding effect for each design

vehicle.
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Figure 6.11: Moment response at midspan considering crossing of five standard lorries in a 19.50m span
, (a) Lorry 1, (b) Lorry 2, (c) Lorry 3, (d) Lorry 4, (e) Lorry 5
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V. Stress evaluation

For all of the above time histories, the moment is all on the positive side, and it is the maximum

moment that dominates and is considered for the fatigue design.

In determining the applied stress range of the exterior girder, the computation of nominal stress

is by multiplying the maximum response by the distribution factor divided by the associated

section modulus of DIP 95 (corroded/uncorroded state).

Table 6.3: Nominal Stress results based on Alternative Fatigue Vehicle Load

Vehicle type AM, Uncorroded Corroded
yp [KN — m] Ao, Aoy Ao, Aoy

[M pa] [M pal [M pal [M pal

Lorry 1 453.20 37.57 50.72 41.03 55.39

Lorry 2 707.85 58.68 79.22 64.08 86.51

Lorry 3 856.35 71.00 95.84 77.53 104.66

Lorry 4 657.25 54.49 73.56 59.50 80.33

Lorry 5 694.65 57.59 77.75 62.89 84.90

6.4 Alternative Fatigue Load Model

According to Eurocode standards, a more realistic representation of traffic must include in the
alternative fatigue load model that derives from FLM4. As a result, an additional six vehicles
have been added to accommodate the remaining traffic. The annual average density of traffic
(AADT) in the vicinity of the bridges is 2000, which is then used to calculate the number of

vehicles anticipated to go across the road bridge.
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Table 6.4: Alternative Fatigue Vehicle Load

Axle spacing Axle loads
Vehicle type
(m) (KN)
2.5 12
Kombi
12
2.9 16
Sedan
16
3.0 19
Stationwagon
19
3.1 21
SUV/Minivan
21
32 29
Pickup/Van
29
3.5 64
Tracktor/Smaller trucks
64

Probabilities for the six remaining vehicle types have been derived from the distribution of

registered cars in Norway, according to Statens Vegvesen (Vegvesen (2015a)).

Table 6.5: Alternative Fatigue Vehicle Load

VEHICLE TYPE PROBABILITY
Kombi 22%

Sedan 22%
Stationwagon 19%
SUV/Minivan 16.5%
Pickup/Van 12.5%
Tracktor/Smaller trucks 8%
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Based on the AADT and the route’s location, Vegvesen’s (2015b) traffic data estimates that 5% to
20% of all vehicles are heavy vehicles. FLM4 has an 8.56 percent share of heavy vehicles based
on the expected AADT and the predicted number of trucks. FLM4 Between 8 and 15% of the
five FLM4 cars on the bridge is likely to be accounted for by the AADT. Additional guidelines
are provided, consisting of 3 cases that define the percentage of heavy vehicles in FLM4 listed
in Table 5-9 to study the impact of increasing or decreasing the number of heavy vehicles on

fatigue.

Table 6.6: Probability of occurrence for different scenarios - (1) One lane loaded (2) Both lanes loaded.

Alternative Fatigue Load Model
Vehicle Type Scenario 1 Scenario 2 Scenario 3
Kombi (1) 10.56% 10.0584% 9.35%
Sedan(1) 10.56% 10.0584% 9.35%
Stationwagon (1) 9.12% 8.6868% 8.075%
SUV/Minivan (1) 7.92% 7.5438% 7.0125%
Pickup/Van (1) 6.00% 5.715% 5.3125%
Traktor/Smaller trucks (1) 3.84% 3.6576% 3.40%
Lorry 1 FLM4 (1) 0.80% 1.712% 3.00%
Lorry 2 FLM4 (1) 0.20% 0.428% 0.75%
Lorry 3 FLM4 (1) 0.60% 1.284% 2.25%
Lorry 4 FLM4 (1) 0.10% 0.214% 0.375%
Kombi (2) 10.56% 10.0584% 9.35%
Sedan(2) 10.56% 10.0584% 9.35%
Stationwagon (2) 9.12% 8.6868% 8.075%
SUV/Minivan (2) 7.92% 7.5438% 7.0125%
Pickup/Van (2) 6.00% 5.715% 5.3125%
Traktor/Smaller trucks (2) 3.84% 3.6576% 3.40%
Lorry 1 FLM4 (2) 0.80% 1.712% 3.00%
Lorry 2 FLM4 (2) 0.20% 0.428% 0.75%
Lorry 3 FLM4 (2) 0.60% 1.284% 2.25%
Lorry 4 FLM4 (2) 0.10% 0.214% 0.375%
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The percentage of heavy vehicles in FLM4 that should be included in further examination of the

bridge’s fatigue damage is determined by three cases.

Scenario 1: The alternative traffic load model with 4% heavy vehicles
Scenario 2: The alternative traffic load model with 8,56% heavy vehicles

Scenario 3: The alternative traffic load model with 15% heavy vehicles

The total number of vehicles crossing the bridge per year is N, = 365 000.

6.4.1 Fatigue load analysis results - Maximum moment response

The vehicle fatigue load analysis results are shown in Figure 6.12 using the principles of
influence lines. This figure presents the histogram of bending moment responses for an
additional six vehicles passing over a 19.50-meter simply supported span about the loading

influence of a single traffic lane.
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Figure 6.12: Moment response at midspan considering crossing of six standard vehicles in a 19.50m
span , (a) Kombi, (b) Sedan, (c) Stationwagon, (d) ) SUV/Minivan, (e) Pickup/Van, (f) Traktor
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6.4.2 Nominal stress results

The calculation for the nominal stress involves multiplying the highest response by the
distribution factor and the dynamic amplification factor of 1.30 (NS-EN 1991 -2). The result is

then divided by the related section modulus of DIP 95 (corroded/uncorroded condition).

Table 6.7: Nominal Stress results based on Alternative Fatigue Vehicle Load

Vehicle type AM, Uncorroded Corroded
[KN —m] | Ao; Aoy Ao, Aoy
[M pa] [M pa] [M pa] [M pa]
Kombi (1) 56.10 6.05 8.16 6.60 8.91
Sedan(1) 73.04 7.87 10.63 8.60 11.60
Stationwagon (1) 73.04 7.87 10.63 8.60 11.60
SUV/Minivan (1) 94.6 10.20 13.76 11.13 15.03
Pickup/Van (1) 130 14.01 18.91 15.30 20.65
Traktor/Smaller trucks (1) | 281.6 30.35 40.97 33.14 44.74
Lorry 1 FLM4 (1) 453.20 48.84 65.94 53.34 72.01
Lorry 2 FLM4 (1) 707.85 76.29 102.99 83.31 112.47
Lorry 3 FLM4 (1) 856035 92.29 124.60 100.79 136.06
Lorry 4 FLM4 (1) 657.25 70.84 95.63 77.35 104.43
Lorry 5 FLM4 (1) 694.65 74.87 101.07 81.75 110.37
Kombi (2) 56.10 6.05 8.16 6.60 8.91
Sedan(2) 73.04 7.87 10.63 8.60 11.60
Stationwagon (2) 73.04 7.87 10.63 8.60 11.60
SUV/Minivan (2) 94.6 10.20 13.76 11.13 15.03
Pickup/Van (2) 130 14.01 18.91 15.30 20.65
Traktor/Smaller trucks (2) | 281.6 30.35 40.97 33.14 44.74
Lorry 1 FLM4 (2) 453.20 48.84 65.94 53.34 72.01
Lorry 2 FLM4 (2) 707.85 76.29 102.99 83.31 112.47
Lorry 3 FLM4 (2) 856035 92.29 124.60 100.79 136.06
Lorry 4 FLM4 (2) 657.25 70.84 95.63 77.35 104.43
Lorry 5 FLM4 (2) 694.65 74.87 101.07 81.75 110.37
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6.5 Nominal stress results based on alternative fatigue vehicle load
6.5.1 Fatigue strength for structural steel components (Uncorroded Steel)

The DIP 95 is a rolled section with an applied bending, and in this instance, the bottom flange
will generate tension related to fatigue failure. According to Eurocode, as mentioned in section
3.2.3 and illustrated in figure 3.3, if the fatigue stresses are in tension parallel to the bottom

flange, then detail category 160 with constructional detail number 2 is chosen.

An S-N curve that provides information about the fatigue life capacity is shown in below figure.
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Figure 6.13: Design S-N curve for detail category 160

6.5.2 Fatigue strength for structural steel components

Depending on the number of cycles that would result in fatigue failure for all cases, we can now
evaluate what fraction of the overall damage was produced by the various stress ranges over

time. This way, we can determine how much of the total damage occurred.
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Table 6.8: Results of damage calculations using the Eurocode-based damage accumulation method and
the proposed fatigue damage model.

Fatigue damage calculation
Fatigue Load Model
Eurocode damage accumulation Proposed method Aeran et al. [5]
FLM 4 0.003512 0.006947
Scenario 1 0.001468 0.002910
Scenario 2 0.003141 0.006227
Scenario 3 0.005504 0.010911

6.6 Fatigue damage of corroded steel

A proposed formula for calculating fatigue strength of the corroded detail is briefly described in
chapter 4. To determine number of cycles until fatigue failure of corroding structural features,

equation 12 and 13 can be solved with regard to N .

If A6c0r Z AO—D,cor

S|—

Ao, or
Ny = (17)

1
C m
AGD'Nf,LCF'Nf,CAFL

If AGcor S AO-D,cor

(18)

The values of N, ;cr and Nc,p; 18 given in Tabel 4.1. The stress range at the intersections
of two fatigue curve slopes of corrosive-environment-exposed features, which corresponds to

Ny carr:
Acp ., = 0.497.A0), (19)

The stress range corresponding to N, 4p; cycles of corrosive-environment-exposed details
s [7]:
Aoy ., = 0.356.Ac0, (20)
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6.6.1 Using the proposed method for calculating fatigue life

The predicted fatigue life considering corrosion of 4 mm observed after 81 years can be found
as follows:

21

(1-281.D,
Fatiguelife = | ———— + 81

i,cor

where,
D, is the damage per year for uncorroded elements.

D, . . is total damage accumulated in the corroded element.

i,cor

6.6.2 Fatigue strength for structural steel components

Adasooriya et al. [7] experimented with assessing the impact of corrosion while also
considering the effect of progressive thickness reduction. The research showed that steel
components exposed to hostile environments experienced a significant decrease in fatigue
performance. The findings demonstrated this phenomenon, which a modification can

characterize the design fatigue strength curves of connection categories and detail classes.
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Figure 6.14: Schematic representation of fatigue strength curve of uncorroded and corroded details
categories
In detail, formula 22 predicts the remaining fatigue life based on the accumulated damage.

1
Faiguelife = — 22
aiguelife D (22)

i
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The results of the damage calculations using the Eurocode-based damage accumulation

method and the proposed fatigue damage model are shown in the table below. After

considering the newly suggested corrosion parameter, this computation was performed and

subjecting the material to environmentally assisted cracking.

Table 6.9: Results of damage calculations using the Eurocode-based damage accumulation method and
the proposed fatigue damage model.

Fatigue damage calculation
Fatigue Load Model
Eurocode damage accumulation Proposed method Aeran et al. [5]
FLM 4 0.052596 0.103981
Scenario 1 0.013530 0.027979
Scenario 2 0.026151 0.052941
Scenario 3 0.043977 0.088196
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7 Case studies

This chapter is divided into four different case studies. Each case study is designed to entail the
proposed models demonstrated in chapter 4. The application of these models is tested to predict
the fatigue life of the Storana I bridge using FLM4 and alternative traffic load. The case studies
are categorized in a manner that aligns each proposed model with either FLM4 or alternative
traffic load. This is done to investigate the results produced by the individual models when

considering various traffic loads.

7.1 Case study-1

In case study-1, the expected lifetime for FLM 4 is determined using the Eurocode, calculated
with Miner’s rule, ignoring corrosion wastage. According to the Eurocode, each truck in the
model is presumed to cross the bridge without other vehicles. On the contrary, Adasooriya et
al. [7] method considers corrosion. Table 7.1 shows the results obtained from both approaches.
The outcomes from the application of both models show a significant difference in the expected

lifetime of the bridge. The proposed model’s difference from Miner’s rule is 66.9%.

Table 7.1: Fatigue life results for case study-1

) Fatigue life results (in years)
Fatigue Load Model
Conventional method Corroded
Uncorroded
Adasooriya et al. method
FLM 4 284 94

7.2 Case study-2

Case study-2 has similarities with case study-1 in terms of used models (approaches). The
expected lifetime for alternative traffic model is determined using the Eurocode and calculated
with Miner’s rule by leaving out corrosion wastage. On the other hand, Adasooriya et al. [7]

method considers corrosion.

Nonetheless, case study-2 varies from case study-1 when contemplating traffic loads. As shown

in Table 6.6, the alternative traffic load model considers different vehicles moving in one and
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two lanes. An alternative traffic load model was presented to compare FLM 4, proposed by
the Eurocode, with a traffic load model that describes the entire traffic spectrum, not just heavy
vehicles. Hence, an alternative traffic load model was presented. The principal objective was to

determine how adding more vehicle classes would affect the cumulative damage.

Table 7.2: Fatigue life results for case study-2

. Fatigue life results (in years)
Alternative Load Model
Conventional method Adasooriya et al. [7]
method
for uncorroded for corroded
Scenario 1 681 146
Scenario 2 318 109
Scenario 3 181 93

Table 7.2 shows the results obtained from both approaches. The outcomes from the application
of both models show a significant difference in the expected lifetime of the bridge. The proposed
model’s difference from Miner’s rule is 79.00 % in scenario 1, 65.72 % in scenario 2, and 48.62

% in scenario 3.

The examination of individual scenarios in Miner’s rule stipulates that the estimated fatigue
life decreases immensely, moving downwards from scenario 1 to scenario 3, i.e.,
681>318>181. The same trend holds while investigating individual scenarios regarding
Adasooriya’s rule; i.e., the estimated fatigue life decreases tremendously, moving downwards

from scenario 1 to scenario 3, i.e., 146>109>93.

Even though the estimated fatigue lives from the two approaches demonstrate that a deviation
exits, both approaches have highlighted that an increasing traffic load results in a lower fatigue

life. Scenario 3 is the most vulnerable to fatigue failure.

7.3 Case study-3

Case study-3 resembles case study-1 since Miner’s rule is applied to both cases to estimate the
fatigue life of uncorroded steel bridges. In addition, much like in case study-1, the expected
lifetime for FLM 4 is determined by ignoring corrosion wastage in case study-3 regarding the
conventional uncorroded method. However, in case study-3, the calculation of uncorroded

fatigue life includes a damage index method proposed by Aeran et al. [5]. Calculating the fatigue
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life of uncorroded steel bridge combines Miner’s rule, illustrated in equation 5, and Aeran et al.’s
method demonstrated in equation 14. On the other hand, calculating the fatigue life of corroded

steel bridge integrates equation 19, 20, and 14.

Table 7.3 shows the outcomes of applying the mentioned approaches to steel bridges’ uncorroded
and corroded fatigue lives. The outcomes from the application of both models show a significant
difference in the expected lifetime of the bridge. The uncorroded approach’s difference from the

corroded approach is 40.56 %.

Table 7.3: Fatigue life results for case study-3

) Fatigue life results (in years)
Fatigue Load Model
Aeran et al. [5]method Aeran et al. [5]method
for uncorroded for corroded
FLM 4 143 85

7.4 Case study-4

Case study-4 is similar with case study-2 only in terms of used traffic loads. The expected
lifetime for alternative traffic model is determined using Miner’s rule alongside Aeran’s method
by leaving out corrosion wastage for uncorroded scenarios. On the other hand, calculating the

fatigue life for corroded scenarios involves the integration of equation 19, 20, and 14.

As illustrated in Table 6.6, the alternative traffic load model considers different vehicles moving
in one and two lanes. An alternative traffic load model was presented to compare FLM 4,
proposed by the Eurocode, with a traffic load model that describes the entire traffic spectrum,
not just heavy vehicles. Hence, an alternative traffic load model was presented. The principal

objective was to determine how adding more vehicle classes would affect the cumulative damage.
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Table 7.4: Fatigue life results for case study-4

Fatigue life results (in years)
Fatigue Load Model
Aeran et al. [5]method Aeran et al. [5] method
for uncorroded for corroded
Scenario 1 343 108
Scenario 2 160 90
Scenario 3 91 82

Table 7.4 shows the results obtained from both approaches. The outcomes from the application
of both approaches show a significant difference in the expected lifetime of the bridge. The
approaches’ difference for uncorroded vs. corroded is 68.51 % in scenario 1, 43.75 % in scenario

2, and 9.89 % in scenario 3.

The examination of individual scenarios in uncorroded scenarios stipulates that the estimated
fatigue life decreases immensely, moving downwards from scenario 1 to scenario 3, i.e.,
343>160>91. The same trend holds while investigating individual scenarios regarding
corroded scenarios; i.e., the estimated fatigue life decreases tremendously, moving downwards

from scenario 1 to scenario 3, i.e., 108>90>82.

Even though the estimated fatigue lives from the both approaches demonstrate that a deviation
exits, both approaches have highlighted that an increasing traffic load results in a lower fatigue
life. Scenario 3 is the most vulnerable to fatigue failure. On a more specific note, scenario 3 in
case study-4 is by far the only scenario that showed little deviation when comparing uncorroded

with corroded scenarios.
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8 Discussion and comparison of the case studies

When a metal is present in a corrosive environment and subjected to alternate cyclic stresses,
the metal will be prone to corrosion fatigue (CF). Damage caused by corrosion fatigue is usually
more significant than the damage caused by fatigue and corrosion separately. CF can occur at
any given location without pitting. The stress range and maximum stress level regulate the start
and propagation of CF cracks. The commencement of CF cracks may occur in the absence of

pits, and the expansion of CF cracks in steel might be due to post-corrosion reaction [61].

Examining Storana I bridge leads one to acknowledge that the existence of uniform corrosion
might lead to corrosion fatigue resulting in cracking. Around 2000 vehicles per year pass over
the road bridge, indicating that the bridge is exposed to alternative cyclic stresses. Moreover,
the bridge is built in a marine environment. The combination of a corrosive marine environment

and alternative cyclic stresses makes Storana I bridge more vulnerable to corrosion fatigue.

Comparing the results gathered from the different case studies demonstrated in Chapter 7 is
mandatory since various approaches were used to predict the fatigue life of the bridge.
Furthermore, differentiating between uncorroded and corroded results alongside the various

traffic loads applied is essential.

Taking FLM4 and considering solely uncorroded cases, the deviation resulting from two
different approaches can be seen in the Table 8.1. The divergence between the conventional
method for calculating the uncorroded fatigue life and the Aeran et al. [S] method for
estimating the uncorroded fatigue life of the bridge is 49.65%. This difference is colossal since
both approaches contemplate uncorroded steel, yet the gap is significant. This might indicate
how Aeran’s method might be more accurate when estimating the uncorroded fatigue life of
the bridge.

Table 8.1: Comparison of approaches for uncorroded cases-FLM 4

) Fatigue life results (in years)
Fatigue Load Model
Conventional method Aeran et al. [5] method
for uncorroded for uncorroded
FLM 4 284 143

Investigating FLM4 and considering exclusively corroded cases, the deviation resulting from
two different approaches can be seen in the Table 8.2. The divergence between the Adasooriya

et al. method [7] for calculating the corroded fatigue life and the Aeran et al. method [5] for

Fatigue life assessment of a steel bridge based on measured corrosion wastage and actual traffic loading 75



Chapter 8 Discussion and comparison of the case studies

estimating the corroded fatigue life of the bridge is 9.57%. This difference is significant, yet not
so substantial as 49.65%, i.e., the divergence that occurred when considering FLM4 alongside
uncorroded cases only. The Adasooriya et al. [7] and the Aeran et al. [S] methods were used for
corroded steel in Table 8.2. The results produced are in such a close range that both approaches

are near precise for estimating the corroded fatigue life of the bridge.

Table 8.2: Comparison of approaches for corroded cases-FLM 4

) Fatigue life results (in years)
Fatigue Load Model
Adasooriya et al. [7] method Aeran et al. [5] method
for corroded for corroded
FLM 4 94 85

The deviation resulting from two different approaches can be seen in Table 8.3 by examining
alternative traffic load models and considering only uncorroded cases. The divergence between
the conventional method for calculating the uncorroded fatigue life and the Aeran et al. method
[5] for estimating the uncorroded fatigue life of the bridge is 49.63% for scenario 1, 49.69% in

scenario 2, and 49.72% in scenario 3.

The examination of individual scenarios in the conventional method stipulates that the
estimated fatigue life decreases immensely, moving downwards from scenario 1 to scenario 3,
1.e., 681>318>181. The same trend holds while investigating individual scenarios regarding
Aeran et al. method; i.e., the estimated fatigue life decreases tremendously, moving downwards
from scenario 1 to scenario 3, i.e., 343>160>91. Though the estimated fatigue lives from the
two approaches demonstrate that a deviation exists, both approaches have highlighted that an

increasing traffic load results in lower fatigue life. Scenario 3 is the most vulnerable to fatigue

failure.
Table 8.3: Comparison of approaches for uncorroded cases-Scenarios
) Fatigue life results (in years)

Fatigue Load Model
Conventional method Aeran et al. [5] method
for uncorroded for uncorroded

Scenario 1 681 343

Scenario 2 318 160

Scenario 3 181 91
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Another deviation from two proposed approaches can be seen in the Table 8.4 by investigating
alternative traffic load models and considering corroded cases exclusively. The divergence
between the Adasooriya et al. method [7] for calculating the corroded fatigue life and the Aeran
et al. method [5] for estimating the corroded fatigue life of the bridge is 26.03% in scenario 1,

17.43% in scenario 2, and 11.83% in scenario 3.

The inspection of single scenarios in the Adasooriya et al. method [7] stipulates that the
estimated fatigue life decreases vastly, moving downwards from scenario 1 to scenario 3, i.e.,
146>109>93. The same trend holds while examining individual scenarios regarding the Aeran
et al. method [5]; i.e., the estimated fatigue life decreases tremendously, moving downwards
from scenario 1 to scenario 3, i.e., 108>90>82. Even though the estimated fatigue lives from
the two approaches exemplify that a deviation exists, both approaches have highlighted that an
increasing traffic load results in lower fatigue life. Scenario 3 is still the most vulnerable to

fatigue failure.

Table 8.4: Comparison of approaches for corroded cases-Scenarios

] Fatigue life results (in years)
Fatigue Load Model
Adasooriya et al. [61] method Aeran et al. [5] method
for corroded for corroded
Scenario 1 146 108
Scenario 2 109 90
Scenario 3 93 82

The comparison of all the case studies spotlights numerous uncertainties associated with
fatigue life evaluation methods that may lead to different outcomes. Reductions in fatigue
lifetimes emphasize the need for precise S-N curves for aging bridges to implement
conservative maintenance procedures. Due to commonly accessible fatigue damage models,
the application of simplified relations in computing stress concentration factors, and the
variation in material characteristics, uncertainties may exist. Hence, this leads to inconsistent

fatigue life assessment.
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9 Conclusion and future directions

9.1 Conclusion

This study aimed to evaluate the fatigue life of a specific steel bridge by using a conventional
method (Miner’s rule) and two other approaches (models) proposed by Adasooriya et al. [7]
and Aeran et al. [5] to investigate various actual traffic loads. The evaluation of the outcomes
from applying the conventional and two proposed models to fatigue load model 4 and alternative

traffic loads was then compared and discussed.

The results from considering FLM4 and uncorroded cases exclusively indicates that the Aeran
et al. method [5] for estimating the uncorroded fatigue life of the bridge gave a lower fatigue
life than the conventional method (Miner’s rule). Further findings when taking FLM4 and
accounting for corroded cases only implicate that the results produced are in such a close range
that both the Adasooriya et al. [7] and the Aeran et al. [5] approaches are near precise for
estimating the corroded fatigue life of the bridge. Even though the results were in close range,

the Aeran et al. [5] approach produced a lower fatigue life than the Adasooriya et al. [7] method.

Moreover, considering alternative traffic models and uncorroded cases alone indicates that the
estimated fatigue life decreases immensely, going from scenario 1 to scenario 3 when using
both the conventional and the Aeran et al. [5] methods. However, the Aeran et al. [5] method
gave significantly lower fatigue life when compared to the conventional method. Furthermore,
contemplating alternative traffic models and corroded cases only indicates that the estimated
fatigue life decreases tremendously, going from scenario 1 to scenario 3 when using both the
Adasooriya et al. [7] and the Aeran et al. [5] methods. Nonetheless, the Aeran et al. [5] method
gave a lower fatigue life when compared to the Adasooriya et al. [7] method.

Examining all case studies highlights the inherent uncertainties connected with fatigue life
evaluation approaches, which can lead to varying results. Reduced fatigue lives highlight the
need for exact S-N curves for aging bridges to perform conservative maintenance operations.
The Aeran et al. [5] method produced the lowest fatigue life in all case studies compared to the
conventional and Adasooriya et al. [7] methods. Furthermore, a heavier traffic load contributed

to a reduced fatigue life in all models.
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9.2 Future directions

Consideration could be given to a comprehensive examination of the Storana I bridge’s current
condition to recommend life-extension strategies and bridge maintenance. In addition,
measurements of the actual traffic load can be undertaken to provide more accurate bridge
response ranges. The frameworks discussed in this thesis could also be applied to a case study

in which corrosion deterioration is monitored and compared to estimate fatigue life.
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A Appendix

The figures included in this appendix are obtained from Norwegian Public Roads Administration

( Statens vegvesen). Moreover, the calculations performed on Microsoft Excel to produce results

can be found within this link ! provided in the footnote.
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