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ABSTRACT

The relevance of railways as a means of transport of passengers and goods has been increasing
over the last decades. This reflects in a number of railway projects that are considered as a priority
for the European Union. When assessing the economic viability of such projects, in addition to
the high initial cost with the infrastructure construction, there are costs deferred over time that
must be accounted for, such as inspection, maintenance, retrofitting and renewal of the track and
of the Civil Engineering structures, such as bridges. In this context, fatigue arises as one of the
main causes of damage during service life of structures. In the case of steel and composite

bridges, it is often reported as the main cause of severe damage.

The research presented in this Thesis aimed at providing new numerical and experimental
methodologies that allow the accurate and efficient fatigue assessment of railway bridges. These
tools would help Infrastructure Managers to optimise bridge inspection, maintenance and

retrofitting interventions, in order to minimise their economic impact.

The work starts by performing a brief historical overview encompassing the main milestones
in terms of understanding of the fatigue phenomenon. The typical causes for fatigue damage in
bridges are enumerated and some case studies of fatigue damage observed in railway bridges,
found in literature, are presented. The fatigue damage assessment methodologies present in the
main international standards are debated later, with special emphasis put on the Eurocodes.

Alternative and more advanced methodologies for the fatigue analysis are also described. Most
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of the focus is put on the methodologies based on Fracture Mechanics and fatigue crack
propagation laws. In this context, it is highlighted the relevance of the stress intensity factor (SIF)
as the parameter governing the stress field at the crack front and, consequently, the crack

propagation rate.

The bridge of the new railway crossing of river Sado was used as the case study for the
application of the experimental and numerical methods developed. A numerical model of the
bridge was built and calibrated based on the results of Ambient Vibration and Load Tests
performed in the bridge. A monitoring system was designed and implemented in the structure
aiming at characterising traffic and estimating fatigue damage at the critical details identified:
the diagonals located in the diaphragms of the deck. Fatigue damage was computed according to
linear damage accumulation method present in Eurocode 3. A methodology was developed and
incorporated in the monitoring system allowing for the computation of fatigue damage, not only
at the directly monitored details (with strain gauges), but also at non-monitored details. The stress
state at these non-monitored locations is computed based on the traffic characteristics captured
by the monitoring system and on the modal parameters gathered from the calibrated numerical
model of the bridge. The results obtained indicate that, for this case study and for the observed
traffic volumes, the fatigue damage at the critical locations is very low. Most of the damage is
induced by freight trains circulating at low speeds. The contribution of the passenger trains,
which typically circulate at speeds above 145 km/h, is almost negligible.

Additionally, a new numerical methodology was developed that allows for the expedite
computation of SIF time histories in cracked structures under complex loading. The concept of
modal stress intensity factor, required for the application of the proposed methodology, is
introduced. The methodology was validated with a simple example, a simply supported beam
containing a semi-elliptical crack and subject to dynamic loading. Finally, it was applied to the
simulation of a fatigue crack propagation in one of the critical details of the bridge. A local
numerical model of the detail, with a finer mesh, was built. Reconciliation with the global model
of the bridge was achieved through the implementation of submodelling. A conservative scenario
of a pre-existing through-thickness crack, with 15 mm, was considered. The simulation was
performed using minimal computational resources. The crack propagation simulation stopped
when the maximum simulated SIF achieved the material’s toughness. The results obtained under
the above mentioned conservative assumptions and for the current traffic volumes, indicate a

remaining fatigue life for the detail of approximately 95 years.
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RESUMO

A importancia da ferrovia como meio de transporte de pessoas e bens tem aumentado ao longo
das Ultimas décadas. Este facto reflete-se no nimero de projetos ferroviarios considerados
prioritarios para a Unido Europeia. Na avaliacdo da viabilidade econémica destes projetos, para
além do avultado custo inicial com a construcdo das infraestruturas, ha custos diferidos no tempo
a contabilizar, tais como a inspecdo, manutencdo, reparacdo e renovacao da via e das estruturas
de Engenharia Civil, como por exemplo as pontes. Neste contexto, a fadiga surge como uma das
principais causas de dano durante a fase de servico das estruturas, sendo até mesmo reportada

como a principal causa de dano severo em pontes de aco e mistas.

A investigacdo apresentada nesta Tese visa fornecer novas metodologias numeéricas e experi-
mentais que permitam uma rigorosa e eficiente avaliacdo da fadiga em pontes ferroviarias. Estas
ferramentas poderdo ajudar o Gestor das Infraestruturas a otimizar as intervencdes de inspecao,

manutencdo e reparacao, de forma a reduzir o seu impacto econémico.

Inicialmente apresenta-se uma breve revisao historica dos principais passos dados em termos
da compreensdo do fendmeno da fadiga. Sdo enumeradas as causas mais comuns para o dano de
fadiga em pontes e sdo apresentados casos, encontrados na bibliografia, de dano por fadiga em
pontes ferroviarias. Posteriormente, sdo debatidas as metodologias de avaliacdo do dano por
fadiga presentes nos principais codigos internacionais, com especial énfase nos Eurocddigos.

Metodologias alternativas e mais avancadas sdo também descritas. Maior enfoque é colocado nas
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metodologias baseadas na Mecanica da Fratura e em leis de propagagdo de fendas de fadiga.
Neste contexto, é realcada a relevancia do fator de intensidade de tens&o (FIT) como parametro

que governa o campo de tensdes na frente da fenda e consequentemente a sua taxa de propagacao.

A ponte da nova travessia ferroviaria do rio Sado foi usada como o caso de estudo para
aplicacdo dos métodos numéricos e experimentais desenvolvidos. Um modelo numérico da ponte
foi construido e calibrado com base nos resultados de um Ensaio de Vibragdo Ambiental e de um
Ensaio de Carga realizados na ponte. Um sistema de monitorizacao foi projetado e implementado
na estrutura, visando caracterizar o trafego e estimar o dano de fadiga em detalhes criticos: as
diagonais localizadas nos diafragmas do tabuleiro. O dano por fadiga foi calculado com base no
método da acumulacdo linear de dano preconizada pelo Eurocodigo 3. Uma metodologia foi
desenvolvida e incorporada no sistema de monitorizacdo permitindo o célculo do dano por
fadiga, ndo apenas nos detalhes monitorizados diretamente (com extensémetros), mas também
nos detalhes ndo monitorizados. No ultimo caso, o estado de tensdo é calculado com base nas
caracteristicas de trafego capturadas pelo sistema de monitorizacdo e nos parametros modais
obtidos com o modelo numérico da ponte. Os resultados obtidos indicam que, para o caso de
estudo e para o volume de trafego observado, o dano por fadiga nos detalhes criticos € muito
baixo. A maior parte do dano é provocada por comboios de mercadorias que circulam a baixa
velocidade. O contributo dos comboios de passageiros, que circulam, tipicamente, a velocidades
superiores a 145 km/h, é quase nulo.

Adicionalmente, foi desenvolvida uma nova metodologia numérica que permite calcular, de
forma expedita, o histérico do FIT em estruturas com fendas e sujeitas a carregamento complexo.
E introduzido o conceito de fator de intensidade de tensdo modal, necessario para a aplicacio da
metodologia proposta. A metodologia foi validada com um exemplo simples, uma viga
simplesmente apoiada contendo uma fenda semieliptica e sujeita a um carregamento dinamico.
Posteriormente, foi aplicada a simulacdo da propagacéo de uma fenda de fadiga num dos detalhes
criticos da ponte. Foi construido um modelo numérico local do detalhe, com uma malha refinada.
A compatibilizacdo com o modelo global da ponte foi feita através de técnicas de submodelacéo.
Foi testado um cenéario conservador, em que uma fenda inicial, passante, com 15 mm, estava
presente no detalhe. A simulacéo foi realizada utilizando recursos computacionais reduzidos. A
simulacéo da propagagéo de fenda terminou quando o méximo FIT simulado atingiu a tenacidade
do material. Os resultados obtidos com as consideragdes conservadoras referidas e para o volume

de trafego atual, indicam que o detalhe tenha uma vida a fadiga de aproximadamente 95 anos.
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Chapter 1

INTRODUCTION

1.1 CONTEXT

The relevance of railways as a mean of transport of passengers and goods has been increasing
over the last decades. This is due to some advantages of railways when compared to alternative
means of transport, such as roadway and airway. Those advantages are economic, environmental
and safety related: lower costs of transport; lower energy consumption and CO2 emissions; very
low number of incidents and accidents reported. Also, as the speed of railway traffic increases,
it becomes competitive for a wider range of distances. In the case of passenger traffic, in
particular, this is boosted by the increased comfort provided by railways and by the development
of high-speed railways, with speeds higher than 250 km/h (Figure 1.1). In the case of freight
traffic, the development of dedicated freight routes also contributes for the reduction of the time

of transportation.
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Figure 1.1 — Passenger journey times vs. distance: rail vs air transport (EC, 2010).

The above mentioned advantages have been reflecting in: i) increasing volume of passengers
and goods transported per year; ii) increasing share of railway traffic when compared to other
types of transport systems; iii) increasing loads per train and per train’s axle; iv) expansion of

railway networks in many different countries.

In the context of the European Union, the benefits of railways in terms of cost reduction and
economic and social cohesion across national boundaries are also acknowledged. The railway
sector is expected to take on a larger share of transport demand in the next decades. That intention
is reflected in the number of railway projects that are considered as a priority, in the

Trans-European Transport Network project (EC, 2013).

Portugal is also to be included in the Trans-European Transport Network. It will connect to
the rest of Europe through the Atlantic corridor (in yellow in Figure 1.2).
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Figure 1.2 — Tran-European Transport Network: core network corridors (EC, 2013).

In the last decades, the country invested in the modernization of some of the rail lines
available. The line connecting the two most populous cities, Lisbon and Oporto, was recently
upgraded, allowing the increase of speed of conventional trains to around 220 km/h.

Additionally, Portugal has been preparing to install, in the next 2 decades, a few high-speed
railway lines, which will allow connecting the country to the European high-speed railway
network. Lines specially dedicated to freight traffic are also foreseen. The planned freight and
high-speed passenger routes are illustrated in Figure 1.3.
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Figure 1.3 — Planned railways in Portugal (EC, 2013): (a) freight and (b) passenger lines.

In addition to the high initial cost with the infrastructure construction, there is a cost that is
deferred over time which refers to the inspection, maintenance, retrofitting and renewal of the
track and of the Civil Engineering structures, such as bridges. In current days, more than half of
the expenditure with infrastructure, in Europe, is related with maintenance and modernization of
the existing infrastructure (Kihn et al., 2008). Therefore, and as the ageing process of structures

continues, the economic and social relevance of an efficient and effective assessment of

infrastructures structures is increasing.

In this context, fatigue arises as one of the main causes of damage during the service life of
structures (Oehme, 1989). In the case of steel and composite bridges, it is often reported as the
main cause of severe damage (Miki, 2010, Fisher, 1984, Al-Emrani and Kliger, 2009, Cremona
et al., 2013, Clubley and Winter, 2003, Cho et al., 2001, Leander et al., 2010, Hai, 2006, Kiihn
et al., 2008, Wang et al., 2012). The growing speed of trains leads to dynamic amplification
effects that accelerate structural degradation, by increasing the number of stress cycles and their
amplitudes. Also, as traffic loads also tend to increase, the problem is even more relevant,

becoming one of the main topics of investigation of several research projects, such as Details
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(Chellini et al., 2009), Sustainable Bridges (Cremonaetal., 2007), FADLESS (Lippi etal., 2011)
and Mainline (Paulsson, 2013).

The fatigue assessment methodologies present in most of the standards are based on S-N
curves and linear damage accumulation rules, derived from Palmgren-Miner rule (Miner, 1945).
That is the case of the Eurocodes (CEN, 2004). But those approaches, in spite of their easy
employment at the design phase, lack effective applicability when dealing with in-service
structures. When fatigue damage, e.qg. fatigue cracks, are found in those structures, the S-N curves
do not allow computing the corresponding remaining fatigue life of the damaged component and
structure. Also, they do not help defining the time lapses between inspections or the time

available before maintenance and retrofitting measures are required.

On the other hand, the Infrastructure Managers and Railway Operators require that inspection,
maintenance and retrofitting interventions are optimised, in order to minimise their economic
impact. Line closures are expected to be as short as possible. Therefore, new experimental and
numerical fatigue assessment methodologies are required in order to: i) support Infrastructure
Manager decision making and planning for interventions; ii) increase safety in railway

operations; iii) reduce the costs associated with infrastructure maintenance.

Current investigations focus on both the experimental characterization and numerical

assessment of fatigue.

As mentioned before, most standards and procedures, e.g. (CEN, 2004, AASHTO, 2012),
quantify fatigue strength on the basis of S-N curves and of linear damage accumulation concepts.
This approach, based on the global stress level, is used to predict fatigue life until total failure
and is widely spread as a result of its straightforward application; it presents, however, some
important limitations. On the one hand, the applicable rules cover a limited number of structural
details. On the other hand, the development of S-N curves for new details implies performing
tests at the real scale, and these are expensive and time consuming, and consequently generally
unpractical for the timings of design and construction (Fricke and Paetzold, 2010, Lotsberg and
Landet, 2005, Ling and Pan, 1997). Furthermore, S-N curves are a result of tests that present an
important scatter (Pedersen et al., 2010). As a safeguard against this effect the S-N curves are
usually very conservative (Casavola and Pappalettere, 2009, Morel and Flaceliére, 2005).
Finally, fitness for purpose assessments cannot be carried out on the basis of that approach. For

a given situation of damage, such as a fatigue crack identified during some non-destructive
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inspection, the approach does not provide a risk assessment of that defect nor the useful
remaining life (Byers et al., 1997). It does not contribute, therefore, for an improved definition
of intervals between inspections (Ayala-Uraga and Moan, 2007). Other limitations of the S-N
approaches were identified by several authors, concerning, for example, variable amplitude
loading (Johannesson et al., 2005), or fatigue life for a very high number of load cycles (Sonsino,
2007).

Alternative approaches developed for the analysis of fatigue are based on local behaviour
(Radaj et al., 2009). That is the case of the approaches based on structural stresses, structural

strains, notch stresses, notch strains and Fracture Mechanics.

The application of these methodologies to the assessment of large structures poses significant
challenges, which limited its use in the context of Civil Engineering structures. Usual calculations
involve the application, to the structural detail of interest, of a known loading history under load
or displacement control. Computation of the corresponding local stress or strain fields allows for
the calculation of fatigue damage indicators. However, for some structures, the loading history
is most of the times complex and the corresponding structural dynamical response is unknown

in most — or even all — points of interest.

In these circumstances, even when the loading history is known, its effects in the detail under
study can only be determined through dynamic analysis of the complete structure. Those analyses
are generally based upon the finite element method. The algorithms for solving the numerical
problem, as Newmark (Bathe, 1996) or HHT (Chung and Hulbert, 1993), require, frequently, the
calculation of thousands of load steps, leading to very time consuming calculation process. High
computational costs are heightened as a result of the need for highly refined finite elements
meshes in the neighbourhood of the damage locations. That level of refinement cannot be
extended to the remaining structure (Chan et al., 2003). This is a problem inherent to the scale
difference between the detail where fatigue damage occurred or is likely to occur, of the order of

mm or less, and the global structure, that may be of the order of km (Li et al., 2007).

This scale problem is also reflected in the experimental assessments. Since fatigue damage is
localised at critical details of the structures, the most usual way for the infrastructure managers
to assess it is by periodical or extraordinary bridge inspections (Righiniotis, 2006). When fatigue
damage is detected, e.g. fatigue cracks, or expected, the actual condition of the bridge is often
assessed by load tests and short term monitoring (Leander et al., 2010, Wang et al., 2012, Lippi
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etal., 2011, Nagy et al., 2013, Zhou et al., 2013, Caglayan et al., 2009, Brencich and Gambarotta,
2009, Marques et al., 2009, Stamatopoulos, 2013, Srinivas et al., 2013, Fu and Zhang, 2011,
Tecchio et al., 2013). In some cases the short term monitoring is also performed during the
subsequent repair, strengthening and/or replacement activities (Rodrigues et al., 2012) or even
later, to assess the improvements resulting from the retrofitting/enhancement measures
(Andersson et al., 2013). The data obtained during the short term monitoring of fatigue prone
structures is analysed and, commonly, used to extrapolate the results for longer periods of time
(Zhou, 2006).

Nevertheless, it is not economically feasible to perform interventions in all underperforming
bridges, at the same time. Their advanced assessment (structural health monitoring - SHM), by
means of long-term monitoring systems could help on the prioritization and on the scheduling of
inspections and interventions (Orcesi and Frangopol, 2011, Wong, 2012). Advances in
technology, such as the development of industrial computers, the wireless communication
systems (Picozzi et al., 2010) and the enhancement of all types of electronic transducers, helped
increasing the number of applications of long-term monitoring systems to critical structures
worldwide (Magalhédes et al., 2008, Cross et al., 2013). The benefits of structural health
monitoring are quantifiable (Orcesi and Frangopol, 2013) and, in some countries, the use of
long-term monitoring systems is even being addressed by regulations (Moreu et al., 2012).

Most of the long-term monitoring systems are focused on detecting damage events (Cury and
Crémona, 2012). As the objectives of the SHM become more ambitious, towards damage
localization (Whelan and Janoyan, 2010, Dilena and Morassi, 2011, Glisic and Inaudi, 2012),
damage severity assessment (Santos et al., 2013) and lifetime prediction update, the complexity
of the systems and of the data analysis algorithms also increases.

The long-term monitoring of the global dynamic properties of the structures is one of the most
common methods to try to detect the structural damage (Santos, 2014, Rahmatalla et al., 2014,
Caglayan et al., 2011, Magalhaes et al., 2012b, Ko et al., 2002). In this context, some attempts
were made in the past to replace the installation of sensors in the bridge by the utilization of

instrumented test vehicles (Van Bogaert, 2012).

An alternative approach is to use a long-term monitoring system that measures strain at a
number of details considered of relevance in order to estimate cumulative damage (Costa and
Figueiras, 2012, Guo and Chen, 2013, Ye et al., 2012, Xu et al., 2012, Chen et al., 2012, Ni et
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al., 2012, Guo and Chen, 2011, Liu et al., 2010, Hakola et al., 2012) or even to detect it (Phares
et al., 2013, Yao and Glisic, 2012).

Some structures, as the Tsing Ma Bridge, due to their relevance and scale, have long-term
monitoring systems that combine the monitoring of their global dynamic behaviour with the local
monitoring of strains (Chan et al., 2006, Li et al., 2012).

A structural health monitoring system should be able to perform damage quantification but
also to relate the damage with the external actions that originated it. This is the reason why the
traffic characterization is a feature of paramount importance in a permanent monitoring system
(Guo et al., 2012) to be implemented either in a roadway or in a railway bridge. It allows to
understand the type of traffic that has the biggest impact on the structural degradation and to
forecast traffic evolution (Fu and You, 2011). The measurement of real traffic also allows
avoiding the use of conservative standard load models, when assessing damage evolution and
planning inspections frequency (Ottosson et al., 2012a). In the case of railway bridges, the
analysis of the transversal positioning of the vehicles is highly simplified, when compared to

roadway bridges, since trains are constrained to the rail track.

Several methods for railway traffic characterization are available. The Weight-In-Motion
(WIM) techniques try to assess the vehicles geometry by interpreting measurements performed
directly in the railway track (Meli and Pugi, 2013). Some common WIM technologies are: i) rail
shear measurements using shear strain gauges welded or bonded to the neutral axis of the rail
(Julian Valerio, 2005); ii) rail shear measurements, achieved by means of a circular slot drilled
on the neutral line of the rail (Esveld, 2001); iii) rail bending measurements (Sekuta and
Kotakowski, 2012); iv) instrumented rail pads (SensorLine, 2008). An alternative approach, the
Bridge Weight-In-Motion (B-WIM), uses the structural response of the bridge to compute the
vehicles geometry and axles load, after a proper calibration process (Karoumi et al., 2005,
Liljencrantz et al., 2007, Seo et al., 2013).

As a complement to the SHM systems, in order to forecast the structural
behaviour/degradation, due to fatigue or other causes, the development of well-calibrated
numerical models of the structure is considered a very important step (Vincenzi et al., 2012, Chen
et al., 2011). The calibration of a numerical model may be performed with experimental data
resulting from the long-term monitoring system (Gomez and Feng, 2012, He et al., 2008) or from
a short term one (Ribeiro et al., 2012, Schlune et al., 2009).
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As underlined by Guo et al. (2012), the numerical model also plays an important role by
allowing to extend the SHM results to the fatigue assessment of non-monitored details.
Methodologies based on the influence line concept and that allow achieving those objectives are
presented in (Orcesi and Frangopol, 2010) and (Zeng et al., 2012). Other alternative approach
explored in the past, was to assume constant relations between the maximum stresses in different
details of the bridge, and use those relations as scale factors to convert the damage measured at
instrumented details into damage in the remaining points of the structure (Hakola et al., 2012).
Finally, in other cases, the simulation of numerical models with real traffic was performed (He
et al., 2008).

The above mentioned methodologies lack, in some cases, accuracy, and in other cases are not
computationally efficient. That is the reason why, in the past, tracking fatigue damage in all
critical details of long-span railway bridges was not achievable in an efficient and economical
way.

The current thesis aims to provide new numerical and experimental methodologies that
overcome the limitations presented above. The objectives and scope are detailed on the next

Section.

1.2 OBJECTIVES AND SCOPE

As mentioned in Section 1.1, the global objective of the current thesis is to provide new
numerical and experimental methodologies that allow the accurate and efficient fatigue

assessment of railway bridges.
The global objective was achieved through a set of intermediate goals:

e Review the methodologies for the fatigue assessment of railway bridges available in

the relevant standards;
e Review the advanced fatigue assessment methodologies available in literature;

e Develop a new numerical approach for the fatigue assessment of railway bridges,

based on advanced methodologies found in literature;

e Develop a numerical model of the case study and calibrate it based on experimental

measurements;
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e Design and implement an innovative monitoring system allowing for the integrated

fatigue monitoring of the critical details of bridges;

e Characterise the fatigue crack propagation behaviour of the material employed in the

construction of the bridge that serves as case study;
e Apply the new numerical approach to the analysis of the case study bridge.

The validation of the new numerical methodology with the case study intends to demonstrate

its direct applicability to the fatigue analysis of any other steel and composite bridge.

1.3 RESEARCH CONTRIBUTION

The studies performed in the current thesis originated the scientific contributions described

below:

e Experimental characterization of the fatigue crack propagation behaviour of a
structural steel and of thick welded connections of the same material;

e Monitoring system installed in the bridge of the new railway crossing of river Sado,
Portugal, which provided an important amount of data concerning the structural

behaviour and traffic characteristics;

¢ Routines for the automatic processing of the data generated by the monitoring system,
allowing traffic characterization (train type, train speed, number of axles and load per

axle) and fatigue damage estimation, for each traffic event;

e Efficient routines for the dynamic simulation of bridges loaded by railway traffic,
using a combination of finite elements software (ANSYS) and MATLAB;

e Development and validation of a new methodology for the application of Linear
Elastic Fracture Mechanics to the fatigue analysis of small details in large structures,
under complex loading. The new methodology introduced the concept of modal stress

intensity factor and takes advantage of numerical submodeling;

e Implementation of the new methodology in the fatigue crack propagation analysis of

a detail of the new railway crossing of river Sado.
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1.4 OUTLINE OF THE THESIS

The structure of the current thesis reflects the objective mentioned above and the intermediate

steps taken to achieve it. The thesis is structured in 8 chapters.

In Chapter 1, after discussing the context of the subject of the thesis, the initial objectives and
main contributions of the work are presented. The structure of the thesis is also disclosed.

Chapter 2 starts by underlining the relevance of fatigue damage in several areas of
Engineering. After that, a brief historical overview encompassing the main milestones in terms
of understanding of the fatigue phenomenon is performed. Finally, the subject of fatigue damage
in steel and composite railway bridges is discussed. The typical causes for fatigue damage in
bridges are enumerated, together with the most common locations for crack initiation and/or
propagation. Some case studies of fatigue damage observed in railway bridges, found in

literature, are presented.

The fatigue damage assessment methodologies present in the main international standards are
debated in Chapter 3. Special emphasis is put on the Eurocodes as these are the reference
structural design codes in the context of the European Union. The prescriptions found in the
Eurocodes are compared with those of BS5400, AASHTO and IIW.

In Chapter 4, alternative and more advanced methodologies for fatigue analysis are described.
The methodologies based on structural stresses and strains are explored first, followed by the
approaches based on notch stresses and notch strains. Most of the focus is put, later, on the
methodologies based on Fracture Mechanics and fatigue crack propagation laws. The theoretical
background associated with Fracture Mechanics is presented. The crack propagation laws,
including the retardation effect are detailed next. Finally, the latest advances in terms of the
Extended Finite Elements Method (XFEM) and its application to the numerical simulation of

fatigue cracks’ propagation is briefly explored.

In Chapter 5, a new methodology is presented that allows for the expedite computation of
stress intensity factor time histories in cracked structures under complex loading. The concept of
modal stress intensity factor, required for the application of the proposed methodology, is
introduced. The methodology is validated with a simple example, a simply supported beam

containing a semi-elliptical crack and subject to dynamic loading.

11
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Chapter 6 describes the bridge of the new railway crossing of river Sado, which is the case
study used in current work. Both the bridge characteristics and its construction process are
detailed. Subsequently, the developed global numerical model of the bridge is detailed. The
validation of the numerical model by means of Ambient Vibration Test and Load Tests is also
discussed. The monitoring system designed and implemented in the bridge is described next. The
main results, in terms of traffic characterization and fatigue damage estimation at the monitored
details, are discussed. Finally, a methodology for the fatigue damage computation at non-
monitored details of the bridge is presented. The fatigue damage is computed based on the traffic
characteristics captured by the monitoring system and on the modal parameters gathered from
the calibrated numerical model of the bridge. The results of the application of this methodology

to the case study are also discussed.

In Chapter 7, the new methodology described in Chapter 5, for the efficient computation of
stress intensity factor time histories, is applied to the simulation of a fatigue crack propagation
in a critical detail of the bridge of the new railway crossing of river Sado. First of all, the results
of crack propagation tests performed on CT specimens made of the material used in the
construction of the bridge are presented. These tests aimed at quantifying the strength of the
bridge’s details to fatigue crack propagation, by means of the establishment of the crack
propagation laws. The local numerical model of the detail under analysis is described. Later, the
results of the crack propagation simulation are discussed.

Finally, in Chapter 8, the main conclusions drawn from the work performed are presented.

Scenarios for additional developments and the way forward on this subject are also discussed.

12



Chapter 2

FATIGUE DAMAGE OF STEEL AND COMPOSITE BRIDGES

2.1 INTRODUCTION

The human kind always aimed at designing and building infrastructures that would allow it to
enhance its life conditions. Houses, bridges, roads, tunnels, ports and damns are only some

examples of the human being ability and its tenacity to shape the environment to its needs.

The problem of structural integrity arose, naturally, at the time first structures were built. As
early as on the XVII century BC, the sixth king of Babylon established, on the Hammurabi’s
Code, heavy penalties to constructers whose structures subsequently presented flaws (King,
1898). A structural failure is a situation of partial or total loss of functionality of a structure.
Some examples of structural failure are: excessive deflection, brittle fracture, plastic collapse,

fatigue cracks propagation, buckling, relaxation or creep, among others.

The propagation of cracks due to material’s fatigue, which is therefore considered one of the
most common forms of structural failure, can be defined as the process of structural degradation,
caused mainly by cyclic loading and leading to the generation and/or propagation of cracks until

an eventual fracture or collapse of the structural component occurs.

The current work focuses on the problem of mechanical fatigue in steel structures, since that
is the more common type of fatigue in railway bridges. Nevertheless, it is important to recall that

other types of fatigue may be present, such as corrosion fatigue, a high rate degrading process
13
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which occurs in environmentally adverse conditions, such as those affecting offshore structures
(ABS, 2014).

Several authors mention fatigue as the main cause of structural failures. According to
Furukawa and Murakami (1999) more than 80% of machine fracturing events are due to fatigue.
Oehme (1989), in a study that analysed the damage in 448 steel structures, showed that fatigue
damage was very common. In the case of bridges, it was even the main cause of severe damage
(Table 2.1).

Table 2.1 - Main causes of damage in Civil Engineering structures (adapted from Kihn et al. (2008)).

Damage cause Totality Buildings Bridges Conveyors
mumpf,ii?ﬁf;m tion No | % | No % No % No %
Static strength 161 29.7 102 336 19 148 40 36.0
Stability (local or global) 87 16.0 62 20.4 11 86 14 12.6
Fatigue 92 16.9 8 2.6 49 383 35 315
Rigid body movement 44 8.1 25 8.2 2 1.6 17 153
Elastic deformation 15 28 14 46 1 0.8 0 0
Brittle fracture 15 28 9 3.0 5 39 1 0.9
Environment 101 18.6 59 194 41 320 1 09
Thermal loads 23 4.2 23 7.6 0 0 0 0
Others 5 09 2 0.7 0 0 3 27
Sum 543 100 304 100 128 100 111 100

In the case of aeronautic structures, and more specifically, in the case of aircraft, the existence
of fatigue flaws during service phase is considered a normal situation. The focus is put on
inspection and monitoring the dimension of the existing cracks, in order to guarantee that they
do not reach the critical dimension that would lead to the sudden collapse of the structure, or its
underperformance. Nevertheless, the complexity of the problem is significant and sporadic

accidents, due to fatigue, occur (Figure 2.1).
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_AGN
Figure 2.1 - Forced landing of a Boeing 737 due to partial ejection of the aircraft’s fuselage as a

consequence of the unstable propagation of fatigue cracks (NTSB, 1989).

This damage-tolerant approach implies the continuous assessment of the structural adequacy

to the service conditions (fitness-for-purpose assessment).

The advantage of assuming, since the design phase, the presence of cracks at critical points of
the structures is also recognised in Naval Engineering. In the case of vessels, the stable
propagation of fatigue cracks is often accelerated by corrosion and the unstable propagation of
those cracks may be even speeded up due to the brittle behaviour of steel at low temperatures.
The brittleness of metals at low temperatures is described with more detail in (Branco et al.,
1999). During World War 11, this problem was aggravated by the need to build a high number of
vessels in a short time period with negative consequences on the quality of the welds employed.

In that period, more than 1500 brittle fractures were observed at USA vessels (Figure 2.2).

Figure 2.2 - Brittle fracture of a vessel due to unstable propagation of fatigue cracks (Hayes, 1996).
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Fatigue may also affect pipelines. Series of pressure cycles inside the tubing may lead to the
propagation of fatigue cracks. When those cracks reach a critical size, the inner pressure may
promote their propagation throughout long distances. Figure 2.3 shows a pipeline after a crack
propagated over hundreds of meters. The crack propagation was only sustained when the crack
reached a connection with a thicker wall, which drastically reduced the stresses at the crack tip,
acting as a crack arrester (Makino et al., 2001). This fact underlines the importance of including
fatigue resistant components to delay or avoid crack propagations, at critical structures. That is
the reason why modular structures may be more efficient than integral structures concerning

retarding crack propagation.

Figure 2.3 — Steel pipeline after long crack propagation (Makino et al., 2001).

Railway vehicles are, also, structures potentially subjected to severe failure, due to fatigue,
namely at axles and traction systems. In fact, it was a succession of train axle failures, in the XIX
century, which triggered a series of fatigue tests, namely those performed by Wahler, between
1850 and 1870, that originated the fatigue strength curves with the same name. In spite of

technology and design evolutions, this type of damage still occurs (Figure 2.4).
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Figure 2.4 - Derailment of ICE train due to fatigue damage at a wheel of one of the train’s axles

(O'Connor, 2007): (a) derailment and (b) location of fatigue cracks.

Even the rails are subject to fatigue cracks propagation, due to high cyclic contact forces
(Figure 2.5). Several different types of fatigue cracks in rails can be found in the literature
(Esveld, 2001).

(b)

Figure 2.5 - Fatigue cracks on rails (Magel et al., 2004): (a) rail-wheel contact and (b) fatigue crack.

Finally, also the steel and steel-concrete composite bridges may suffer a degradation of their
structural performance, due to fatigue cracks growth, when subjected to traffic, thermal and wind
actions. Those cracks, if undetected during inspection periods, may reach critical dimensions,

originating the collapse of the structural element and, eventually, of the whole structure. The

17


http://www.autoevolution.com/news/high-speed-trains-steam-20-18277.html#image14

Chapter 2

collapse of the Silver Bridge, in the USA, in 1967, is an example of this behaviour (Figure 2.6).
Posterior studies revealed that the collapse was due to the propagation of a crack during, possibly,
40 years, at one of the eye-plate connections of one of the hangers of the deck. Since this structure
did not present structural redundancy for these elements, collapse became inevitable. The
particular case of fatigue in steel and composite bridges will be addressed in more detail in next

sections, where more cases are presented.

Point of failure initiation

l/’;[:;;// - T({I"/
) Ll
(©) (d)

Figure 2.6 — Collapse of the Silver Bridge (Bennett and Mindlin, 1973): (a) bridge before collapse, (b)
bridge after collapse, (c) point of failure and (d) fractured eye-plate.

The wide range of examples presented in this section, aims to illustrate the relevance and
broad presence of fatigue as a structural failure. As a consequence, it mobilises the efforts of
experts from different areas of knowledge, namely mechanics, materials science, metallurgy,
dynamics, among others. From these different areas, a variety of approaches to the problem
emerge, some competing, others complementing, but all contributing for increasing the
understanding of this phenomenon.

18
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2.2 THE PHENOMENON OF FATIGUE DAMAGE

The problem of fatigue started capturing more attention of worldwide experts, during the
Industrial Revolution, in the XIX century. Thousands of publications about this subject are
available. Comprehensive perspectives about the historical evolution of knowledge on the fatigue
problem can be found in (Schijve, 2003), (Schiitz, 1996) or (Suresh, 2001). In the current work,

the events considered as the most relevant are mentioned.

The first known study about fatigue dates back to 1829, when the German engineer W.A.J.
Albert studied the strength of iron chains, used in the mining industry, when subjected to cyclic
loading. The results of that study were published in the late 1830s. In 1854, the term “fatigue”
was used for the first time by Braithwaite, on a paper where he describes several failures of

equipment during the service phase (Suresh, 2001).

In 1843, W.J.M. Rankine stressed the pernicious effect of stress concentrations at railway train
components. Wohler, in turn, between 1852 and 1869, performed very important tests for the
fatigue strength characterization of railway train axles (Suresh, 2001). He confirmed several

phenomena:

e The strength of components to cyclic loading is substantially lower than their static

strength;
e The stress range is determinant to the process of degradation by fatigue;

e The mean stress value, at each cycle, is relevant but not as important as the stress

range;

e The structural details with notches present a shorter fatigue life than those details that

have no notches;

e There are threshold stress range values below which the problem of fatigue may be

neglected.

At that same time, numerous failures of railway train axles, under service, highlighted the
relevance of the investigated subject. In the course of his work, Woéhler developed equipment to
characterise the maximum load applied to the axles, under service, analysed the propagation of
fatigue cracks and introduced, for the first time, the concept of finite life on structural design.

This concept would only be considered again 75 years later. Wohler revealed, yet, sensitivity for

19



Chapter 2

the proper treatment of the dispersion of experimental results. His work led to the characterization
of strength to fatigue in terms of S-N curves (also mentioned as Wohler curves). However, the
representation of S-N curves in double logarithmic scale occurred only in 1910, by Basquin, who

described them on a very simple form:
NyAd" =C (2.1)

where N; is the fatigue life expressed as the number of loading cycles with a stress range of Aai.

Parameters m and C are dependent on each detail and material.

H. Gerber, in 1874, and Goodman, in 1899, developed methods for the computation of fatigue
life taking into account the mean value of the applied stress cycles (Gerber, 1874, Goodman,
1899). Those methods led to the Gerber and Goodman curves (ESDEP, 1996), respectively.

In 1886, Bauschinger identified the variation of the elastic limit of metals by application of
successive loading cycles (Bauschinger, 1886). This phenomenon is the starting point of most of
the methods employed in the study of fatigue for low number of loading cycles, the low-cycle
fatigue (Buciumeanu et al., 2011, Dowling, 2007).

Ewing and Rosenhain, in 1900, and Ewing and Humphrey, in 1903, demonstrated the
development of microscopic slip bands at the surface of metallic materials subjected to cyclic
loading (Ewing and Rosenhain, 1900, Ewing and Humphrey, 1903). Those slip bands ended up
forming superficial elevations and depressions, named extrusions and intrusions, respectively.

This was the first metallurgic description of fatigue phenomenon.

The concept of linear damage accumulation was first proposed by Palmgren, in 1924, and
later by Miner, in 1945 (Palmgren, 1924, Miner, 1945). The main advantage of this concept is its

simplicity, reflected on the well-known Palmgren-Miner rule:
D :Z"JVI,« (2.2)

In that equation, D is the total fatigue damage accumulated over a certain period, n; is the
number of load cycles with stress range Agi during that period and N; is the fatigue life of the
detail for cycles having that same stress range. Nevertheless, several later studies highlighted
many limitations to the application of this rule, which lacks of a sound physical basis and that

may lead to non-conservative results (Sonsino, 2007).
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In 1954, Coffin and Manson proposed, in different works, a relation between the range of
plastic strain, Aep, and the fatigue life, Nf (equation (2.3)). That relation is since then designated
the Coffin-Manson equation and represents the most significant evolution on the analysis of low-

cycle fatigue problems since the above mentioned discovery of the Bauschinger effect.

Ag, ’ c
717 = £+(2:N)) (2.3)

Parameter c is the fatigue ductility exponent, which is a characteristic of the material. e}» is the

fatigue ductility coefficient.

Meanwhile, the stress analysis performed by Inglis (1913) and the energy concepts of Griffith
(1921) were the first steps of Fracture Mechanics. Irwin (1957) showed that the magnitude of the
stress field singularity around the crack tip can be described by the scalar parameter known as
stress intensity factor, K. That scalar parameter depends on the geometry of the crack and of the

detail and from the applied load, as denoted by equation (2.4).
K=Yovra (2.4)

On the previous equation, a represents the crack dimension, o is the far actuating stress and Y

is a parameter dependent on the detail geometry and crack dimension.

In 1961, Paris, Gomez and Anderson gave a decisive contribution on this subject (Paris et al.,
1961). They suggested that, on the elastic domain and for constant amplitude loading, the
advance of a fatigue crack, for each stress cycle (crack propagation rate) could be related to the
range of the stress intensity factor, AK, in the same cycle. That relation is referred to as the Paris

law (equation (2.5)):
da _
i C-AK" (2.5)

The increase of the crack dimension at each load cycle, da/dN, is a function of the stress

intensity factor range on that cycle, AK. Parameters C and m are material dependent.

This step had significant consequences, namely the reduction of the effort with fatigue crack
propagation tests, since one single strength curve (or set of curves) was associated to each

material, independently of the geometry of the detail under analysis.

Afterwards, Elber (1971) contributed to the enhancement of the computation of the crack
propagation rate in cases of variable amplitude loading. He showed, with his work, that the

fatigue cracks may be kept closed when subject to traction stress cycles after a cycle of higher
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traction stress. He demonstrated also that in order to account for this crack closure effect, the

effective values of AK, lower than the nominal values, should be considered (Figure 2.7).
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Figure 2.7 - Effect of crack propagation retardation under variable loading conditions (Schijve, 2003):

(a) crack propagation retardation and (b) effective stresses around the crack.

In the beginning of the 1980s, several researchers showed that the plasticity at the crack tip is
only one of the several mechanisms of crack closure. The oxidation of crack faces, the phase
modifications induced by stress and the inflections on crack propagation path are other factors to
consider.

The relevance of the loading sequence on the fatigue damage had already been recognised in
the beginning of the XX century. The 1% equipment destined to the characterization of loading
appeared in the aeronautic industry, on the 1930s. Nevertheless, at that time, no test equipment
was available that would be able to apply arbitrary load cycles over time. Consequently, several
fatigue tests were performed using programmed loading blocks, with amplitude and mean value
of the cycles varying from block to block (programme fatigue tests). In this field, the work

performed by Gassner and published in 1939 is particularly relevant (Figure 2.8).
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Figure 2.8 - Experimental results of variable amplitude fatigue tests (Schijve, 2003).

Still related to the problem of fatigue damage due to variable amplitude loading, it was only
in 1968 that a method able to quantify the small load cycles present inside larger load cycles was
developed. That method, designated as rainflow method was presented by Matsuishi and Endo
(1968).

In the middle of XX century, the advances on electronic microscopy allowed increasing the
comprehension of the phenomena of cyclic deformation and cracks initiation. In 1956, Thompson
showed that the slip bands where the deformation was concentrated reappeared on the same
locations even after their removal from surface (permanent slip bands). In 1951, Zapffe and
Worden documented the observation of wavy marks on the fatigue fracture surfaces, with this
marks being designated fatigue striation (Zapffe and Worden, 1951). The spacing between
adjacent striations was correlated, for the first time, with the rate of fatigue crack propagation,
by Forsyth and Ryder (1960). Since then, the analysis of the fracture surface (fractography) has
been playing an important role on the analysis of fatigue induced structural failures and on the

development of theories concerning fatigue crack propagation.

Many other important steps were made, such as the more recent evolutions in the fatigue

analysis of composite materials (Zubillaga et al., 2014, Haojie et al., 2014) and the evolution on
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the numerical methods of analysis, such as X-FEM (Rannou et al., 2010, Giner et al., 2009).
Nevertheless, addressing all of them would make the present work excessively extensive.

As mentioned before, the fatigue problem consists on the initiation, stable propagation and,
ultimately, unstable propagation of cracks, in structural details when subjected to cyclic loading
(Figure 2.9). This is, therefore, a problem whose dimensional scale spans several orders of
magnitude (Figure 2.10): it starts, usually, at the material crystals level (order of nanometres) and

it may extend to the dimension of the structural elements (order of meters).
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Figure 2.9 - Phases of fatigue damage (Radaj et al., 2006).
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Figure 2.10 — Schematic representation of the orders of magnitude of the fatigue problem (Broek, 1987).

The process of degradation, by fatigue, usually starts at the crystals that compose the material

matrix, by atomic dislocations, when shear stress cycles are present (Figure 2.11).
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Figure 2.11 - lllustration of the atomic dislocations phenomenon (NDTRC, 2014).

During the fatigue cracks initiation, stress ranges, considered as elastic at macroscopic scale,
induce the cyclic movement of microscopic misalignments without any detectable change on the
global behaviour of the structural component. At the critical point, slip bands are generated and
some of them originate superficial intrusions and extrusions. One of those intrusions and
extrusions starts gaining ascendancy over the others and subsequent deformations concentrate on
it. That dominant extrusion/intrusion acquires the dimension of a micro-crack, with the
dimension of some material grains and with a direction nearly parallel to the direction of
maximum shear stress. It can be considered that that micro-crack becomes a crack when it starts

propagating on a plane perpendicular to the normal stress (Figure 2.12).
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Figure 2.12 - Cracks initiation and micro-cracks propagation: (a) generation of extrusions and intrusions
(NDTRC, 2014) and (b) micro-crack and crack propagation from extrusions and intrusions (ESDEP,
1996).
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After the initiation phase, the crack propagation is no longer controlled by the stress range.
The determinant factor is, then, the range of the stress intensity factor, K. That propagation occurs
slowly, until the maximum stress intensity factor, K, reaches the material toughness, K., or
until another rupture mechanism manifests. The striation formed by the successive loading cycles

is a characteristic image of this phase of the fatigue life (Figure 2.13).
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Figure 2.13 - Fatigue striation: (a) example of a fracture surface with fatigue striation (ESDEP, 1996)
and (b) process of striation generation (NDTRC, 2014).

The observation of fracture surfaces (fractography), namely, the analysis of the spacing,
pattern and direction of the striation present on the fatigue cracks surface (Figure 2.14) are a
precious aid for the interpretation of structural failure events. Among other aspects, it helps to
interpret the type of loading that induced that failure and its frequency. In spite of striations not
being visible with the naked eye, concentric corrugation is generally visible macroscopically,
departing from the crack initial point. It should be noted, however, that the aspect of the fatigue
striations in Civil Engineering structural steel is not as well defined as for other metallic alloys,

namely aluminium alloys commonly employed in aerospace engineering.
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Figure 2.14 - Fatigue cracks surface: (a) relation between cyclic loading and crack surface striation

appearance (de Castro and Meggiolaro, 2009a) and (b) striation on the fracture surface of a structural
steel (Richter-Trummer et al., 2011).

When the crack reaches a certain critical dimension, the fracture of the structural element
begins, in a brittle or in a ductile way. If the fracture is ductile, it happens due to cavitation and
coalescence of internal micropores, from particles on suspension at the material matrix (Figure
2.15(a)). Fractographically, small pores are observed at the fracture surface (Figure 2.15(b)). One
favourable feature of ductile fracture is that the high plastic deformations associated are a visible
warning about the poor condition of the structural component. On the other hand, the fracture
mechanism observed on the brittle fractures is cleavage. The fracture surface presents plane steps
and facets. The energy absorbed during this process is much lower than that absorbed on a ductile
rupture, and that is the reason why the brittle fractures may progress in an unstable and sudden

way.
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(a) (b)
Figure 2.15 - Ductile fracture: (a) cavitation phenomenon (de Castro and Meggiolaro, 2009a) and (b)

ductile fracture surface (Richter-Trummer et al., 2011).

2.3 CAUSES FOR FATIGUE DAMAGE OF STEEL AND COMPOSITE
BRIDGES

The problem of fatigue occurs on steel and steel-concrete composite bridges due to a variety
of factors. According to Miki (2007), the most relevant are: i) the existence of defects on welds;
i) the adoption of details with poor fatigue behaviour; iii) the occurrence of unattended stresses
and deformations at some of the connections (secondary distortions and tensions); iv) excessive
vibrations. Furthermore, when in the presence of aggressive environments, the worsening due to

corrosion must be considered.

Each one of these factors may justify, alone, the occurrence of fatigue damage. Nevertheless,

often, this damage results from the simultaneous contribution of more than one parameter.

The understanding of the root causes of a fatigue crack is fundamental when evaluating the
timing of action and the definition of an eventual maintenance/retrofitting operation.
2.3.1 Presence of defects on the welds

The defects present on the welds result from the welding process and vary in shape and
dimension. They may be located in the base material, in the weld metal (WM) or in the heat
affected zone (HAZ). The following may be included among the most common types of defects:

partial penetrations, inclusions, voids (worm hole) and cracks (Figure 2.16).
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Figure 2.16 - Different types of defects found in welds (Miki, 2010).

Nevertheless, it must be underlined that, even in the absence of initial defects, the stress
concentrations induced by the geometry of the weld may be enough to initiate a fatigue crack
(Figure 2.17).
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Figure 2.17 - Crack initiation in the welds due to stress concentrations (ESDEP, 1996): (a) stress

concentrations on the weld and (b) potential crack locations.

2.3.2 Adoption of details with poor fatigue behaviour

The adoption of details with poor fatigue behaviour may be due to an inadequate evaluation
by the structural designer/engineer. That can happen when performing the original design of the
structure but also when designing retrofitting measures for existing structures (Cho et al., 2001).
Structural components with high stress concentrations, no structural redundancy, limited loads
re-distribution capacity or inaccessible for inspections are more prone to show poor fatigue
performance. Excessive level of constraint at extremities of beam type elements or the use of
materials with inappropriate mechanical properties (such as excessive hardness and brittleness)

can also be considered as causes for inadequate fatigue behaviour.
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Furthermore, in some cases, the stresses considered as allowable by the standards end up being
inappropriate. In fact, the construction of standard S-N curves for welded connections was in
many cases, based on small scale specimens. Even if, in the recent years the standards were
upgraded, the structures conceived in the light of the previously existing regulations may be, in

a limited number of situations, undersized to fatigue (Pedersen et al., 2010).

2.3.3 Secondary deformations and stresses

Significant discrepancies between the stresses and strains forecasted at design phase, and
those observed in reality, are frequently noted. That is due, often, to simplifications adopted at

design phase. Those simplifications occur mainly at joints and support conditions.

In the case of joints, in reality they have a certain level of flexibility. Nevertheless, when

modelling, generally extreme conditions are assumed: total continuity or, alternatively, a hinge.

Moreover, the use of simplified models, such as beam finite elements, does not allow to take
into consideration the distortional and secondary effects that arise at connections and that only
shell and brick element models can reproduce (Figure 2.18). Finally, real structures present
eccentricities, as a result of the construction process, that originate secondary bending moments

and a significant increase in stresses.

Regarding the support conditions, in the design phase, unconstrained horizontal displacements
(longitudinal and transversal) and free rotations are often assumed. However, after the
construction of the structures those movements may become progressively constrained, due to
debris accumulation and corrosion. That phenomenon originates additional stress cycles that may

cause fatigue problems.
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Figure 2.18 - Example of main and secondary connection forces (Miki, 2010).

2.3.4 Excessive vibrations

The explicit analysis of the dynamic behaviour of Civil Engineering structures can be
considered as a recent practice. Moreover, those analyses focus, usually, on the main structural
elements and/or, in the case of bridges, on the elements directly loaded by traffic.

As a consequence, excessive unforeseen vibrations are a frequent phenomenon. Those
vibrations originate, on the one hand, the increase on the amplitudes of stresses/deformations and
on the other hand an increase in the number of stress/deformation cycles, thus contributing to a
higher tendency of those structures to the fatigue problem (Sakamoto et al., 1990).

24 EXAMPLES OF FATIGUE DAMAGE ON STEEL AND COMPOSITE
BRIDGES

There are numerous examples of fatigue damage in steel and composite bridges reported in
bibliography. Special reference should be made here to the publications, on this subject, of
Chitoshi Miki (2010), John W. Fisher (1984) and Al-Emrani and Kliger (2009).

The experience and knowledge about past manifestations of fatigue are a valuable instrument
when evaluating the potential critical points of new and/or existing structures. Those analogues

are useful not only on the design phase but also when preparing for inspection activities.
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Some of the cases of fatigue damage reported in the bibliography are described below,

grouped according to the location of the fatigue cracks found:
e Eyebars and hangers;
e Flange cover plates;

e Diaphragms and cross-bracing connections and connections between floor-beams and

the main load-carrying members;
e Web penetration and orthotropic decks;
e Structural elements with changes in cross section;
e Weld defects;
e Lamellar tearing;
e Others.

Haghani et al. (2012) present a categorization of fatigue failures of steel bridges, by type, as

illustrated in Figure 2.19.

Connections between floor beams |
and the main load-carrying members

Diaphragms and cross-bracing |
connections

Coped and cut-short beam ends |

Orthotropic decks |

Stringer-to-floor-beam connections
Fatigue cracking from weld defects

—

]
Additional stress component in [

]

=

1

1

1

members with change in secﬁu:un_

Secondary vibration-induced
stresses in hangers

Connections of wind bracing

Bridge girders and stringers
at timber fie connections

Flange gusset plates

Cover plates

Others |

Figure 2.19 - Categorization of fatigue failures of steel bridges (Haghani et al., 2012).
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That categorization is in good agreement with the results presented by Demers and Fisher
(1989) and Walker et al. (1992), summarised in Table 2.2 and Lindberg and Schultz (1997),

summarised in Table 2.3.

Table 2.2 — ATLSS survey of cracking in bridges (Walker et al., 1992).

Classification of Cracking Problem }e;:;:;f

Coped Members 22
Diaphragm Connection Plates (web gaps cited) 15
Connecting End Angles on Webs

Web Gap —- Web to Gusset Details 13
Flange—Gusset Plate Connection 10
Cover Plate Splices 5
Welded Cover Plate Termination 5‘.....

Table 2.3 — Minnesota (USA) Department of Transportation survey of cracking in bridges (Lindberg
and Schultz, 1997).

Detail Symbol*™
Responding Authorities alﬂlflﬁlﬁl;l\‘llﬂltllln
Arkansas | 7 5 3 4 6 0 1 2 0 0 0O
California| 5 ' 2 3 :4 0 0 0 01 0 0
Delaware | 2 3 4 0 0 1 0 0 0.0 0
Georgia| 3 2 0 0 1 0 0 0 0 00
Minois | 5 ' 6 ' 3/ 2/4 0/ 1 0 0/010
6 5 4 3 1 2 0 0 0 00
Minnesota | @ | 6 [ 8 |5 7 4 3 2 0 10|
Mississippi | 4 | 3 | 012 1.0,0,0/0 0.0 a = transverse stiffener web gap
Missouri| 8 4 2 5 7 6 3 0 001 B = insufficient cope radius
Montana | 5 | 1 9 [8 7 4,0 36 02| . anial length cover plate
NewJdersey |2 1 0 0 0 3 0 0 0 0 0] §=shelfplate welded to girder web
Tennessee | 4 | 1 2|5 0 0 0 3|0 0 0] e=stringerto floor-beam truss bracket
Texas| 4 2 0 0 1 0 3 o0 o0 !0 o C=transversegroove weld (welded horizontal stiffener & haunch insert)
Washington | 4 | 7 1.6 2 0 0 0.5 30 gzii?iie\?;lﬁ;?:beam bracket
Wyoming | 5 | 4 | 3 0 2.0 0 0 00 1f _ opinous longitudinal weld: box girder comer
Army Corps-NewEngland [0 0 1 0 0 0 0 0 0 0 O -=tiedarchfloor-beam
TOTALS |73 52 43 44 39 20 11 10 12 4 4| p=cantilever: lamellar tear

In the following sections, some examples of bridges presenting typical fatigue crack patterns
are presented and discussed.

2.4.1 Eyebars and hangers

The propagation of fatigue cracks in hangers and eyebars can be particularly critical, if one
considers that those cracks are frequently located in places with difficult access and that, most of
the times, the hangers are elements for which the structure has no structural backup or
redundancy. There are various causes for fatigue cracks in these elements, as demonstrated by

several events reported in the past.
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2.4.1.1 Silver Bridge

The Silver Bridge was concluded in 1928, in USA. The deck, with a total length of 534.3 m

was supported by chains of hangers associated to lattice girders, as illustrated in Figure 2.20.

Joint CI3 J«~ Ohio Tower Rocker links connecting
: side span and center span
Joint U7 to tower cross girder
N
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. / «—— Tower Rocker Shoe
Joint UI3 ||

: hio Pi
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' [} it -,

I = R e e -
5"‘3 ~ i |I—6 15 Ponels ot 25""4“:38 '-0" i -0"= -0’

7 B 7 P 0-0 I 28 Ponels at 25 -0 700-0

L/ 3 X 15@ (7.72m)=(115.82m) (7.62m) (213.36m)
(21.79m)

(22.94m)

Figure 2.20 - Schematic elevation view of the Silver Bridge (Fisher, 1984).

The bridge collapsed in December 1967, almost 40 years after its inauguration. Subsequent
investigations clearly showed that the nominal stresses installed on the hangers of the bridge at
the time of the accident did not exceed the stresses allowable by design. The principal cause of
the collapse was the unstable propagation of 2 cracks located in the hole of the eye-plate of one

of the hangers of C13N connection, identified in Figure 2.20.

The cracks initiated and developed due to corrosion induced fatigue, since the material used
on the fabrication of the hangers proved to be highly susceptible to the aggressiveness of the
environment and the cracks surface showed high content of corrosion products. In addition, the
stress concentration in the eye-plate contributed to the increase of the actuating stresses. At the
same time, the cracks developed in a section of the hanger where the hardness was higher and
consequently the toughness was lower. Finally, the low temperatures recorded at the time of the
accident (-1 °C) led to even lower toughness values, originating the brittle fracture of the element

and of the structure.
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(a) (b)
Figure 2.21 - Eye-plate of the Silver Bridge after collapse (Fisher, 1984): (a) eye-plate and (b) fracture

surface.

2.4.1.2 Sungsoo Grand Bridge

The Sungsoo Grand Bridge is a multi-span Gerber-type structure, located in Seoul, South
Korea, where it crosses the Han River. In the 21% October of 1994 one of its spans (Figure 2.22)
collapsed (Cho et al., 2001).

. unit:m
. Total length of bridge 1=1,160.00 (umitm)
7200 4800 7200 4800, mo0 4800 7200 4800 4 200 | 4800 , T200 R
HE
36.00 12000 | 12000 ! ! 120.ooﬁ| ! 120.00 | ! 12000 ! 36.00
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7 | ] ]

Figure 2.22 — Elevation view of the collapsed Sungsoo Grand Bridge (Cho et al., 2001).

Subsequent investigation of the accident has demonstrated that the cause for the collapse was
the fatigue crack propagation and fracture of one of the vertical hangers that connected the

suspended truss to the anchor trusses.

The fatigue cracks were initiated due to poor welding at the extremities of the H-section
hangers (Figure 2.23).
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Upper chord

Pin

Gusset plate

Pin plate
" Welding splice
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vertical hanger

Web of
ﬁ‘k | X vertical hanger

Figure 2.23 — Typical connection of vertical hanger (Cho et al., 2001).

Crack propagation was accelerated by inappropriate structural reinforcement measures that
were put in place to mitigate excessive deflection of end floor beams. Those measures originated
much larger loads and stress ranges at the welded joints than those for which the structure had
originally been designed for.

Finally, poor maintenance of the bridge and excessive truck traffic were additional reasons

found for crack propagation and final fracture.

2.4.1.3 Illinois Route 157 Bridge

Another case of cracks propagation at eye-plates and hangers was the Illinois Route 157
Bridge, in USA (Figure 2.24(a)). This skewed bridge, with 7 spans totalizing 144.7 m presents
13 longitudinal beams, parallel and 1.67 m apart each other’s. The 2" and 6™ span present a 30.5
m length, from which a 18.3 m segment is suspended. The suspended segments have double
support in one of their extremities and a simple support on the other one. That simple support is
materialised by hangers, as illustrated at Figure 2.24(b).
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Figure 2.24 - lllinois Route 157 Bridge (Fisher, 1984): (a) perspective of one suspended segment and (b)
scheme of a hanger.

The bridge was built in 1945. In 1978, several of the above mentioned hangers were found to
be fractured. The analysis of this case revealed that the cracked hangers, as well as the remaining
ones, presented the lower hinge blocked by debris and corrosion products. Consequently, these
elements were not only under axial forces, but also under bending on their plan, due to the thermal
expansion and traffic. In light of the high actuating stress levels, fatigue cracks initiated and
propagated until the final fracture of the elements.

2.4.1.4 Bridge over river Skellefte

The bridge over the river Skellefte, in Sweden, is a 61 m span bowstring bridge, built in 1943.
The arches are localised on each side of the deck, suspending the main girders. The main girders
are connected by cross girders. The hangers are composed by steel cables with 79 mm diameter.
These elements are usually designed to axial stress, with the extremities considered as hinges.
However, that does not correspond to reality, as can be observed in Figure 2.25. In the beginning
of the 1980s, fatigue damage was found in several hangers. Some of them had their connection
to the arches totally broken. The fatigue cracks were justified by the high number of stress cycles

induced by excessive vibration and by secondary bending.
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WV

Figure 2.25 - Bridge over the river Skellefte and hanger-to-arch connection (Al-Emrani and Kliger,
2009).

2.4.2 Flange gussets and cover-plates

The flanges of steel girders, like I-section beams, box girders, or others, are elements that
suffer significant stress cycles. Consequently, any geometric discontinuity that induces stress
concentrations in those flanges may be considered as a privileged location for the initiation of
fatigue damage. Some examples of those discontinuities are the extremities of the cover-plates

welded to the flanges and the gussets welded laterally to them.

2.4.2.1 King'’s Bridge

The collapse of the King’s Bridge, in Melbourne, Australia, is a case of serious damage
resulting from the propagation of fatigue cracks from the weld of a flange’s cover-plate. The

structure is illustrated in Figure 2.26.
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(@) (b)
Figure 2.26 - King’s Bridge, Melbourne, Australia (Miki, 2010): (a) overview and (b) typical cross-

section.
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The bridge was concluded on April 1961. On July 1962, in a very cold day in Melbourne, one
of the spans of the bridge collapsed. The analysis of the accident revealed the brittle propagation

of fatigue cracks from the fillet weld of a flange’s cover-plate (Figure 2.27).

Crack location
R y - ‘I-“ly‘ugcll.l356><l'6‘ o
¥ Flange B. 406X19 ) B e
| Cover R 304X19
4575
: % B 100 ft
(b)

Figure 2.27 - Cover-plate at King’s Bridge (Miki, 2010): (a) cover-plate and (b) schematic of the crack

propagation.

2.4.3 Diaphragms, cross-bracing connections and connections between floor beams and

the main load-carrying members

The transverse connections to the webs of longitudinal girders are, frequently, points prone to
fatigue damage, due to the introduction of out of plane bending moments and secondary stresses
and deformations. This phenomenon is particularly relevant considering that diaphragms, cross-
bracing connections, floor beams and cross-girders are very common in steel and composite
bridges. Usually, in those connections, there are vertical loads applied to the webs and to the

welds, thus perpendicular to the directions of the main stress cycles.

2.4.3.1 Lafayette Street Bridge

The bridge of the Lafayette Street, is located in the USA and crosses the Mississipi river. This
bridge presents 2 parallel structures, each one of them having 3 spans, the central with 110 m and
the extremes with 82 m (Figure 2.28). Each structure is composed by two main I-section girders,

stringers and cross-girders that sustain a thin concrete slab.

39



Chapter 2

A
r /-Cruck
4 )
n ﬂ [ _us'-8" n
A

| 270' _J 362" 250'-6" |

Pier 8  (82.35m) Pier 9 (110.41m) Pier |0 (76.40m) Pier 1l
o =
[~waixez ]

Section A-A

Figure 2.28 - Bridge of Lafayette street (Fisher, 1984).

The bridge was opened to traffic in 1968. In 1975, a fatigue crack was found in one of the

main girders of the central span. That crack had totally fractured the lower flange and had

propagated through the web until it reached 200 mm below the upper flange, which represents
almost the total fracture of the girder’s section (Figure 2.29).
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Figure 2.29 - Fatigue crack at the Lafayette Bridge (Fisher, 1984): (a) fatigue crack and (b) schematics

of the crack propagation.

Further investigations showed that the crack initiated in one of the gussets used in the
connection, at a weld where partial penetration occurred (Figure 2.30).
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Figure 2.30 - Fatigue crack initiation zone (Fisher, 1984): (a) fractured section and (b) stages of the

crack propagation.

2.4.3.2 Panaro Bridge

The Panaro Bridge is a steel bowstring railway bridge (Figure 2.31), located in the
Bologna-Verona railway line, Italy (Lippi et al., 2011).

WV 4 ) ’gh
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Figure 2.31 — Panaro Bridge (Lippi et al., 2011).

This 75.6 m span bridge has developed, during its service life, fatigue cracks in some structural
elements such as the track’s cross beams. Those cracks originated at the extremities of the beams,
where the bolted connection to the main girders created high distortion induced stresses. In order

to mitigate this problem, the cross beams were cut to stop the crack propagation (Figure 2.32)
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and the external bolts of the connections to the main girder were removed so that the distortion
bending moments could be reduced.

Figure 2.32 — Distortion induced fatigue crack at track’s cross beam (Lippi et al., 2011).

This bridge also experienced fatigue cracks at the longitudinal welds between the top flange
and web of the main girders, as a consequence of tight sleepers-longitudinal girder connection
by catch bolts (Figure 2.33). In this case, the cracks were induced by the resulting high vibration
levels.

Figure 2.33 — Vibration induced fatigue crack at sleepers-longitudinal girder connection (Lippi et al.,
2011).
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2.4.3.3 Bridge over river Belle Fourche

As mentioned before, the transverse connection of diaphragms to the webs may also promote
the initiation of fatigue cracks. That was the case observed at the bridge over river Belle Fourche.
That structure, located in the USA and open to traffic in 1958, presents 3 continuous spans with
a total length of 104.2 m and 4 simply supported spans, 18.3 m each. The composite section is
composed by 7 I-section beams supporting a concrete slab (Figure 2.34). The several beams are
braced by diaphragms built with angle bars.
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Figure 2.34 - Fatigue crack initiation zone (Fisher, 1984): (a) fractured section and (b) stages of the
crack propagation.

In 1976, during the routine inspection to the deck of the bridge, numerous fatigue cracks were
found in the webs of the longitudinal beams. Most of the cracks were localised between the
vertical web stiffeners holding the diaphragms and the upper flanges (Figure 2.35) and developed
due to out-of-plane bending (distortion) of the web.
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Figure 2.35 - Fatigue cracks in the bridge crossing the river Belle Fourche (Fisher, 1984): (a) fractured
detail and (b) schematics of crack propagation.
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2.4.4 \Web penetration and orthotropic decks

In some bridges, the longitudinal structural elements cross directly the transverse elements
originating discontinuities at the later. That is the case of steel bridges supported and fixed
directly in steel bents or the case of floor beams passing through cross beams. In those situations,
two reasons contribute to the occurrence of fatigue cracks. In the one hand, the geometric
discontinuity originates high stress concentrations; on the other hand, the welding process
conditions are, many times, difficult, leading to initial defects at the welds. Some examples are

presented next.

2.4.4.1 Dan Ryan railway viaduct

The Dan Ryan railway viaduct (Figure 2.36(a)), open to traffic in 1969, is a steel structure,
with circular development connecting the centre of Chicago, USA, with the south and west areas
of the city (Sulloway et al., 1979). The deck is formed by 4 continuous beams (Figure 2.36(b)),
which support a concrete slab and, on the top of it, 2 ballasted tracks. The beams are supported
by steel bents, with rectangular section. The lower flange and part of the web of the longitudinal

beams cross the bents and are connected to them by but welds.

(a) (b)
Figure 2.36 - Dan Ryan railway viaduct (Fisher, 1984): (a) overview and (b) structure of the deck.

During an inspection, in 1968, several fatigue cracks were found in connections between the
beams and the bents (Figure 2.37). All cracks started on the side of the bottom flange of the
beams and caused complete separation between the flange and the lateral walls of the bent. The

path of the cracks highlights the tension, shear and bending actuating loading.
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(a) (b)

Figure 2.37 - Fatigue cracks at the Dan Ryan railway viaduct (Fisher, 1984): (a) crack’s typical location
and (b) detail of the crack.

The analysis of the causes of the observed cracks revealed the presence of welds with low
quality in the connection between the lower flange of the beams and the webs of the bents. The
presence of inclusions and of partial penetration zones contributed to the start of fatigue cracks
propagation. Other determinant factor was the high level of traffic of this railway line, with more
than 450 daily train passages in average, between the moment of inspection and the opening to
traffic. Finally, Charpy tests revealed the reduced toughness of the material, especially for
temperatures below 0°C. Temperatures lower than that value were common in the region, which

may have promoted the propagation of brittle cracks.

2.4.4.2 Maihama Bridge

The Maihama bridge is a bridge with orthotropic deck, located near Tokyo, Japan. It has 3
spans, with 77 m each. The deck (Figure 2.28), 14.25 m wide, sustains 3 lanes of traffic, where

more than 80 000 vehicles circulate per day.
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Figure 2.38 - Cross section of the Maihama bridge (Miki, 2010)
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The orthotropic decks have the advantage of being light when compared to decks having a
concrete slab. But, as the steel components of orthotropic decks support directly the traffic loads

and are very flexible, the stress ranges observed on the structural elements are generally high.

That is also the case of the Maihama bridge, where the development of several fatigue cracks,

with the patterns presented in Figure 2.39, was observed.

Trough Rib

Transverse Rib

Figure 2.39 - Typical locations of fatigue cracks observed in the Maihama bridge (Miki, 2010)

The cracks of type A, B and C initiated in the fillet welds that connect the longitudinal rib to
the cross girder in a process in some way similar to the previous example of the Dan Ryan viaduct
(section 2.4.4.1). They are determined by the high stress concentrations originated by the

geometry of the detail and by the welds.

The cracks of type D appear in the longitudinal welds and propagate, in the worst cases,
through the deck plate. In these cases, the main reason for the crack’s initiation is the geometry
of the weld, which is typically a fillet weld, and the high deformations that affect it. The cracks
of type E and G appear in the corresponding fillet welds and are due, mainly, to the stress
concentrations induced by them. Finally, the F-type cracks appear in butt welds and are due to

low quality welding, most of the times performed with the aid of a backing plate.

2.45 Weld defects

Poor welds are a frequent cause of fatigue cracks initiation and propagation. This applies to
but welds, when perpendicular to the main direction of loading but also to longitudinal welds.

Fatigue cracks initiated at the butt welds of a girder’s flange may propagate into the web. In
other cases, the crack initiation happens at the butt welds of longitudinal stiffeners and propagates

until reaching the web of the beam.
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Also, several structures showed transverse fatigue cracks in the longitudinal welds, during the
service phase. Typically, those cracks initiate by hydrogen cracking, during the welding process,
with the fatigue crack propagation continuing from that point onwards. The box girders are
structures where the development of this type of cracks is frequent, if the welds are not performed

with adequate quality.

2.4.5.1 Bridge over Quinnipiac River

The bridge over river Quinnipiac, USA, is a composite structure, with 4 spans. The first span
is simply supported, while the remaining 3 spans form a cantilever-type structure. The suspended
segment has a length of 50.3 m. The section presents 9 longitudinal I-section girders, linked by
a cross-bracing system. A thin concrete slab is supported by those longitudinal girders (Figure
2.40).
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Figure 2.40 - Bridge over river Quinnipiac (Fisher, 1984)

The bridge was open to traffic in 1964. In 1973 a crack with big dimensions was found in one
of the webs of one of the girders. Fractographic analysis of the fracture surface allowed
concluding that the crack initiated in an inclusion present at the butt weld of a longitudinal
stiffener before propagating to the web and penetrating the lower flange of the deck (Figure 2.41).
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Figure 2.41 - Fatigue crack at the bridge over river Quinnipiac (Fisher, 1984): (a) visible crack and
(b) fatigue crack propagation stages.
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2.4.5.2 River Mardle Viaduct

The River Mardle Viaduct (Figure 2.42), in UK, is a curved roadway bridge composed of four
continuous spans (Clubley and Winter, 2003). The bridge is composed by two longitudinal steel
box girders that support steel cross and cantilever beams 3 m apart. Over these elements, a

reinforced concrete slab bears the roadway pavement.
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Figure 2.42 — Elevation view of River Mardle Viaduct (Clubley and Winter, 2003).

The bridge was completed in 1977 and in 2001-2002 a detailed inspection performed on the
two steel box girders detected many imperfections in the butt weld splices joining the box girders
(Figure 2.43).
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Figure 2.43 — Cross section of one of the box girders (Clubley and Winter, 2003).

Due to the severity of the defects found, advanced Phased Array ultrasonic tests were
performed, allowing to assess their size and location. Most common issues found were lack of
fusion, slag and planar cracks, both in the weld and in the heat affected zone. In some cases, the
maximum dimensions of the flaws exceeded 200 mm in length and 10 mm in height. The main

reason for the observed cracks was poor weld quality.

As a response to the findings of the study performed in the bridge, the critical welds were
subject to repair, monitoring or strengthening. The mitigation action applied to each weld

depended on the respective size of imperfections found and level of tension stresses observed.

2.4.5.3 Gulf Outlet Bridge

The bridge of Gulf Outlet, in the USA, is a lattice structure, with 3 spans of
83.21 m + 213.96 m + 83.21 m length. The intermediate span is suspended by an arch (Figure

2.44). The two trusses are 22.9 m apart each other.
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Figure 2.44 - Gulf Outlet bridge (Fisher, 1984): (a) overview and (b) cross section.
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The bridge was opened to traffic in 1965. In 1978, a detailed inspection was performed, which
included ultra-sonic and radiographic tests to the welds. During that inspection, fatigue cracks

were found at the corner welds of the deck’s box girders (Figure 2.45).
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Figure 2.45 - Location of fatigue cracks of Gulf Outlet bridge (Fisher, 1984): (a) cross section of one of
the deck’s box girder, (b) core extracted and (c) visible location of the crack.

Most of the cracks did not progress behind the weld and were only visible after grinding. It
was observed that all the cracks were located in zones were the welds, initially performed by the
submerged arc welding, had been manually reinforced, a posteriori. In all those locations,

inclusions or voids, responsible for crack initiation, were found.

2.4.6 Lamellar tearing

Generally, the structural elements with welded plates are conceived and assembled in such a
way that the loads and the residual stresses develop in a direction parallel to the direction of the
rolling of the plate. When that is not possible, the adoption of a steel grade with adequate
metallurgic properties and homogeneous through-thickness structure may help minimizing the

problem.

2.4.6.1 Rigid box girder frames of Ft. Duquesne Bridge access viaducts

The access viaducts preceding the bridge Ft. Duquesne, in Pittsburgh, USA, were concluded
in 1968. Those viaducts are composed by several continuous segments, with 2 or 3 spans each.
The composite decks of the several viaducts have different widths and are formed by 1 or 2 steel
box girders with an overlaying concrete slab. The viaducts are supported by rigid steel box girder
frames, with a rectangular section (Figure 2.46).
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Figure 2.46 - Rigid box girder frames of the Ft. Duquesne Bridge’s access viaducts (Lindberg and
Schultz, 1997): (a) overview and (b) design.

In 1978, fatigue cracks were found in the upper flange of the transverse beams of several box
girder frames. After analysing the causes for fatigue cracks initiation and propagation, it was
concluded that these were generically from 2 types: some of them originated at the weld between
the flange of the pile and the flange of the transverse beam; the others originated at the upper
flange of the transverse beam, due to the lamellar tearing of its material (Figure 2.47), probably

during the structure’s construction phase.

() (b)
Figure 2.47 - Fatigue crack due to lamellar tearing (Fisher, 1984): (a) schematics of crack development

and (b) observed crack.
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2.4.7 Other cases

The details presented above highlight the variety of situations where fatigue cracks may arise.
Nevertheless, other types of details could be mentioned. For example, it is common to find fatigue
cracks in holes that were performed in the structure, for construction process, and latter filled
with filler material (Figure 2.48). That is due to inadequate fusion, slag inclusions or other

defects.

Figure 2.48 - Fatigue cracks initiated in holes filled with filler material.

The zones where a sudden change in the cross-section happens are also prone to fatigue

damage, as can be illustrated in Figure 2.49.

(@) (b)
Figure 2.49 - Fatigue cracks in components with change in section: (a) due to tension and (b) due to

shear stresses.

Other types of details of steel and composite bridges, prone to fatigue damage, may be found
in Miki (2010), Fisher (1984) and Al-Emrani and Kliger (2009).
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2.5 CONCLUDING REMARKS

In this Chapter, an introduction to the fatigue problem of structures is performed. In the first
place, examples of fatigue cracks propagation in several areas of engineering are presented, such
as aerospace, naval engineering, oil and gas, railways and civil engineering. In the case of
bridges, the impact of fatigue as one of the main causes of severe structural damage and collapse

is underlined.

Fatigue is also described as a multi-scale problem which, due to its nature, mobilised different
areas of knowledge, namely, physics, metallurgy and engineering. An historical perspective of
the main steps on the understanding of fatigue is presented, starting on the first tests performed
in the XIX century, in the mining industry.

After that, the study focused on the fatigue damage in steel and composite bridges. The main
causes for fatigue damage were identified: i) the presence of defects on the welds of welded
components; ii) adoption of details with poor fatigue behaviour; iii) secondary deformations and
stresses due to sections distortion; iv) excessive vibrations of structural components. Corrosion
may also accelerate fatigue cracks propagation but was not covered in detail in this work. Finally,
a collection of cases of bridges where fatigue crack propagation was observed is presented. Those

examples were grouped by type of detail where the fatigue cracks were found (Table 2.4).

Table 2.4 — Collection of fatigue damage cases in bridges.

Causes Details with Secondary .
Defects on . . Excessive .
poor fatigue deformation : : Corrosion
. the weld . vibrations
Locations behavior and stresses
- Silver Bridge - lllinois Route - Silver Bridge
Eyebars and hangers - Sungsoo - Sun Soog 157 - Skellefte - lllinois Route
g - Skellefte 157
Flange gussets and . N
cover-plates King’s Bridge King’s Bridge
Diaphragms,
cross-bracing - Lafayette
connections and floor - Lafayette Street
. - Panaro - Panaro
beams to main Street - Panaro
load-carrying member - Belle Fourche
connections
Web penetration and - Dan Ryan - Dan Ryan - Maihama
orthotropic decks - Maihama - Maihama
- Quinnipiac
River
Weld defects - River Mardle
- Gulf Outlet
Lamellar tearing - Ft. Duquesne | - Ft. Duguesne
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In the next Chapter, the main fatigue assessment methodologies proposed by standards are
discussed.
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STANDARDS FOR THE FATIGUE ASSESSMENT OF
RAILWAY BRIDGES

3.1 INTRODUCTION

Chapter 2 underlined the relevance of assessing fatigue damage in steel and composite
bridges. As this problem is widely recognised in Civil Engineering, most of the structural design
Standards present methodologies for the assessment of fatigue strength of structures. Those
methodologies are discussed in this Chapter.

In the European Union context, the reference Standards are the Eurocodes. For that reason,
special emphasis is placed on those codes here. The linear damage accumulation method is the
most complete methodology foreseen in the Eurocodes. Under some conditions, the simplified
method of equivalent constant amplitude stress range can be used, instead. Both methods are
described in the next section.

Other international Standards such as the British Standard 5400 (BSI, 1980) and the codes of
the American Association of State Highway and Transportation Officials (AASHTO, 2012) and
of the International Institute of Welding (I11W, 2008) are also addressed in this Chapter;
nevertheless, the focus is put on the main differences on the methodology, when compared with

the Eurocodes.
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3.2 FATIGUE ASSESSMENT ACCORDING TO THE EUROCODES

3.2.1 Introduction

The Eurocodes result from an effort of compiling and combining the knowledge on structural
design that exists in different parts of Europe. They try to unify the best practices currently
available. That is also the objective of the Eurocodes in the case of structural fatigue damage

assessment. These standards define 2 different methods for fatigue analysis:
e Method of the equivalent constant amplitude stress range;
e Method of the linear damage accumulation.

The analysis of the problem of fatigue of railway bridges should focus on the structural steel
components, the concrete-steel shear connectors, the reinforcement and pre-stress steel and the
concrete. In order to address the fatigue analysis of these structural components, the most relevant

Eurocodes are:
e Eurocode 0: EN 1990 — Basis of structural design.
o Annex A2 — Bridges.

Eurocode 1: EN 1991 — Actions in structures.

o Part 2 — Traffic loads in bridges.

Eurocode 2: EN 1992 — Design of concrete structures.
o Part 2 — Concrete bridges. Design rules.

o Part 2, Annex NN — Damage equivalent stresses for fatigue assessment.

Eurocode 3: EN 1993 — Design of steel structures.
o Part 1.9 - Fatigue.

o Part 2 — Steel Bridges.

Eurocode 4: EN 1994 — Design of concrete-steel composite structures.
o Part 2 — Composite bridges.
The rules defined in the Eurocodes, in order to perform the fatigue analysis of the structural

steel components of railway bridges, are presented in the following sections.
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3.2.2 Standard fatigue loads and load cases

The fatigue assessment should be performed, whenever possible, using one of the standard
traffic scenarios, in agreement with the type of traffic forecasted for the railway bridge under
study: standard traffic mix, heavy traffic mix and light traffic mix. These traffic scenarios
correspond to different combinations of 12 standard fatigue trains, presented in Eurocode 1
(CEN, 2003). In Figure 3.1 one of the 12 fatigue trains is presented.

Typel Locomotive-hauled passenger train

L Q=6630kN V =200km/h L =26210m q=253kN/m’

6 X 225K 40 110K 410N 4 104N
. . . . 9 (4x 110kN) |

Yyy fYY YY Yveyy Yy A

14 )
(W]
I}
2, 2 1, 8 2 :
\< 185 >l< 203 >l< 203 >l< 203 >1< 9%203 ;

Figure 3.1 - Example of a fatigue train: Train Type 1 — Locomotive-hauled passenger train (CEN,
2003).

On Table 3.1 a brief summary of the characteristics of the 12 trains is presented.

Table 3.1 - Standard fatigue trains (adapted from CEN (2003)).

Total Max.
Train  Weight [?(F;if}?] [rlr_1] [kl\?/m] axle load Description

[KN] [KN]
1 6630 200 262.1 25.3 225 Locomotive-hauled passenger train
2 5300 160 281.1 18.9 225 Locomotive-hauled passenger train
3 9400 250 385.52 24.4 200 High speed passenger train
4 5100 250 237.6 21.5 170 High speed passenger train
5 21600 80 270.3 80 225 Locomotive-hauled freight train
6 14310 100 333.1 43 225 Locomotive-hauled freight train
7 10350 120 196.5 52.7 225 Locomotive-hauled freight train
8 10350 100 212.5 48.7 225 Locomotive-hauled freight train
9 2960 120 134.8 22 130 Suburban multiple unit train
10 3600 120 129.6 27.8 150 Underground
11 11350 120 198.5 57.2 250 Locomotive-hauled freight train
12 11350 100 212.5 53.4 250 Locomotive-hauled freight train

Each traffic scenario corresponds to approximately 25 million t/year, according to the

combinations shown in the following tables:
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Table 3.2 - Standard traffic mix (adapted from CEN (2003)).

Total Total Number \Torlifrgg
Train Weight mass of [106 Description
[KN] [t] trains/day tiyear]
1 6630 663 12 290 Locomotlve-trlzlijrlled passenger
9 5300 530 12 232 Locomotlve—trlzlijrlled passenger
3 9400 940 5 1.72 High speed passenger train
4 5100 510 5 0.93 High speed passenger train
5 21600 2160 7 5.52 Locomotive-hauled freight train
6 14310 1431 12 6.27 Locomotive-hauled freight train
7 10350 1035 8 3.02 Locomotive-hauled freight train
8 10350 1035 6 2.27 Locomotive-hauled freight train
Total 67 24.95
Table 3.3 - Heavy traffic mix (adapted from CEN (2003)).
Total Total Number \chlifri:g
Train Weight mass of [10° Description
[KN] [t] trains/day tiyear]
5 21600 2160 6 4.73 Locomotive-hauled freight train
6 14310 1431 13 6.79 Locomotive-hauled freight train
11 11350 1135 16 6.63 Locomotive-hauled freight train
12 11350 1135 16 6.63 Locomotive-hauled freight train
Total 51 24.78

Table 3.4 - Light traffic mix (adapted from CEN (2003)).

Total Total Number J(;i‘::ce
Train Weight mass of [10° Description
[KN] [t] trains/day tiyear]
1 6630 663 10 5 42 Locomotlve—thrZLiJI:ed passenger
9 5300 530 5 0.97 Locomotlve-tt:gliJrl]ed passenger
5 21600 2160 2 1.58 Locomotive-hauled freight train
9 2960 296 190 20.53 Suburban multiple unit train
Total 207 25.49

According to Eurocode 1 (CEN, 2003) and Eurocode 3 (CEN, 2006), when the standard traffic
mixes adequately reproduce the real traffic and no dynamic analysis is required, the fatigue
analysis may be performed using the equivalent constant amplitude stress range method. The
loading to consider, in that case, is the load model LM71 (Figure 3.2), including the dynamic

factor, @, but excluding the load classification factor, a (CEN, 2003).
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Figure 3.2 - Load model LM71 (CEN, 2003).

When the standard traffic scenarios do not represent the real traffic (e.g. when a restricted
variety of train types circulate on the bridge and/or dominate the induced fatigue damage) an
alternative traffic scenario should be specified, e.g. a traffic mix composed of real trains.

The loads to be considered in fatigue analysis are the vertical and centrifugal forces. Nosing

and longitudinal forces may be neglected.

When dynamic analyses are required, there are additional requirements for fatigue assessment.
The requirements for a dynamic analysis are defined in Eurocode 1, and represented

schematically in the flow chart of Figure 3.3.
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Figure 3.3 - Flow chart for determining whether a dynamic analysis is required (CEN, 2003).

When, according to the flow chart above, no dynamic analysis is required, the dynamic

amplification, for each train, can be defined using Equation (3.1), as defined in EN 1991-2,

START
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structure (1}
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i for bending
sufficient
¥
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Annex D (CEN, 2003):

The parameters ¢'and ¢" in the previous expression are also defined on the EN 1991-2, Annex

D.
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e the dynamic response for the trains circulating at high speeds and in resonance;

e the loading with ¢ x LM71 (and, if necessary, with ¢¢ x LM SW/0 for continuous

structures).
The worst case scenario, from the two above, should then be used in design.
The fatigue assessment should allow accounting the stress cycles resulting from:
e Additional vibrations resulting from the impact of axle loads running at high speed;
e Resonance effects;
e Free vibrations observed after the passage of the trains.

For the fatigue assessment, the range of speeds to be considered should go up to the Maximum
Nominal Speed. That Maximum Nominal Speed should take into account future increments of
the operation speed, due to modifications to the infrastructure and rolling stock.

The increment on the computed dynamic response (stresses, displacements, accelerations,
among others) due to track defects or rolling stock imperfections should be estimated by

multiplying the computed effects by:
(1+¢"/2) (3.2)
for a track with good maintenance, or:
(1+¢" (3.3)

for a track with normal maintenance, with ¢" defined in EN 1991-2, Annex C and never

considered lower than zero.

In the case of structures that bear multiple tracks, the fatigue load should be applied to a
maximum of 2 tracks, simultaneously, on the most unfavourable positions.
3.2.3 Fatigue strength

The fatigue strength of structural steel components is given by series of S-N curves,
log(Aog) vs.log(N) and log(Azg) vs.log(N), presented in Eurocode 3 (CEN, 2004) and
expressed in terms of characteristic values. Thus, both the strength to direct, o, and shear, z,

stresses can be considered.

Three different stress range levels characterise those strength curves:
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e Aop — Constant amplitude fatigue limit: direct stresses range below which no damage
occurs, assuming constant amplitude loading. When variable amplitude loading
occurs, no damage will be observed if all the stress cycles have a range lower than this

value;

e Ao or Ar; — Cut-off limit: value of direct or shear stress range below which cycles do

not contribute to the damage accumulation;

e Ao or At — Detail category: reference strength to fatigue, corresponding to 2 million
constant amplitude load cycles (N = 2x10°). This value identifies each S-N curve

present on Eurocode 3.

The S-N curves present in EN 1993-1-9 are meant to be applicable for analysis using nominal

stresses.

3.2.3.1 S-N curves for normal stresses
The S-N curves for direct stress ranges, Ag;, may present two different configurations:

e |f the actuating direct stress is composed by constant amplitude cycles, the curve is
characterised by a single linear trend, with a 1/3 slope and initiating at N = 5 million
cycles. For lower stress ranges no fatigue damage occur. That curve configuration is
applicable also when variable amplitude intervals are present but do not exceed Aop,.

In that case, no damage occurs;

e If the direct stresses are composed by variable amplitude cycles and at least one of
those cycles has a stress range higher than Ao, then the S-N curve has 2 linear trends,

with slopes of 1/3 and 1/5, respectively.

EN 1993-1-9 defines 14 S-N curves for direct stresses, corresponding to 14 different fatigue
strength levels. Each curve is designated and identified, as mentioned before, by its reference

value, Aoc.
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The design value of the S-N curves are obtained by dividing Ao, by the partial factor for

fatigue strength, Vagr Then, when only constant amplitude cycles are present or when the

maximum stress range is lower than Ac;,/ Vagp the generic expression for the S-N curve is:

+00 & Ag; < Aop

3
6. (Aon/ 1y
5x%10 ( - )

Oi

vy

N, =
— AO-D/J} .SAO'I'
Mf

(3.4)

When variable amplitude cycles occur and at least one of them has a stress range higher than

Aop/ Vagp the generic expression for the S-N curve becomes:

(+o0 < Ag; < AUL/ny
. [
5x106' (AO’D—/VM)() — AGL/y <Ag; < Adp y
Ag; Mf Mf
3
5x10°- (AD—/VW) = A"D/ <Ao,
\ Ao; "My !

(3.5)

Some structural details do not fit in any of the 14 S-N curves presented above. In those cases,

in order for the analysis to be conservative, the details are classified one category below the one
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they could be associated to. Those details are identified with the 4o~ designation. Nevertheless,
an alternative assessment can be performed, assuming a higher detail category but imposing, at
the same time, that the value of Ao, is the fatigue strength for 10 million cycles, as illustrated in

Figure 3.5.

log Aog

>

2x10° 5x10° 107
T log N

Figure 3.5 - Alternative strength curve for details with special classification, 4o~ (CEN, 2004).

The fatigue strength of some types of structural details are especially dependent on
dimensional parameters such as, e.g., the thickness of their components. In those cases, the

Eurocode foresees a reduction on fatigue strength, by means of a coefficient, ;:
AO-C, red — ks 'AO-C (36)
3.2.3.2 S-N curves for shear stresses

The S-N curves for shear stress ranges, At;, are characterised by a linear segment with a slope
of 1/5 and a cut-off of Az; defined at 100 million cycles. The shear stress S-N curves are
designated by their fatigue strength at 2 million cycles (Az.), in the same way as direct stress S-N
curves. In the EN1993-1-9 only 2 shear stress S-N curves are presented, for 2 distinct detail

categories (Figure 3.6).
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Figure 3.6 - S-N curves for shear stress ranges (CEN, 2004).

Also in this case, the design values are obtained from the characteristic values, dividing them

by Vasr The generic expression for fatigue life, V;, for stress cycles with ranges of Az;, is, then:

+00 =A< Az
Mf

N,= 5 (37)
2x10°- (ATC_/VMf> At > ATL/y
A My

3.2.3.3 Partial safety factor for fatigue

The value of the partial safety factor for fatigue strength, Vagp depends on 2 different factors:

e Accessibility of the detail during inspection and maintenance procedures;

e Consequences of the collapse of the structural detail for the global stability of the
structure.

The EN 1993-1-9 standard proposes 2 different approaches to the problem of fatigue:

e Damage tolerant — This approach requires the structure to be redundant, with loads

redistribution and global stability being guaranteed in case of failure of the structural
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element. It also requires the existence of regular maintenance and of good accessibility
to the details for inspection and repair;

o Safe life — This approach is adequate for structures and/or elements without structural
redundancy and/or with reduced accessibility to inspection and repair. The structure
should have a safety level for the Service Limit State to Fatigue equal to those of

Ultimate Limit State verifications.

Distinguishing these different concepts, Eurocode presents 4 possible values for Y

Table 3.5 - Partial safety factor for fatigue strength, Vagy (CEN, 2004).

Consequence of failure
Low consequence | High consequence
Damage tolerant 1.00 1.15
Safe life 1.15 1.35

Assessment method

3.2.3.4 Detail categories

The detail categories presented in Eurocode 3, part 1-9, fit in the following groups:
e Plain members and mechanically fastened joints (Table 8.1 of EN 1993-1-9);
e Welded built-up sections (Table 8.2 of EN 1993-1-9);
e Transverse butt welds (Table 8.3 of EN 1993-1-9);
e Weld attachments and stiffeners (Table 8.4 of EN 1993-1-9);
e Load carrying welded joints (Table 8.5 of EN 1993-1-9);
e Hollow sections (Table 8.6 of EN 1993-1-9);
e Lattice girder node joints (Table 8.7 of EN 1993-1-9);
e Closed stringers at orthotropic decks (Table 8.8 of EN 1993-1-9);
e Open stringers at orthotropic decks (Table 8.9 of EN 1993-1-9);
e Top flange to web junction of runway beams (Table 8.10 of EN 1993-1-9).

On Table B.1 of Annex B of the EN 1993-1-9 standard, other detail categories are defined,

for use with geometric stresses:

e Toes of butt welds;
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Toes of fillet welded attachments;

Toes of fillet welds in cruciform joints.

As an example, Tables 8.4 and B.1 of EN 1993-1-9 are presented below.
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Figure 3.7 - Details described in “Table 8.4: Weld attachments and stiffeners” of (CEN, 2004).
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Figure 3.8 - Details described in “Table B.1: Detail categories for use with geometric (hot spot) stress

method” of (CEN, 2004).

3.2.4 Determination of actuating stresses

Eurocode 3 contemplates three different definitions of actuating stresses:

e Nominal stress — “The stress in the parent material or in a weld adjacent to a potential

crack location, calculated in accordance with elastic theory and excluding stress

concentration effects” (Figure 3.9);
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Figure 3.9 - Nominal stress example (ESDEP, 1996).
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e Modified nominal stress — “A nominal stress multiplied by an appropriate stress
concentration factor, k5 to allow for a geometric discontinuity that has not been taken

into account in the classification of a particular construction detail” (Figure 3.10);

Ao K,

Ao Ao

HHHHHTH T
HEHHH I

Figure 3.10 - Modified nominal stress example.

e Geometric stress — “The maximum principal stress in the parent material adjacent to
the weld toe, taking into account stress concentration effects due to the overall

geometry of a particular constructional detail” (Figure 3.11).

_____ ] Notch stress superimposed
Brace |/ on structural stress
wall ;{
r /‘ ~ Linear extrapolation
/ of structural stress
Hot /
spot
stress
‘ Chord wall

N N N\

Figure 3.11 — Geometric (hot spot) stress (Radaj et al., 2006).

The finite element models developed with the intent to reproduce the nominal stresses

actuating on the structures, should allow to account with all the effects namely distortion and

69



Chapter 3

secondary effects, and should be based on the linear elastic analysis of the elements and their

connections.

In the case of hollow section lattice girders, models are typically very simple, assuming hinged
connections. The secondary moments can be considered, in a simplified way, by introducing a
factor, &, that should be multiplied by the stresses obtained with the simplified model. Values

of k, are available in EN 1993-1-9:

Table 3.6 - Example of &, factors, for circular hollow sections, in order to account for secondary
moments (CEN, 2004).

Type of joint Chords Verticals Diagonals
o K type 1.5 1.0 1.3
C‘l( I
ap jomts N type / KT type 15 1.8 14
o i K type 1.5 1.0 1.2
Overls :
dverlap Jomts e R T e L5 1.65 1.25

Any geometric particularity of a detail, capable of inducing stress concentrations in the
mentioned detail additional to those already forecasted in the Eurocode, should be accounted for

by the introduction of a concentration factor, k.. The resulting stress is the designated modified

nominal stress.

For the fatigue strength assessment at base material, the relevant stresses are the direct stress,

o, and the shear stress, 7. At the welds, the relevant stresses are the direct stresses perpendicular
to the welds, o,,,= gif+ Tif and the shear stresses parallel to the same axis, z,,,= 7, defined

according to Figure 3.12.

relevant stresses Gr relevant stresses 153

Figure 3.12 - Relevant stresses at fillet welds (CEN, 2004).
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In the case of non-welded details or stress-relieved welded details and whenever compressive
stresses occur at the load cycles, effective values of stress ranges can be computed. The effective
stress range results from summing the maximum tension stress with 60% of the maximum
compressive stress. The consideration of the effective value of the stress ranges is only possible

if the permanent loading is also taken into account in the analysis.
In the case of Class 4 sections (potential local instability for stresses lower than the yield
stress) the actuating stresses should be computed in accordance with EN 1993-1-5.
3.2.5 Assessment methods
3.2.5.1 Equivalent constant amplitude stress range method

32511 Applicability conditions

This assessment methodology uses some significant simplifications, namely the consideration
of standard traffic scenarios and the computation of the equivalent constant amplitude stress

range using damage equivalent factors that result from parametric studies.

For this methodology to be applicable, the bridge should fit the requisites that allow avoiding
the dynamic analysis. Furthermore, the real traffic must be adequately reproduced by the standard
traffic mix scenarios presented by EN 1991-2: normal traffic mix, heavy traffic mix and light

traffic mix.
3.25.1.2 Fatigue verification

Fatigue assessment, according to the equivalent constant amplitude stress range (CEN, 2006),

consists in the verification of the following conditions:

ny-AaEz < Aac/ny (3.8)
and

VAT SArc/ny (3.9)
where:

o =1 is the partial factor for equivalent constant amplitude stress range (affects

Vry
fatigue loading) (CEN, 2006);
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o Aop =12D Aoy and Aty =AP-Ar,; are the equivalent constant amplitude stress

ranges for N = 2 x10° cycles of direct and shear stresses, respectively;

e 1 is the damage equivalent factor, defined in (CEN, 2006) and described in the

following section;

e Ao7; and Az, are the maximum stress ranges, obtained by positioning the load model

LM71 in the most unfavourable positions for the direct and shear stresses, respectively.

When there is a simultaneous action of direct and shear stresses, Aoy, and Azg,, the following

condition should be observed:

Ao\ 3 Ar\S
(VFfA EZ) +(nyA Ez) <1 (3.10)

AJC/ny ATC/ny

unless special reference to a different assessment method is made in the detail classification

tables.
3.25.1.3 Damage equivalence factor - 4
The damage equivalence factor, 4, for railway bridges with a span up to 100m, should be
determined according to the following expression (CEN, 2006):
A=A Ay Ay Ay < 1.4 (3.11)
where:

e A, is the factor that accounts for the type of traffic and that depends on the length of

the influence line of the detail under analysis;
e }, isthe factor that accounts for different volumes of traffic (traffic intensities);
e J; is the factor that accounts for the design life of the structure;

e ], is the factor accounting for simultaneous traffic, in bridges that have more than 1

track.

When determining 4,, the critical distance of the influence line should be determined
according to the section 9.5.3 of EN1993-2. The corresponding values of 4,, in accordance with

the type of traffic, are represented in Table 3.7.
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Table 3.7 - 4, for different traffic scenarios (CEN, 2006).

Express multiple units | Rail traffic
and underground with 25 t axles
L EC Mix L Type 9 Type 10 25 t Mix
0,5 1,60 0.5 0,97 1,00 1.65
1,0 1.60 1.0 0,97 1,00 1,65
1,5 1,60 1.5 0,97 1,00 1,65
2,0 1.46 20 0,97 0,99 1.64
25 1,38 25 0,95 0,97 1,55
3,0 1,35 3.0 0,85 0,94 1,51
3.5 1,17 35 0,76 0,85 1,31
4.0 1,07 40 0,65 0,71 .16
4.5 1,02 4.5 0,59 0.65 1,08
5,0 1,03 5.0 0,55 0,62 1,07
6,0 1.03 6,0 0,58 0,63 1,04
7,0 0,97 7.0 0,58 0,60 1,02
8.0 0,92 8.0 0,56 0,60 0,99
9,0 0,88 9.0 0,56 0,55 0,96
10,0 0,85 10,0 0,56 0,51 0,93
12,5 0,82 12,5 0,55 0.47 0,90
15,0 0,76 15,0 0,50 0,44 092
17,5 0,70 17,5 0,46 0.44 0,73
20,0 0,67 20,0 0,44 0,43 0,68
25,0 0.66 25,0 0,40 0.41 0,65
30,0 0,65 30,0 0,37 0,42 0,64
35,0 0.64 35.0 0,36 0.44 0,65
40,0 0,64 40,0 0,35 0,46 0,65
45,0 0,64 45,0 0,35 047 0,65
50,0 0,63 50,0 0,36 0,48 0,66
60,0 0,63 60,0 0,30 0,48 0,66
70,0 0,62 70,0 0.40 0.49 0.66
80,0 0,61 80,0 0,39 0,49 0,66
90,0 0.61 90,0 0,39 0.48 0,66
100 0.60 100,0 0,40 0,48 0,66

The values of 1,, as a function of the annual volume of traffic, are presented in Table 3.8,
while the values of 15, as a function of the design life of the bridge, are presented in Table 3.9.
As can be observed the reference traffic volume is 25 million t/year and the reference design life

is 100 years.

Table 3.8 - A, for different traffic volumes (CEN, 2006).

Traffic per year [10° t/track]] 5 10 15 20 25 30 35 40 50
A 0,721 0,83 [ 0,90 | 0,96 [ 1,00 [ 1,04 | 1,07 | 1,10 | 1,15

Table 3.9 - A5 for different design lives (CEN, 2006).

Design life [years] 50 60 70 80 90 100 120
A 0,87 0,90 0,93 0,96 0,98 1,00 1,04

The values of 4, are given by the following expression:

dy= i/n+[l-n]-[a5+(l-a)5] (3.12)
where:

e a= Ao, /Aoy, 1S the ratio between the stress in the detail when only one track is
loaded and the stress in the same detail when both tracks are loaded:;
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e n is the percentage of simultaneous traffic over the bridge. If n is not specified and/or

no other information is available, a value of n = 12% should be adopted.

Table 3.10 presents the values of A, for n=12% and for different values of Ac, /Ac/.».

Table 3.10 - 44 for n=12% and for different values of Ag| /Ac:, (CEN, 2006).

AGI/AG 1,00 0.90 0.80 0.70 0.60 0,50
A 1,00 0,91 0,84 0,77 0,72 0,71
Aoy is the stress range at the section to be checked due to load model 71

on one track;

Agy,, is the stress range at the same section due to load model 71
according to EN 1991-2 on any two tracks.

3.2.5.2 Linear damage accumulation method
3.25.21 Applicability conditions

This is the most comprehensive method for the fatigue analysis present in the Eurocodes. It
can be used in most of the cases, but its applicability may be conditioned by the type of details
existing in the structure to be analysed, since the range of details covered by the Eurocodes is

limited.

Nevertheless, it is also the more complex and time consuming method of analysis, since it
requires the dynamic or quasi-static analysis of the structure and obtaining the corresponding
structural response at the critical detail, for the real traffic or standard traffic mixes.

3.25.2.2 Fatigue verification

The fatigue assessment using the damage accumulation method, consists in the verification of
the well-known Palmgren-Miner rule (CEN, 2004):

D= 2; <1 (3.13)

where:

e n; is the number of stress cycles of stress range equal to Ag;, resulting from loading. »;
should be computed considering all the design life of the structure and the traffic type

and traffic intensity evolutions forecasted,;

e N, is the fatigue strength for stress cycles with a constant range of Ag;.
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The steps required for the fatigue analysis using linear damage accumulation, are presented in
the Annex A of (CEN, 2004). Those steps are:

In the same document a chart illustrates the global process (Figure 3.13).

Definition of the loading events, after characterization of the traffic scenarios;

Determination of the stress histories, at the details;

Stress cycles counting using an appropriate methodology, such as the rainflow method,;

Determination of the histogram of stress ranges (»;);

Identification of the S-N curve that better represents the fatigue strength of the detail

and computation of the constant amplitude fatigue strength for each stress range (N,).

Damage computation using the Palmgren-Miner rule.

a) Loading sequence:
Typical load cycle
(repeated n-times in the
design life)

Y

AVANEEEVAN
<7

p.A

—

Iy

b) Stress history at detail

G /\/\/V/\

¢} Cycle connting (e.g.
reservoir method)

d) Stress range spectrum

L P

zy

€) Cycles to failure

log A

Aa,

Ay
Aoy
Ay

N, MNaN; N,

log N

f) Damage summation
(Palmgren-Miner rule)

n, n, 10, n; 0, _
i e I R N S 0 N

“~N, N, N, N, N,

Figure 3.13 - Workflow of the linear damage accumulation method (CEN, 2004).
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3.3 FATIGUE ASSESSMENT ACCORDING TO OTHER INTERNATIONAL
STANDARDS

3.3.1 BS5400 - Steel, concrete and composite bridges. Part 10. Code of practice for fatigue

3.3.1.1 Introduction

The British Standard BS5400 — Steel, concrete and composite bridges was recently superseded
in UK by the Eurocodes. Nevertheless, its Part 10 — Code of practice for fatigue (BSI, 1980) is
worth analysing since it considered additional aspects of the fatigue behaviour of bridges when

compared with the Eurocodes, namely:
e Additional structural details are categorised;
e Probability of failure can be modelled explicitly;
e Workmanship and inspection are considered directly in details categorization.

These differences are analysed next.

3.3.1.2 Standard fatigue loads and load cases
BS5400 defines two types of standard railway bridge live load:

e RU loading — allows for all combinations of vehicles currently running or projected to
run on railways in Europe and is to be adopted for the design of bridges carrying main

line railways of 1.4m gauge and above;

e RL loading — it is a reduced loading for use only on passenger rapid transit railway

systems on lines where main line locomotives and rolling stock do not operate.

For the RU loading, three different standard traffic mixes are defined: heavy, medium and
light, which is similar to the approach used in the Eurocodes. For the RL loading, one standard
traffic mix is defined. These traffic mixes correspond to different combinations of 15 standard
fatigue trains (which compares with the 12 standard fatigue trains presented in the Eurocodes).

Figure 3.14 and Figure 3.15 show two examples of the standard fatigue trains used by BS5400.
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L B B R B8 R

—_—A e i— A — A A 1 —— A —— A
6x20 2x7 2x7 4x20 2x7 65x20 4x20 t

FHF%_H%_{__LF,{iA s i P o PP 2 B ! | H

t LK [ RREEEEEEE ted
21 4L 21 6.5 65 18 128 18 6.5 21 44 21 18 128 18
— A A M- AA— m
21 21 45 38 37 3.7 46 21 21 45
L-B-B-R-B-B-8-B-B-B-B-B-B-B-S-R-B-B-R-B-B-8-B-S
9 Mixed freight total load = 852t V=120km/h

Figure 3.14 — Example of train (Train 9) considered in RU type of loading (BSI, 1980).
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Figure 3.15 - Example of train (Train 1) considered in RL type of loading (BSI, 1980).

Another difference between these standards is that the traffic mixes in the BS5400 have a total
annual tonnage of 27 million t, which is higher than the 25 million t considered in the Eurocodes.

Tables 3.11 to 3.14 summarise the contribution of each train to the total annual tonnages of each
traffic mix.

Table 3.11 - RU loading: heavy traffic mix (adapted from BSI (1980)).

. Totaltrain Number of trains 0w annual
Train

weight [t] per annum tc[)?geatglje Description
7 1120 4821 5.4 Heavy freight
8 1120 7232 8.1 Heavy freight
9 852 15845 135 Mixed freight
Total

27.0
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Table 3.12 - RU loading: medium traffic mix (adapted from BSI (1980)).

. Total train  Number of trains Total annual .
Train - tonnage Description
weight [t] per annum 106 1]
5 600 22500 13.5 Diesel hauled passenger train
7 1120 2411 2.7 Heavy freight
8 1120 6027 6.75 Heavy freight
1 1794 2257 4.05 Steel train
Total 27.0
Table 3.13 - RU loading: light traffic mix (adapted from BSI (1980)).
. . Total annual
Train Tot_al train  Number of trains tonnage Description
weight [t] per annum [10° 1]
1 1794 752 1.35 Steel train
2 372 14516 5.40 Electric multiple unit
3 344 23546 8.10 Southern Region suburban
4 172 47093 8.10 Southern Region suburban
5 600 4500 2.70 Diesel hauled passenger train
6 572 2360 1.35 Electric hauled passenger train
Total 27.0
Table 3.14 - RL loading: traffic mix (adapted from BSI (1980)).
. Total train  Number of trains Total annual .
Train . tonnage Description
weight [t] per annum [10° 1]
1 246 11545 2.84 RL Train 1
2 253 54032 13.67 RL Train 2
3 280 9786 2.74 RL Train 3
4 203 6453 131 RL Train 4
5 209 26986 5.64 RL Train 5
6 231 3463 0.80 RL Train 6
Total 27.0

Besides the vertical and centrifugal forces considered by Eurocodes, the BS5400 also
considers the impact and lurching forces. In welded members the dead load stress does not need
to be considered. In non-welded members the dead load stress may be considered if the effective

stress range is to be computed (when compression stresses occur).
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3.3.1.3 Fatigue strength
3.3.131 S-N curves

BS5400 defines the strength of details to fatigue in the form of S-N curves, similarly to
Eurocode 3. These S-N curves relate normal or tangential stress range, denoted or, to the

corresponding number of cycles to failure, N. They are defined generically by Figure 3.16.

static limitation

Constant amplitude loading in

/ clean air

stress range - log scale

|
I
I
I
I
I
|
I
I

10 X Endurance N (cycles) - log scale

Figure 3.16 - Typical or — N relationship (BSI, 1980).

As can be observed only one stress range characterises the S-N curve, which is:

e ¢, — Constant amplitude non-propagating stress range. This concept is identical to the
one in Eurocode 3 (Aop). It reflects the understanding that under fluctuating stress of
constant amplitude, there is a certain stress range below which an indefinitely large
number of cycles can be sustained. Nevertheless, the constant amplitude
non-propagating range, o, is defined for N = 107 which differs from the N = 5x10’

adopted in the Eurocode.
The S-N curves can have two configurations:

e When the applied fluctuating stress has constant amplitude, the S-N curves are
characterised by a single curve with slopes varying according to the detail category. It
is defined as 1/3 for detail classes W, G, F2, F, E and D, 1/3.5 for detail class C, 1/4

for detail class B and 1/8 for detail class S. All of those curves are defined by the stress
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range o, above for N = 10°. This configuration is also applicable to fluctuating stress

with varying amplitude as long as the maximum stress range is always less than o).

e If the fluctuating stress has varying amplitude, so that some of the stress ranges are
greater and some less than g, the S-N curve is characterised by two slopes equal to
1/m and 1/(m+2) respectively (Figure 3.16).

The fact that the BS5400 S-N curves are characterised by only one stress range is a difference
when comparing with the Eurocodes, where the S-N curves are characterised by three distinct
stress ranges, Aop, Ao and Ag; . It is worth mentioning the fact that in BS5400 the several S-N

curves have 4 different slopes, instead of the unique slope defined in Eurocode 3.

Finally, in BS5400 there are only nine S-N curves defined (Figure 3.14), against the 14 S-N
curves for direct stresses defined in Eurocodes. However, in BS5400 there is the possibility of
explicitly considering different levels of probability of failure for each detail type. The design

o z-N relationships should be obtained from Equation 3.14:
N =K, (3.14)

where N is the predicted number of cycles to failure of a stress range o, m is the inverse slope of
the mean-line log(og)-log(N) curve and K. has the values given in Table 3.15. Damage

computation, can then be performed according to Equation (3.15).

nef _n (o \"
) K_z_l_(ﬂ(a_o) when 0,2 0
ﬁ: ™2 a2 (315)
r _ r
Ko —1—07(0—0) when g, < g,

The standard design curve described by Equation (3.15) corresponds to a probability of failure
of 2.3% within the design life. To account for different probability of failure, Equation (3.15)
may be written in the following way:

N-o = Ky-A? (3.16)

where Ko is the constant term relating to the mean line of the experimental tests results, 4 is the
reciprocal of the anti-log of the standard deviation of log(N) and d is the number of standard
deviations below the mean-line. The values of Ko and A are also defined in Table 3.15. The
standard design or-N curve corresponds to a probability of failure of 2.3% within the design life.

For other values of probability of failure the value d should be as described in Table 3.16.
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Table 3.15 — o,-N relationships constants (adapted from BSI (1980)).

Class m N /r??mz] Kz Ko 4
W 3 25 0,16x102 0,37x10% 0,654
G 3 29 0,25x10*2 0,57x10%? 0,662
F2 3 35 0,43x102 1,23x10%? 0,592
F 3 40 0,63x10%2 1,73x10%? 0,605
E 3 47 1,04x10%?  3,29x10'? 0,561
D 3 53 1,52x10*  3,99x10% 0,662
C 3.5 78 4,23x10%% 1,08x10% 0,625
B 4 100 1,01x10% 2,34x10%° 0,657
S 8 82 2,08x10%?  2,13x10% 0,313

Table 3.16 - Probability factors (adapted from BSI (1980)).

Probability of failure [%6] d
50,0 0,0
31,0 0,5
16,0 1,0
2,3 2,0
0,14 3,0

Figure 3.17 summarises the mean-line S-N curves available in BS5400 while Figure 3.18

gives an example of the impact of assuming different probabilities of failure for a certain S-N

curve.
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Figure 3.17 - Summary of mean-line or — N curves (adapted from BSI (1980)).
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Figure 3.18 - or — N curves of detail class E for different probabilities of failure (adapted from BSI
(1980)).

3.3.1.3.2 Detail categories

The details are classified according to Table 17 of BS5400. This table is divided into three
parts which correspond to the three basic types into which details may be classified:

a) Non-welded details;

b) Welded details on surface of member;

c) Welded details at end connections of members.

As an example, an extract of non-welded details classification is presented in Figure 3.19. The

fatigue strength classification of each part of a detail depends upon the following:
e direction of the fluctuating stress relative to the detail,
¢ location of possible crack initiation;
e geometrical arrangement and proportions of the detail,;

e methods of manufacture and inspection.
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BS5400 classifies some details not covered in the Eurocodes. One example is the classification

of riveted connections.

Details not fully covered in BS5400 should be treated as class G, or class W for load carrying
weld metal, unless a superior resistance to fatigue is proved by special tests. Such tests should be

sufficiently extensive to allow the design of o,-N curve to be determined.

13* 14° 18* 16*
8¥ ct Dt

- 8
Key. Typical crack location ‘m—sesm Cut edge NI Fastener @ Direction of stress fluctuation M=% \

Figure 3.19 - Example of classification of hon-welded details (BSI, 1980).

3.3.1.4 Determination of actuating stresses

The type of stresses foreseen in BS5400 are similar to the ones considered in the Eurocode 3,

namely nominal stresses and modified nominal stresses, calculated using elastic theory.

The stress range in a plate or element to be used for fatigue assessment is the greatest algebraic
difference between principal stresses occurring on principal planes not more than 45° apart in

any one cycle.

For non-welded details, where the stress range is entirely in the compression zone, the effects
of fatigue loading may be ignored. For non-welded details subject to stress reversals, the stress
range should be determined as previously stated. The effective stress range to be used in the
fatigue assessment should be obtained by adding 60% of the range from zero stress to maximum

compressive stress to that part of the range from zero stress to maximum tensile stress.

The reference stress for fatigue assessment should be the principal stress in the parent metal
adjacent to the potential crack location, as shown in Figure 3.20. Principal stresses adjacent to
the potential crack location should be used. Stress concentration is to be included according to
Table 17 of BS5400 or special analysis and factors given in Appendix H of the same standard
(Figure 3.21).
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Figure 3.20 - Reference stress in parent metal (BSI, 1980).
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Figure 3.21 — Example of stress concentration factors provided in Appendix H of BS5400 (BSI, 1980).

3.3.1.5 Assessment methods

According to BS5400 - Part 10 the structural components of bridges that are subjected to
dynamic loading (varying stresses) should have the fatigue behaviour assessed through one of
the two methods described in the same standard:

e Assessment without damage calculation (simplified method) — this method is similar
to the equivalent constant amplitude stress ranges method presented by the Eurocodes.
It is applicable to parts of bridges with classified details and which are subjected to
standard loadings. It determines the limiting value of the maximum range of stress for

the specified design life;

e Assessment with damage calculation — this method is identical to the linear damage
accumulation method also presented in the Eurocodes. Therefore, it is a more precise
alternative to the previous method. It involves a calculation of Miner’s rule and it can

be used for any detail for which the S-N curve is known and for any load spectra.
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The Standard assumes a design life of 120 years.
3.3.151 Simplified method of fatigue assessment without damage calculation

This method should only be used when the following conditions are satisfied:
e the detail category is in accordance with Table 17 of BS5400;

e the loading of the bridge is well represented by the standard railway bride loading of
BS5400.

According to the above mentioned standard, the following procedure should be used:
a) Apply the standard loading;

b) Determine the maximum and minimum values of stress op max and op min, OCCUrring at the

detail being assessed;
c) Determine the maximum range of Stress or max = Gp max-Gp min;
d) Obtain the appropriate limiting stress ot from Equations (3.17) or (3.18):
or =k ky'ksy ks ks o for RU loading (3.17)
or = ki kyky ks kg0 for RL loading (3.18)
where:

e ki takes into account the design life of the structure. ks = 1 if the design life is 120

years, otherwise ki should be the lesser of Equations (3.19) and (3.20):

(design life [years]) (319)
(design life [years]) (320)

e k> takes into account the number of stress cycles per loading event. k, = 1 if the loading
event produces only one cycle of stress. Otherwise, the number of cycles should be
counted using a cycles counting procedure, such as the reservoir method and the value
of ko should be obtained from:

b= (1 ()" + ()" +.) (3.21)

OR1 OR1

3=
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where oz, oo, 0g3, and so forth are the stress ranges in descending order of magnitude
of each individual cycle produced by the approach, passage and departure of a unit
uniformly distributed load.

e kstakes into consideration the length of the influence line of each structural component
under analysis, for RU loading;

e k4 takes into consideration the annual traffic tonnage per track, over the bridge;

e ks takes into consideration the effects of simultaneous loading of more than one track,

when the bridge holds more than one track;

e ke takes into consideration the length of the influence line of each structural component
under analysis, for RL loading.

As it can be observed, the different k; factors are the equivalent, in BS5400, to the damage

equivalence factors used in Eurocode 3.

According to this method, each detail is considered to have a fatigue life in excess of the
specified design life when:

o <o 3.22
R max T ( )

When comparing this assessment method, in BS5400, with the equivalent constant amplitude
stress range method presented in Eurocode 3, it can be seen that there is no equivalent load to the

LM71. Instead, the standard loading mentioned in section 3.3.1.3 is used.
3.3.15.2 Method with damage calculation

This method is similar to the linear damage accumulation method proposed in Eurocode 3. It
involves computing fatigue damage through the application of Palmgren-Miner’s rule and may

be used for any detail for which the oz — N relationship is defined.

Where the loading does not comply with the standard loading, the appropriate train should be
traversed across the structure and the resulting stress histories should be analysed using a cycles

counting method, such as rainflow method, to derive the respective stress ranges spectra.

In assessing an existing structure the design spectrum may be compiled from strain readings
or traffic records. Where a non-standard loading is used or stress ranges are obtained from strain

gauges readings, the design spectrum should be divided into at least 10 equal intervals of stress.
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The total damage computed for the traffic scenario considered and for the design life adopted
should not exceed 1 for the fatigue life of the detail to be acceptable (see Equation (3.13)).

3.3.2 AASHTO - LRFD Bridge Design Specifications

3.3.2.1 Introduction

The AASHTO (American Association of State Highway and Transportation Officials)
standard is the reference standard in the United States for highway bridge design. Because of its
focus on highway rather than railway traffic, it is not an adequate point of comparison with
Eurocodes in terms of loading. Nevertheless, it presents its own details classification proposal
and fatigue S-N curves which are worth comparing with Eurocode 3. Moreover, its specifications
concerning fatigue complement the Eurocodes in some aspects, namely, the explicit distinction
between load induced fatigue and distortion induced fatigue and the inclusion of considerations
concerning fracture and toughness of the materials. These differences are detailed in the next

sections.

3.3.2.2 Standard fatigue loads and load cases

AASHTO LRFD Bridge Design Specifications does not include provisions for bridges used
solely for railways. Namely, the railway load models and traffic mixes that should be used for

the fatigue assessment of railway bridges are not specified.

Nevertheless, it is mentioned that in cases where the bridges carry both highway and railway
the owner shall specify the transit load characteristics and the expected interaction between rail
transit and highway traffic. These may include loads, load distribution, load frequency, dynamic
allowance and dimensional requirements. However, the bridge should not have less strength than

if designed as a highway bridge of the same width.

According to AASHTO, the fatigue load combination to be used should include the dynamic
live load and the centrifugal forces, if applicable. Different load factors shall be applied
depending on the design philosophy. If infinite fatigue life is aimed, the Fatigue | load
combination and corresponding load factor should be adopted. If finite fatigue life is allowed,
the Fatigue 11 load combination is to be considered (Table 3.17).
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Table 3.17 — Load combinations and load factors (AASHTO, 2012).

DC Use One of These at 2 Time
DD
Dw
EH
EV Ir
ES I
EL CE
Load PS5 BR
Combination | CR PL
Limit State SH LS W4 | W5 | WL | FR I Iz | SE | EQ BL IC T CcV
Strength I ¥, 175 | 100 [ — | — | LO0 | 050020 | vy | Yee | — — — — —
{unless noted)
Strength T ¥, 135 {100 [ — | — | 100 | 0507120 | v | ye | — — — — —
Strength I Ye — | 100 [ 14 | — | LOO | 0507020 | v | v | — — — — —
0
Strength TV ¥, — |1l | — | — | Loo |05l | — | — — — — — —
Strenpth V ¥, 135 (100 [ 04 | 10 | 1.00 | 050120 | v | ¥ee | — — — — —
0
Extreme ¥, vEQ | 100 | — | — | 100 — — | — | L0 | — —_ —_ —
Erent I
Extreme ¥, 050 | 100 | — | — | 10D — — | — — 100 | 100 | 1.00 | 1.00
Event IT
Service I 100 | 100 | 100 | 03 | LO | LOO [ L0020 | ve | e | — — — — —
0
Senvice I 100 | 130 ) 100 | — [ — [ 100100120 — | — — — — — —
Servics I 100 | 080 ) 100 | — | — [ LoD | 100020 ) wos | e | — — — — —
Service IV 1.00 — o0 | 07 | — | Loo | lo0vl20 | — | 10 | — — — — —
0
Fatipue I— — | 150 | — — | — — — — | — | — — — — —
IL IM & CE
only
Fatigue I— — | 075 ] — — | = — — — | — — — — — —
IL IM & CE
only

3.3.2.3 Fatigue strength

3.3.23.1

S-N curves

According to AASHTO, the nominal fatigue resistance may be calculated through Equation

(3.23):

where:
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A is a constant defined in Table 3.18;

(AF),= (%)% > (M)

(4F)n is the fatigue resistance (in MPa);

N is the number of stress cycles to failure, for cycles with a range of (4F)n;

(3.23)

(4F)TH is the fatigue resistance threshold for constant amplitude stress ranges (MPa),

taken from Table 3.19.
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If the loading on a structural detail is always inferior to (4F)tw it implies that there is no

damage in the detail.

Table 3.18 - Detail Category Constant, A (adapted from AASHTO (2012)).

Detail Category Ax10™ [MPa?]

82.00
39.30
20.00
14.40
14.40
7.21
3.61
1.28

mmoQo®m >

Table 3.19 - Constant Amplitude Fatigue Thresholds (adapted from AASHTO (2012)).

Detail Category (4F)th [Mpa]
A 165.0
B 110.0
B' 82.7
C 69.0
c 82.7
D 48.3
E 31.0
E' 17.9

As it can be observed, the eight different values of A and (4F)TH define, according to Equation
3.23, eight different standard S-N curves (Figure 3.22).
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N-NUMBER OF CYCLES

Figure 3.22 — S-N curves specified in AASHTO standard (AASHTO, 2012).

These curves are applicable to both redundant and non-redundant structural elements. The

differentiation between redundant and non-redundant members is achieved through the
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imposition of a higher toughness requirements to the materials used in non-redundant structural

elements.

3.3.2.3.2

Detail categories

example of the structural details classification is shown in Figure 3.23.

The structural details have been grouped into eight categories by fatigue resistance. An

Constant Threshold
4 (AF L, Potential Crack
Descripfion Category (ksiy k=i Initiation Point Niustratve Examples
Section 1—Plain Materisl sway from Amy Welding
1.1 Base metal, except noncoated A 250 = 10° 24 Aay from all r —
weathering steel, with rolled or welds ar k:"“-a-:::" T
cleaned surfaces. Flame-oat stmactural L S xﬁ"*-‘-t‘-_;_.j
edges with surface roughness Connections 1[:':."-#_: -~ -
wvalne of 1,000 p-in. or less, but o e .
Without Fe-eniTan Comers. Exfi {-ﬁ‘ -
1.2 Moncoated weatherins steel B 120 = 10" 15 Aowvay from all . T ‘_O
base metal with rolled or cleaned welds or
surfaces desigmed and detailed in stmnchral
accordance with FHWA (1989) CONnSCions
Flame-out edges with surface
roughness vale of 1,000 p-in. or
less, but without re-ensrans
COMMETS.
1.3 Member with re-entrant C 4= 100 10 At any external
cormers at copes, outs, block-onts edze
or other peometrical
discontimmities made to the
requirements of A4 SHTOATS
D15, except weld sccess holes.
1.4 Folled cross sections with C Hx 10 10 In the base
weld access holes made to the meal at the
requirements of A4 SHTOATWS re-gntrant
D15, Aricle 32.4. corner of the
weld access
hole
1.5 Open holes in members D 22 = 10° 7 In the net
(Brown et al., 2007). seCtion
originating at
the side of the
hole

Figure 3.23 - Example of detail categories for Load-Induced Fatigue (adapted from AASHTO (2012)).

3.3.2.4 Assessment methods and other considerations

33241

90

Load-induced fatigue

WANS(AF),

For load-induced fatigue assessment, structural details must satisfy Equation (3.24).

(3.24)
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where y is the load factor specified in this standard for fatigue load combination; (Af) is the force
effect, live load stress range (MPa); (4F)n is the nominal fatigue resistance (MPa). For this
purpose, the force effect considered shall be the live load stress range. Alternatively, the
assessment can be performed by the application of the Palmgren-Miner rule.

3.3.24.2 Distortion-induced fatigue

AASHTO provides some design specifications in order for distortion-induced fatigue to be

minimised. Some of those specifications are listed below:

e Load paths which are sufficient to transmit all intended and unintended forces shall be
provided by connecting all transverse members to appropriate components which
comprise the cross-section of the longitudinal member;

e The load paths shall be provided by attaching the various components through either
welding or bolting;

e Connection plates shall be welded or bolted to both the compression and tension
flanges of the cross-section;

e In the absence of better information, the welded or bolted connection should be

designed to resist a 90000 N lateral load for straight, non-skewed bridges.

For lateral connection plates the AASHTO standard specifies minimum distances which are
intended to reduce out-of-plane distortion in the web between the lateral connection plate and the
flange. These requirements reduce potential distortion-induced stresses in the gap between the
web or stiffener and the lateral members on the lateral plate, which could result from vibration

in the latter.
3.3.24.3 Fracture strength considerations

According to AASHTO, all primary longitudinal superstructure components and connections
sustaining tensile stress as well as transverse floorbeams shall require mandatory Charpy V-notch
testing. The appropriate temperature zone shall be determined from the applicable minimum
service temperature, as specified in Table 3.20. Fracture toughness requirements shall be in
accordance with Table 3.21 for the appropriate temperature zone. Moreover, the Engineer shall

have the responsibility for determining which structural elements are fracture-critical members
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(FCM), for which more demanding fracture toughness requirements are to be imposed (Table
3.21). A fracture-critical member is a non-redundant member whose failure is expected to result

in the collapse of the bridge or in the bridge’s inability to perform its function.

Table 3.20 - Temperature Zone Designations for Charpy V-notch Requirements (AASHTO, 2012).

Minimum Service Temperature Temperature Zone
-18 ° C and above 1
-19°Cto-34°C 2
-35°Cto-51°C 3

Table 3.21 - Fracture Toughness Requirements (AASHTO, 2012).

Fracture-Critical Nonfracture-Critical
Min. Test
_ Value
Grade Thickness Energy Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3

(YP/YS) (m.) (fi-lbs.) (ft-lbs. @ °F) | (fi-lbs. @ °F) | (fi-lbs. @ °F) | (fi-lbs. @ °F) | (fi-lbs. @ °F) | (fi-lbs. @ °F)

36 r=4 20 25@70 25 @40 25@ 10 15@ 70 15@ 40 15@ 10

S0/508/50W t=2 20 25@ 70 25 @ 40 25@ 10 15@ 70 15 @ 40 15@ 10

2<i<4 24 30 @ 70 30 @ 40 30@ 10 20 @ 70 20 @ 40 20 @ 10

HPS 50W r<4 24 30@ 10 30@ 10 0@ 10 20@ 10 20@ 10 20@ 10

HPS 70W t<4 28 35@-10 35@-10 35@ 10 25 @-10 25 @ 10 25 @ 10

HPS 100W t=2-1/2 28 35@ 30 35 @ -30 35 @ —30 25 @ -30 25 @ 30 25 @ —30

2-12<t=<4 36 not permitted | not permitted | not permitted 35@-30 35 @30 35 @30

3.3.3 International Institute of Welding — Recommendation for Fatigue Design of Welded
Joints and Components
3.3.3.1 Introduction

The International Institute of Welding (I11W) has its own standard fatigue classification
system, intended for welded details (I11W, 2008). Its focus is on the welded details strength to
fatigue irrespective of the type of loading. Therefore, no standard railway fatigue loading (or

other) is proposed in the same standard.

Concerning the methodologies for the fatigue assessment, a wider range of approaches is

proposed by W when comparing with Eurocodes, namely:
e Nominal stresses approach (also included in Eurocode 3);
e Hot spot stresses approach (also included in Eurocode 3);
e Effective notch stresses approach (not included in Eurocode 3);

e Stress intensity factors approach (not included in Eurocode 3).
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In the current section, only the approaches using nominal stresses and hot spot stresses are
analysed. The approaches using effective notch stresses and stress intensity factors will be

discussed in Chapter 4, as they are considered advanced fatigue assessment methodologies.
3.3.3.2 Fatigue strength
33321 S-N curves

The S-N curves proposed by 1IW are divided into 15 curves for normal stresses and 2 curves

for shear stresses.

In the case of normal stresses, the slope is usually m = 3, unless stated otherwise. The constant
amplitude knee is set at N = 107 cycles and the curves are identified by its fatigue strength, in
MPa for N = 2 million cycles. For constant amplitude stress ranges or variable amplitude stress
ranges where all the cycle ranges are lower than the constant amplitude fatigue limit, the S-N
curves configuration is the one presented in Figure 3.24. For applications with variable amplitude
loading, with part of the cycle ranges exceeding the constant amplitude fatigue limit, 1IW
proposes the continuation of the S-N curve beyond the knee point with a slope of m =5 (Figure
3.25).

Concerning shear stress S-N curves, they have a slope of m = 5 and the knee point is assumed
to be at N = 108 cycles (Figure 3.26).
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Figure 3.24 — S-N curves for normal stresses and standard applications (11W, 2008).
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Figure 3.25 — S-N curves for normal stresses and very high cycles applications (11W, 2008).
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3.3.3.2.2
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Figure 3.26 — S-N curves for shear stresses (I11W, 2008).

Detail categories

I1W classifies an extensive list of details, many of them not present in Eurocode 3. An example

of the details classified in 1IW is shown in Figure 3.27 which refers to nominal stresses. Figure

3.28 presents an example of details classified according to the hot spot stresses.

No. Structural Detail Description FAT | FAT | Requirements and Remarks
(5t.= steel; AL=aluminium) St. Al
200 Butt welds, transverse loaded
211 Transverse loaded butt weld (X-groove | 112 45 All welds ground flush to surface. grinding parallel to
or V-groove) ground flush to plate, direction of stress. Weld run-on and run-off pieces to be
100% NDT used and subsequently removed. Plate edges ground
flush 1 direction of stress. Welded from both sides
. R\\%\\\w » Misalignment = 5% of plate thickness.
Proved free from significant defects by appropriate
NDT
212 Transverse butt weld made 1n shop in 90 36 Weld run-on and run-off pieces to be used and subse-
flat position, NDT quently removed. Plate edges ground flush in direction
weld reinforcement << 0.1 - thickness of stress. Welded from both sides. Misalignment <5%
of plate thickness.
213 Transverse butt weld not satisfying con- | 80 Weld run-en and run-off pieces to be used and subse-
ditions of 212, NDT quently removed. Plate edges ground flush in direction
of stress. Welded from both sides. Misalignment <10%
Al Butt weld with toe angle =50° 32 of plate thickness.
Butt welds with toe angle =50 25

Figure 3.27 — Example of fatigue resistance classification against nominal stresses (I11W, 2008).

95



Chapter 3

similar jomts

No Structural detail Description Requirements FAT | FAT
Steel | Alu.
1 . Butt joint Aswelded. NDT 100 40
)
} ; j »
2 Cruciform or T-joint | K-butt welds, no lamellar 100 40
with full penetration | tearing
L 2 K-butt welds
Ay
3 Non load-carrying Transverse non-load 100 40
fillet welds carrving attachment. not
thicker than main plate, as
T y ;Il welded
4 Bracket ends. ends Fillet welds welded around 100 40
of longitudinal of not. as welded
) stiffeners
\\—I‘—
5 Cover plate ends and | As welded 100 40

Figure 3.28 — Example of fatigue resistance classification against hot spot stresses (I11W, 2008).

3.3.3.3 Assessment methods

W establishes some criteria that, if met, may exempt from a fatigue assessment. Those

criteria are as follows:

e The highest nominal design stress range satisfies Equation (3.25)

AO_S,d < 36 [MPa]/yM

where y,  should be taken from the applicable design code;

e The damage computed according to Palmgren-Miner rule is D < 0.5 when evaluated

using fatigue class FAT 36;

e The highest nominal design stress range is lower than the constant amplitude fatigue

limit, 4or L/ywm, Of the detail.

If these criteria are not met, the fatigue assessment must be performed. In that case, W

proposes the linear damage accumulation method, similar to the Eurocode 3. It also provides the
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expression needed to convert the stress ranges spectra into an equivalent constant amplitude
stress range (Equation (3.26)):

mj . m (mq-my), . m
_ 1 E(niAcy s a™ ) Aoy, o M) B (njAg5.4™2)
Ao-eq,S,d - \/D SntY n; (326)

where:
e D is the specified Palmgren-Miner summation (damage);
* 0,,54 IS the design value of the equivalent constant amplitude stress range;
e m, is the slope above the knee point of the S-N curve;
e m, is the slope below the knee point of the S-N curve;
* ;54 IS the design value of stress ranges above the knee point;
e 05, IS the design value of stress ranges below the knee point;
e o, ,isthe design value of stress ranges at the knee point of the S-N curve;
e pn; is the number of cycles at applied stress range Ag;;
e n; is the number of cycles at applied stress range Ao;.

Finally, the 1IW also proposes a nonlinear damage accumulation method which combines the

current S-N curve concepts with Fracture Mechanics.

3.4 CONCLUDING REMARKS

In this Chapter, different structural design standards were analysed in terms of their fatigue
assessment procedures and recommendations. Since in Europe the Eurocodes are the reference
standards, special emphasis was placed on them. Other codes considered were the BS5400, the
AASHTO Bridge Design Specifications and the W Fatigue Design Recommendations.

It was observed that each code has its proposal in terms of S-N curves and of details
classification. In addition, they all include the possibility of assessing the fatigue damage through
the application of the Palmgren-Miner rule of damage computation. Eurocodes, BS5400 and W
also allow for the computation of equivalent constant amplitude stress ranges, which is

considered a simplified fatigue assessment.
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Nevertheless, when compared with Eurocodes, the other standards complement the

information there available:

e BS5400:

o Includes classification of additional variety of structural details, namely riveted
joints;

o Allows to model the probability of failure explicitly;

o Considers workmanship and inspection conditions directly in the detail
categorization;

o Provides algorithms for computation of stress concentration factors in some
typical details.

e AASHTO:

o Includes classification of additional variety of structural details;

o Distinguishes load induced fatigue from distortion induced fatigue, providing
recommendations in order to the latter to be avoided,

o Establishes the concept of fracture-critical members, for which more
demanding fracture toughness requirements should apply;

o Includes the mandatory assessment of material toughness, in order to
characterise the strength to fracture.

o |IW:

o Includes classification of additional variety of structural details;

o Considers extra assessment methods, namely the non-linear damage
accumulation approach, the effective notch stresses approach and the stress
intensity factors approach;

o Allows the assessment of structural details which already have fatigue cracks
at the time of the fatigue assessment (e.g. cracks found as a result of bridge’s
inspection) through the stress intensity factors (Fracture Mechanics) approach;

o Provides simple rules to assess for the necessity of a comprehensive fatigue
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It can be observed that, with the exception of the 11W, the standards analysed in this Chapter
use simple methodologies, based on S-N curves and on the Palmgren-Miner rule. Those
methodologies present some drawbacks, such as the limited variety of structural details covered
by the standards and the cumbersome task of obtaining new S-N curves for new structural details.
In order to overcome these limitations, more advanced fatigue damage assessment techniques
were developed and can be found in literature. Some of those methodologies are explored in
Chapter 4.
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ADVANCED METHODOLOGIES FOR THE FATIGUE
ASSESSMENT OF STRUCTURES

4.1 INTRODUCTION

The fatigue analysis in Civil Engineering is usually based on S-N curves and in the concept
of linear damage accumulation, as per the Palmgren-Miner rule. As seen in Chapter 3, the
Eurocodes, as most of the standards, use this methodology, presenting categories of details and
the corresponding fatigue strength curves. That approach has, as main advantage, the ease of
implementation and application. It can be considered as a global approach as it deals with

nominal values of the actuating stresses.
Nevertheless, the S-N curves present some limitations:
e The S-N curves used nowadays cover a limited variety of structural details;

e The tests that allow building new S-N curves are performed on real scale details,
making those tests expensive and time consuming and therefore usually incompatible

with the pace of design and construction;

e The results of the tests performed for the determination of S-N curves present a high
dispersion. This is the reason why the adopted curves are, most of the times,
excessively conservative;
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The computation of damage, from S-N curves only gives information about the final

status of the detail and does not give any indication about damage evolution over time;

When a fatigue crack is found, as a consequence of inspection/maintenance activities,
this methodology does not give information about the level of structural risk that it

represents;

The evolution of available commercial FEM software and the steep increase of
computational processing capability led to an increasing use of advanced and detailed
stress analysis, in which the concept of nominal stress loses preponderance when

compared with local stresses.

In order to overcome these constraints, several more advanced approaches arose, which tried

to take into account the local characteristics of geometry, loading and materials. These

approaches are based on:

Structural stresses or structural strains;
Notch stresses;
Notch strains;

Fracture Mechanics and crack propagation laws.

The above mentioned methodologies, which are indicated to assess the strength to fatigue in
different stages of the fatigue damage and/or at different structural scales (Figure 4.1), are briefly

described in the next sections.

Crogs Structural El. notch El-pl. notch Short Long
section discontin. effect effect crack crack
J L
Cyclic Cyclic Cyclic Cyclic Cyclic Cyclic Cyclic
load | nominal || structuralf~] notch }={ notch || J-integral |~ stress
stress stress stress strain intensity
1 ! f 1 ! 1 '
L C @ £ - s} b
"'\3 xg\g\ﬁxaﬁg |
\ '
N N N N N a AK

Figure 4.1 - Range of applicability of different methodologies of fatigue analysis (Radaj et al., 2006).
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From these, only the Fracture Mechanics approach will be dealt with in more detail, as it is
the basis of the advanced technique developed in this work in order to address the fatigue

problem.

4.2 FATIGUE ASSESSMENT BASED ON STRUCTURAL STRAINS AND
STRUCTURAL STRESSES

4.2.1 Introduction

The structural stresses and strains are the maximum principal stresses/strains observed at the
base material surrounding the weld, having into account the stress concentration due to global
geometry of the detail but excluding the stress concentrations originated by the geometry of the

weld.

These structural stresses/strains may be obtained experimentally, measuring with strain

gauges or computed with empiric expressions or finite element models.

The structural stress/strain is sometimes referred to as “geometric” stress/strain. Because the
point where geometric stresses are characterised is a probable point of crack initiation, the
designation of “hot spot” is also used. This is an association with the energy released during the

process of cyclic plastic deformation that anticipates the crack initiation.

4.2.2 General approach

Haibach (Radaj et al., 2006) showed that the measurement of strains with a strain gauge of
reduced dimensions, at a small distance from the weld, allows characterizing the fatigue strength
of welded joints, independently of the type of joint, the shape of the weld and the type of loading.
Its methodology was applied to the analysis of motor vehicles, pressure vessels and cranes among
other types of structures along the line of early work by Peterson (1963) and Manson (1965).
Those developments were the basis of the rules present at AWS (American Welding Society)
(AWS, 2010) and API (American Petroleum Institute) (API, 2014).

Later, Atzori and Meneghetti (2001) performed a parametric analysis of stresses at a cruciform
joint, with the help of finite elements method. Besides confirming Haibach’s theory, that analysis
also allowed understanding that (i) the structural stress is greater the lower the radius of the weld
and (ii) the distance of the strain gauge should be conditioned to a function of the thickness of

the plate under analysis.
103



Chapter 4

Typically, in the most common formulation, the structural stresses/strains are obtained from

linear or quadratic extrapolation of superficial stresses/strains at points near the weld to the weld

toe (Figure 4.2).

/Notch stress superimposed
on structural stress

wall 7}
r%\ ~ Linear extrapolation
- of structural stress
Hot |~
spot

stress

‘ Chord wall ’
N < N\

Figure 4.2 - Structural stress (Radaj et al., 2006).

There are several different proposals for the distances at which the stress/strain measurements

should be performed. Figure 4.3 shows a variety of proposals, for the case of hollow section

connections.

Reference a by, b, b,

Dijkstra, de Back 0.2Vrt 0.65vrt 0.5VRT

Gurney, van Delft 0.4t 0.65+rt 0.4YrtRT

AWS, API 0.Wrt w =

DEn, ECSC, CIDECT 0.4t 1.0t 10T
(a) (b)

Figure 4.3 - Structural stress measurement in hollow section connections (Radaj et al., 2006): (a)
conditioning geometric parameters and (b) proposed distances.

Figure 4.4 presents, also, some reference distances for the strain measurements in welded

connections of plain elements.
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Figure 4.4 - Structural stress/strain measurements in welded connections of plain elements (Radaj et al.,

2006): (a) conditioning geometric parameters and (b) reference distances.

Concerning the use of finite element models, indications about adequate modelling techniques
can be found in several references, allowing to increase the reliability of the results obtained. The
finite element models employed in these applications may use shell or volume elements. In the

latter case, the plates can be modelled with one or several layers of elements across the thickness

(Figure 4.5).

(a) (b)
Figure 4.5 - Example of finite element models of welded connections between plain components and
points for the stress/strain assessment (Radaj et al., 2006): (a) model using shell elements and (b) model

using volume elements.

The results obtained in several analysis and parametric studies performed, allowed defining
laws that relate the structural stresses and the nominal stresses, as a function of a set of geometric
variables and loading, such as those illustrated in Figure 4.6 (Radaj et al., 2006).
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(@) (b)

Figure 4.6 - Geometric and loading variables influencing the definition of stress concentration factors

(Radaj et al., 2006): (a) hollow section connections and (b) cope hole at I-section girder.

The structural stress strength curves can be found in a variety of standards. Figure 4.7 presents,
as an example, the strength curves available in different standards, for a particular type of tubular

joints.
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Figure 4.7 - Structural stress strength curves for tubular joints (Radaj et al., 2006).

4.2.3 Dong’s Approach

The general approach presented above, for determining the structural stress, uses the
extrapolation of surface stresses or strains to the weld toe. Nevertheless, there are other

approaches that use the extrapolation of the stresses through the thickness of the element.

Radaj (1990) showed that the linearization of stresses through the thickness allows obtaining
consistent results for the structural stress in the critical point. Nevertheless, the values obtained
with this approach are, often, slightly higher than those obtained by linear extrapolation at the

surface.
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Later, Dong modified the through thickness linearization procedure in such a way that the
fatigue tests of different specimens would adequately adjust to one single fatigue strength curve
(Dong, 2001). In this case, different linearization schemes should be adopted, for different types

of welded joints, as illustrated in Figure 4.8:

b G, O
v m b
/ ]

Symmetry

(a) (b) (c)
Figure 4.8 - Through thickness linearization of stresses, according to Dong: (a) elements with normal
thickness (Dong, 2001), (b) element with high thickness or welded connection to the lateral surface of a
plate (Dong, 2005) and (c) symmetric welded connection (Dong, 2001).

As it can be understood, the definition of ¢, (Figure 4.8) is of paramount importance in this
methodology. Nevertheless, no evidence was found of one single value being valid for the results

of all the tests. That value should then be adjusted for each test under analysis.

According to this approach, the value of the structural stress in the critical point is obtained
by equilibrium conditions with the shear stresses and direct stresses at a close distance to the
weld toe (Figure 4.9).
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Figure 4.9 - Linearization of stresses according to Dong (Radaj et al., 2006): (a) linearization through

the entire thickness and (b) linearization through a fraction of the thickness.
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The fatigue strength, in the approach proposed by Dong, is assessed using the structural stress
parameter AS, as a function of the number of cycles and defining one single fatigue strength
curve (Figure 4.10). That parameter depends on the structural stress range, Ao;, on the plate’s
thickness, ¢, on the reference thickness, ¢#,, on the parameter m of Paris’ law (see Section 4.5.5)

and on the crack growth integral, 7(5,) (Dong, 2005).
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Figure 4.10 - Fatigue strength curve according to Dong (Radaj et al., 2009).

4.2.4 Xiao-Yamada Approach

This method is adequate for the analysis of fatigue damage initiated at the weld toe. In such
situation, Xiao and Yamada (Xiao and Yamada, 2004) demonstrated that the fatigue life related
with crack propagation may be expressed as a function of the stress measured 1 mm below the
surface, at the expected path of a potential fatigue crack. That stress at 1 mm depth allows
correlating the fatigue strength of the detail with the fatigue strength of a reference specimen
with 10 mm thickness (Figure 4.11).

— Weld Acp

Reference detail
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<=| H = N e e
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(a) (b) (©)
Figure 4.11 - Xiao-Yamada approach (Xiao and Yamada, 2004): (a) reference detail, with t = 10 mm,

(b) plate with dimensions different from reference and (c) corresponding S-N curve.
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4.3 FATIGUE ASSESSMENT BASED ON NOTCH STRESSES

4.3.1 Introduction

The fatigue strength of a structural component depends very much on the severity of its
notches. High stress concentration factors are present around those notches, making those regions
prone to the initiation of fatigue cracks.

The stress concentration factor, K, is determined by the geometry of the detail and by the type
of loading. Concerning the geometry, the relevant parameters are the ratios between the different
dimensions and not the absolute value of those dimensions. Nevertheless, the factor conditioning
the effective fatigue strength is not the stress concentration factor but, instead, the fatigue notch

factor, K, illustrated in Figure 4.12.
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Figure 4.12 - Stress concentration factor (K,) vs. Fatigue notch factor (Ky) (Radaj et al., 2006).

This coefficient takes into consideration the notch microstructural support hypothesis. That
hypothesis states that the maximum stress, computed according to elastic theory, is not decisive
for the crack initiation or propagation. The relevant parameter is the average stress measured in
a small volume with a size dependent on the material (grain structure, micro-plasticity and crack
initiation). The microstructural support occurs in sharp notches but also in smooth notches, as
long as they are small in size. The fatigue notch factor, on the top of the variables that affect the
stress concentration factor, K,, depends also on the notch radius and on the material-dependent

length of microstructural support (Radaj et al., 2006).
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Different approaches for the computation of notch microstructural support can be found in the
literature, namely the stress gradient approach (Adib-Ramezani and Jeong, 2007), the average
stress approach (Topper et al., 1967, Neuber, 1961), the critical distances approach (Metkar et
al., 2011, Righiniotis et al., 2008, Susmel, 2008, Peterson, 1959) and the highly stressed volume
(Sonsino, 1995, Adib and Pluvinage, 2003, Zehsaz et al., 2010, Kuguel, 1961).

Comparative analyses were performed, showing small differences between the different
approaches (Bellett et al., 2005, Crupi et al., 2005, Taylor et al., 2002, Taylor and Wang, 2000,
Susmel, 2014, Mahdavi Shahri and Sandstréom, 2012, Spaggiari et al., 2011). It should be stressed
that some relations were established between the material-dependent parameters characterizing
the microstructural support and the material-dependent parameters intervening on Fracture
Mechanics (EI Haddad et al., 1979a, EI Haddad et al., 1979b, Taylor, 1999, Yin et al., 2015),

namely the threshold stress intensity factor, K.

The notch stress approaches should be used when the approaches based on nominal stresses
or structural stresses are not possible or inadequate. It is particularly useful when performing
parametric studies, on details geometry, at design stage. The simplest assessment procedure, from
those based on notch stress, consists in guaranteeing infinite life to fatigue. Thus, the crack’s
initiation or its propagation must be avoided. For assessment of finite life fatigue strength, this

methodology must be combined with the notch strain and Fracture Mechanics approaches.

The first step of the fatigue analyses is the identification of the most probable location for
crack initiation. A stress analysis at the notch is required in order to determine the elastic stress
concentration factor, which on the other hand will help determining the fatigue crack initiation
life. The stress field on the crack propagation path is needed for the determination of the crack

propagation life (Lawrence et al., 1981).

4.3.2 Critical distances approach

The determination of the notch-induced stress concentration factor, K, can be achieved by
means of stress analyses on a finite element model. The fatigue notch factor, K, is obtained from
K, using the critical distances method proposed by Peterson (1959). The value of K, is reduced
when comparing with K,, mainly on sharp notches, due to the microstructural support effect. That
reduction is dependent on the relation a*/p, where a* is a material-dependent constant and p is

the notch radius. The worst case scenario occurs when a” = p.
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The first step on this approach is the determination of the notch stress concentration factor,
K,. Once K, is defined, it becomes possible to relate the nominal or structural stress values, o,

with the maximum elastic stresses at the notch, oy

K=% (4.1)

On

The maximum notch stress can be obtained by the finite elements method. The stress
concentration factor may also be determined by the finite elements method or, alternatively, using

algorithms or expressions available in the literature (Peterson, 1974).

The following step concerns to the determination of K5 which, in this approach is given by:

Ki-1
1+a*/p

Once the fatigue notch factor is computed, it is finally possible to determine the effective

notch stress, o
o, = Kyo, (4.3)
4.3.3 Notch fictitious radius approach

The notch fictitious radius approach, developed by Radaj (Radaj, 1997), includes the
verification of the microstructural support effect at the root and toe of welds, according to the
microstructural support hypothesis of Neuber. The sharp notches are fictitiously rounded, in

order to achieve, in the notch, the maximum effective fatigue stress. The fictitious radius is given

by:
pleo—FS,Jk (4.4)
where p is the real notch radius, p” is a material constant and s is Neuber’s multiaxial coefficient.

The method is defined for each notch radius. Nevertheless, it is commonly used assuming the
worst scenario, which corresponds to a notch radius equal to zero. For steels, this becomes

P~ I mm.

The employment of this methodology requires, at first place, the computation of the structural
stresses at the root and/or toe of the weld, without considering the notch effect. Subsequently,
the internal forces or stresses are transferred to a plane model of the welded joint, as applied
external loads. The plane model of the joint should have the notches with the fictitious radius, in

order to allow determining the notch fatigue coefficients.
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Figure 4.13 - Notch fictitious radius method: (a) computation of structural stresses (Radaj et al., 2006),
(b) plane model with fictitious notch rounding (Fricke, 2012) and (c) transference of the internal forces
to the plane model (Radaj et al., 2006).

The stresses obtained with this methodology should be compared with the nominal stresses
strength curves.

Kottgen et al. (1987), proposed an update to this methodology. This update included, among

other improvements, setting the notch radius as 1 mm for the case of steel elements.

The determination of K, and of the maximum notch stress is performed in the same manner as
in the previous approach, although considering the fictitious radius. The fatigue notch factor, on

the other hand, is obtained using the following expression:

(4.5)

In some cases, the consideration of a fictitious radius may lead to an exaggerated increase of
stresses, due to the net section reduction effect. In those cases, the notch fatigue factor must be
corrected (Radaj et al., 2006).

4.3.4 Highly stressed volume approach

This approach, proposed by Sonsino (1995), assumes that crack initiation (¢; ~ 0.5-1.0 mm)
in the high number of cycles domain, may be described based on the critical amplitude of local
stress, which depends on the high stress concentration volume. Bigger volumes are linked to
lower critical stresses. Therefore, the quantitative assessment depends on the definition of that
volume. Sonsino uses a depth, below the notch root, where the maximum stress falls to 90% and

a notch surface area containing also that 10% decrease.
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This approach may be extended to cases of multiaxial fatigue by considering an equivalent
stress, such as e.g. von Mises stress.

The determination of K; and of the maximum notch stress is performed in the same way as the
critical distances approach. The notch fatigue factor, on the other hand, is obtained using the

following expression:

Kp= £ K, (4.6)

OkaE

where o, is the material strength limit and o, is the notch strength limit, function of the high

stress concentration volume:
0rag =fVo.9) 4.7)

4.4 FATIGUE ASSESSMENT BASED ON NOTCH STRAINS

4.4.1 Introduction

The notch strain approach allows assessing the fatigue life up to the fatigue crack initiation. It
uses a history of elasto-plastic strains at the root of the notch and compares it with the strain S-N

curve of the material, obtained by testing several un-notched specimens.

The main hypothesis supporting this approach is that the mechanical behaviour of the material
at the notch’s root, concerning to elasto-plastic deformation, localised damage and cracks
initiation, is comparable to the behaviour of a small scale un-notched specimen under axial
loading (Figure 4.14).
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Figure 4.14 - Basic hypothesis of the notch strain approach (Radaj et al., 2006).
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4.4.2 General approach

4.4.2.1 Strength assessment

The strain S-N curves characterise the material fatigue strength using the notch strains and are
determined by adjusting it to the experimental tests on reduced scale specimens, according to
ASTM E606 standard (ASTM, 2012).

|
| ('=1.38
: = Total
2 107
[
o - One test
8 '
oo 2 o' =938 MPa
S 2
o a
E

3 5.2 g /
=4 | c A
= g Elastic
E Elastic I 9 10k el
c | w
© |
) |

I RQC-100 Steel

| o, =758 MPa

|

0.5 Ny 4
10 = 5
10 10 10 10 10 10

Cycles to Failure (log scale)
N;, Cycles to Failure

(a) (b)
Figure 4.15 - Strain S-N curves (Dowling, 2007): (a) generic curve and (b) strain S-N curve for a

structural steel.

These curves are properly adjusted by the Coffin-Manson relationship:

F=20N) +o(2N) (48)
Ace Ap
2 2

where aj}, b, e} and ¢ are material dependent parameters.

The fatigue strength curves obtained according to ASTM E606 are appropriate for cases where

R =-1, which means totally reversible loading cycles.

Several proposals are available in the literature, in order to adjust the above mentioned curves
to loading cases with an average stress higher than zero. The most common is, maybe, the
Morrow equation, which results in a change in fatigue strength according to the law presented

below:
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1

* Om b
N =Nf(1-7) (4.9)

s

where g, is the average stress (Dowling, 2007).

4.4.2.2 Loading characterization

In most cases, the notch strains are unknown. Nevertheless, they can be determined from the
notch stress history, o, according to the cyclic stress-strain curve, given by the Ramberg-Osgood
equation (Dowling, 2007):

1

e=flo)=2+(%)' (4.10)
combined with the Neuber’s rule:
2
Kol ;. (4.11)

The notch strain history can therefore be computed from the nominal stresses, o,,:

c=f(o) =g(a,) (4.12)
After determining the strain time history, rainflow method is employed as the cycles-counting
algorithm. For each cycle, both the strain range and the average strain must be stored. After

counting the cycles, the strain S-N curve can be used to compute the cumulative damage and the

remaining fatigue life.

4.4.3 Further improvements to the general approach

Some of the main improvements to the general approach consist in adaptations to include the
residual stresses effect and multiaxial stress states. Concerning to multiaxial stress states, biaxial
problems can be adequately solved by using equivalent stresses such as e.g. von Mises stress
(Dowling, 2007).
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45 FATIGUE ASSESSMENT BASED ON FRACTURE MECHANICS AND
CRACK PROPAGATION LAWS

45.1 Introduction

The study of Fracture Mechanics has evolved significantly over time and it can be considered
as a highly mature discipline. In addition, the employment of Fracture Mechanics when studying
fatigue cracks propagation is widely validated by successful applications in different engineering
fields.

Fatigue crack propagation laws, based on Fracture Mechanics concepts, allow to assess the
different phases of fatigue crack propagation up to the eventual final collapse of the structural
components. In this section, a general description of this approach is performed and its basic

concepts and foundations are presented.

4.5.2 Griffith and the Energy Release Rate, G

The study of Fracture Mechanics started with Griffith works, in the 1920s. In order to better
understand its work, it is important to present the concepts of work and of strain energy of an

elastic body.

When a body is loaded, the movement of the applied loads performs work, F, over that body.
That work is stored as strain energy. It is possible to express the energy stored per unit volume
as a function of the different components of the actuating stress. The elastic strain energy stored
per unit volume, U, is a potential energy (it can be later released in the form of work), and it can

be expressed in the following way (Parker, 1981):
Uzi-[ 246,240.2-2v (00,40, 040, 0,) |[+2-(14v)-(2, 241,241, 2) 4.13
55 Lo to, 0. "-2v (o0, t0, 0,10, 0, V) (1 7. T, (4.13)
If only uniaxial stress, o, is present, the previous expression becomes:

2
U=2 (4.14)

The deduction of this expression is illustrated in Figure 4.16:
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Figure 4.16 - Strain energy per unit volume, for uniaxial stress.

The analysis of stress fields around elliptic notches showed that they may create very high
stress concentrations. It can also be observed that those high stress concentrations do not

originate, necessarily, the collapse of the structural element.

In order to solve this ambiguity, Griffith, in the 1920s, focused its analysis on a brittle material
containing a single crack of length 2a and assessed the energy exchanges in the system, during
an incremental extension of the crack (Griffith, 1921). He observed two necessary conditions for

a crack extension to occur:
e) The stresses in the crack tip must reach a certain critical value, o,;

f) The crack propagation only occurs if it originates a decrease on the total energy of the

system.

It should be noted that the total energy of the system results from the balance between the
potential energy, U, the work performed by the external load P, F, and the surface energy, .
This notation is in agreement with the one presented in (Broek, 1987). For a crack to increase its
dimension from a to atda, it is necessary that the increase provides an amount of energy (release
of strain energy and work performed by the external loads) at least equal to the energy needed to
overcome the superficial links through that distance da (when a crack propagates, the free surface

of the body increases, increasing the total surface energy of the body).

Let us consider a plate of brittle material, without any crack, and that it is uniformly loaded
and blocked at its boundaries, in order to keep that stress state (Figure 4.17(a)). In that case, the

strain energy (potential) per unit volume at any location of the plate is ¢*/(2-E).
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Figure 4.17 - Strain energy per unit volume at a plate under uniaxial stress (Parker, 1981): (a) uncracked

plate under uniaxial stress and (b) cracked plate.

If a crack, with length 2a is introduced, it will generate the material relaxation above and
below the crack, and therefore some strain energy, U, is released — the potential elastic energy
decreases. Assuming, according to Figure 4.17(b), that the height of the relaxed zone is (5-a),

and for a thickness ¢ of the plate, the volume of the relaxed zone becomes:

Vyetarea = 2 (F2E2 1) =2paPt (4.15)

which means that the volume of relaxed material associated with each crack tip is:

Vrelaxed per crack tip ﬂ azt (4 16)

The energy released per crack tip and per unit thickness is, therefore:

I T I
Unm = [55] [7] = 5 (4.17)
This expression is in close agreement with Griffith’s rigorous solution for plane stress state:

02
UJ/m = @ '71'(12 (418)

Consequently, the energy release rate as a function of the crack dimension becomes:

oUym 0>

oa E

Ta (4.19)
On the other side, for plane strain state, the expression of the energy release is:
Uy= 2= 7a?(14?) (4.20)
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and the energy release rate, as a function of the dimension « of the crack is given by:

O0Uym f . 2
= — Ta (1-v7) (4.21)

As it can be observed from Figure 4.16, the strain energy released, U, increases steeply as the

crack dimension increases. As U represents an energy release, it is assigned with a negative value.

Energy

Wel

d \L’ruck length a

Figure 4.18 — Change in energy as a function of cracks length (Parker, 1981).

Before any U energy may be released as a result of the relaxing process associated with crack
growth, some energy must be provided, in order to originate that crack increment. W is the energy
required to break the atomic bounds and it is therefore assigned with a positive signal. In a
simplified way, it can be considered that the energy required for each crack increment is constant,
meaning, W varies linearly with a. This is equivalent to say that the energy required to break a
certain atomic energy it’s equal to the energy necessary to break the next one and so on. The
theoretical strength of a material under traction is much higher than the actual strength observed
in practice. That is due to the impurities and defects always present in real materials (Branco et
al., 1999). Nevertheless, it is important to analyse Figure 4.19, in order to understand the reason

why a certain amount of energy W needs to be provided to the system:
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Figure 4.19 — Theoretical resistance of a material under traction (Branco et al., 1999): (a) schematics of
a cubic lattice, (b) relative coordinates of 2 consecutive atoms, (c) displacement vs. atomic force and (d)

atomic o-¢ curve.

It becomes apparent, from observation of Figure 4.19, that for  <a" it is necessary to provide
energy to the system (e.g. work performed by external forces) in order to increase the crack
length, because the elastic energy released on its own is not enough. Nevertheless, for a > a" the
energy released due to the crack extension is higher than the energy required for the next

extension and, therefore, the crack propagates in a unstable and sudden way (Parker, 1981).

The crack instability clearly depends on the stationary point of the energy curve: after that
point, the energy released during a crack increment exceeds the energy required to create new

free crack surfaces.
The value of G=0U/da defines the energy release rate for an incremental increase in the

crack’s length. Therefore, according to Equations (4.19) and (4.21), it becomes:

%-na , Plane Stress
G=1_ [J/m/m] (4.22)
- -ma-(1-v*), Plane Strain

On the other hand, R = 0W/oa defines the absorbed energy rate during the crack increment.

The limit condition for an unstable crack increment can then be expressed as:

120



Advanced methodologies for the fatigue assessment of structures

a = P < G=R (423)

If we consider, for the sake of simplicity, that R is constant, a critical and constant value of G
can be defined for which the unstable crack propagation occurs. That value, G, is a property of
the material, because it depends on the energy required to break the atomic bounds inside that

same material.

For determining G., a specimen containing a crack of dimension 2a is tested and the collapse
tension, o, is recorded, allowing its computation:

o2

L, Plane Stress
G.= [J/m/m] (4.24)

0.2

- -mwa-(1-v?), Plane Strain

These expressions can be rearranged in order to get the following expression:

JG.E=0na, Plane Stress
{ g (4.25)

JGLE =0 ma (1-v*)"2,  Plane Strain

It should be noted that the left hand side of the previous expressions contain material
dependent properties only while the right hand side contain geometrical and loading parameters.
It should also be underlined that the energy release rate for a plane strain is denoted G;. and is

considered a measure of the material toughness.

4.5.3 Westergaard and the Stress Intensity Factor, K

Let us now consider the problem of characterization of the displacements field around a crack
in a plate of infinite dimensions, made of an isotropic material with linear-elastic behaviour,
when loaded by a remote stress perpendicular to the crack faces (Figure 4.20). The length of the

crack is 2a.
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Figure 4.20 — Infinite plate with a crack perpendicular to the direction of loading.

From Elasticity Theory it is known that generically, the elasticity problems may be solved if
the function ¢ (also designated as Airy function or stress function) which solves the bi-harmonic
equation (4.26) is known, for the boundary conditions of that problem (Parker, 1981, de Castro,
2008):

¢ =0 (4.26)
The resolution of Equation (4.26) allows defining the stress field of the problem, because:
_ 7
0, = — (4.27)
oy
52
7, = a_f (4.28)
62
Ty = ﬁ (4.29)

For the problem under analysis, of a crack in an infinite plate, Westergaard deduced the

corresponding Airy function (4.30) that satisfies the condition (4.26):
¢=RZ+yIZ (4.30)

where R and | are the real and imaginary components of a complex variables function,

respectively. Z and Z are functions that are in agreement with the following notation:

z=x+iy (4.31)

7-Zez-f)-Zez-% (4.32)
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The definition of the Z = f{z) equation is a fundamental step for the resolution of this problem.
That equation will be described with more detail later. Before that, the values of o, o, and z,,

stresses, derived by the substitution of Equation (4.30) in equations (4.27), (4.28) and (4.29) are

presented:
o, =RZ-y 17’ (4.33)
0, =RZ+yIZ' (4.34)
7y =--RZ' (4.35)

Those expressions, only get a physical meaning after detailing the function Z=f{(z), also after

Westergaard:

Z= /ﬁ (4.36)

As an example, the values of g,, for y = 0 are presented:

0, forlx|<a
0, =RZ+y-IZ = RZ+0 = |+, for |x|—a (4.37)
o, for|x|>a

These results are in agreement with the expected behaviour.

Moving now to the problem of computing the displacements field around a crack. For

simplicity, let us assume the plane stress state (o, = 7,. = 7,, = 0). In that case, we get:

Ou 1
&= =7 ax—voy) (4.38)
ov 1
& = a = E(O'y-V‘O'X) (439)
v _ v
by =5 T F T 0 (4.40)

For the problem under analysis, where the remote stress is perpendicular to the crack, the shear

stresses are null, so ¢,,, = 0. Therefore, the displacements in the y direction become:

&, = =

y

22

S ov=¢, 0y

ev=[¢ e
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sv={[ }E (0,-va,)-0y (4.41)

Developing expression (4.41) by substitution of ¢, and ¢, by expressions (4.33) and (4.34), it

becomes:
v= = [[(RZHy1Z) v (RZ-y1Z))] -0y =
S v=r(1) [ RZoy+ (14v) [ yiZ'dy &

& v= 2 (1VIZ++ (1) (P RZIZ) <

& v=1[21Z-(1+v)-yRZ] (4.42)
Fory =0 it can be written as:
v= %(2-12) = 2f\/az-x2 (4.43)

As can be observed, the crack shape is an ellipse:
2
V= ﬁ (\/az—xz) =
E
== %2 (az—xz) =

2
& :—2+x2=a2(=>

T (4.44)

In all previous considerations, the coordinates system was located in the centre of the crack.
For convenience, a change of variable can be performed corresponding to a translation of the
coordinates system to the crack tip (Figure 4.21):
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Figure 4.21 — Change of the coordinates system to the crack tip.

In that situation it becomes:

oz _ o((ta) _ o({ta)

Z = 202 ({+a)2-a2_\/2 [G2a (4.45)
When {is very small:
A U L SUN SC
Jivza 2t Jzal  J2al  Vi=
1
= %-r’i- (cos%&-i sin%@) =
= TKW (cos%@-i sin%@) (4.46)

where K= oma is the stress intensity factor, a key parameter in the analysis of fatigue cracks

propagation, based on Fracture Mechanics.
On the other hand:

1k 23 1k 2

: 3 E 3, .3
Zz_EE-(z—-E\/T_ﬂ-rz-(cosEH—lsmzH) (4.47)

Applying (4.46) and (4.47) to (4.33) and (4.34), the following expressions for the stresses are

obtained:
axzd%'cosg-(l—sing-singe) (4.48)
K 0 .6 .3
o, = Z.E‘r-cos;(1+sm;sm59) (4.49)

The expression of displacements in the y direction, as a function of r and 8 can therefore be

obtained by substitution of the stress values in Equation (4.41) by expressions (4.48) and (4.49):
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V= %\/%f{[cosg (1+ sing- sin%@)] -y [cosg- (l-sing- sin%@)]}ay:

_ K| a0 (2 29
= 5\/;r sin > (Hv-cos 2) (4.50)

In the previous expression, G = E/[2-(1+v)], is the shear modulus of the material.

By observing equations (4.48) and (4.50) it can be understood that the stress intensity factor,
K, plays a fundamental role in the characterization of the stress and displacement fields
surrounding cracks. In the case of cracks located in complex details and/or under complex

loading, K can be described in the following way:
K=CVnao (4.51)
where C is a parameter which depends on the geometry of both the crack and the detail.

The relationships reviewed up to this point, refer to cracks perpendicular to the loading
direction, situation that corresponds to mode | of cracks propagation. For that reason, in this
context, the stress intensity factor and the energy release rate may be designated as K; and G;.
Nevertheless, it must be stressed that there are 3 different modes of crack propagation (Figure
4.22), 1, 1l and 111, which define Ki, Ky, Kii, Gi, Girand G,

Mode | ) Mode Il Y Mode 11l

Figure 4.22 — Modes I, Il and 111 of crack propagation.

For each material, there is a critical value of K for which unstable crack propagation of cracks
occur. That critical value is designated as Kc. In the case of mode | of cracks propagation, that
value is named material toughness, Kic.

4.5.4 Relationship between the energy release rate and the stress intensity factor

The energy release rate, G, and the stress intensity factor, K, are two different measures of the
stress state surrounding the crack. Equation (4.52) expresses the relation between both entities:
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KZ
G=—, Plane Stress
E (4.52)

2
G=(1-?) % , Plain Strain
Due to its important role in clarifying the fundaments of Fracture Mechanics, the deduction

of such relationship is presented next.

Let us consider a plate of infinite dimensions, with fixed boundaries and with a crack of

dimension 2a (Figure 4.23).

» X
4y
‘L.
_’/TH : =
Oy = -8

21X
Figure 4.23 — Closure of the crack tip (Broek, 1987).
The stresses close enough to the crack tip perform work when an infinitesimal increment of

the crack occurs. That work will be released, in some form of energy, when the connections

between the new portions of crack surfaces break. It can therefore be written:

0
2 o,V
Gl,average = EJ() del" (453)
and, consequently:
0
G = lim> | 2Z2ar (4.54)
0—00 0 2

If the origin of the coordinate system is located at the centre of the crack (OXY), it is

acknowledged that:
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x2
y= 2f-\/az-x2 = % ’aT" (4.55)
Considering x = r+a-0 and ignoring the second other terms, it becomes:
= 2k, 20 2 2Kt [y
V= o 20-2r+ P 2:(0-r) (4.56)
Moreover, it can be considered that:
0= o= (4.57)

Replacing (4.56) and (4.57) in (4.54), the following expression is obtained:

0

L 2K? 15
Gi= lim =L / - dr (4.58)

0

That equation can be solved by performing a variable substitution: 7/ = sin®¢. The associated

transformations are translated into equations (4.59) to (4.62)

- = sin’p © r=sin’p-6 (4.59)
Z—;=2~sin (*COS @0 (4.60)
r=desin‘p=1ep="1rad (4.61)
r=0& sin“p6=0& p=0rad (4.62)

Applying those transformations:

0

N1y

1-

Skt

L
5 sin“gp

. 2
dr j 1',512 £.(2-sin g-cos ¢-0)-dp=
0

0

T

.5 (2costodo=2-5 [neeese o] _
=2:9" [ cos*p-dy 25[ ; +2]0

=2:6-[0+2-0-0] =Z° (4.63)

It then becomes:
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_ljm XL P K
GI_(lsl_r,r(l) ks 2 E (4.64)

as it was intended. Similarly to Mode I, relationships between G and K can be found for Modes
I1 and I11. The relationships established for the 3 modes, in plane strain state, are the following
(Broek, 1987):

( K
Gi=(1-%) ?I

2
{ G=(12) "L (4.65)

The total energy release rate associated with combined mode cracking is (Broek, 1987):

2 2
G = GI+GH+GHI = (1 ) (KIZ‘FKHZ‘FKIL) (466)

E I-v
4.5.5 Fatigue cracks growth as a function of K

Under cyclic loading conditions, cracks can originate and propagate in materials for K levels
below the material toughness, Kic (Saxena, 1998). This crack growth is designated as sub-critical
growth and it is of paramount importance in determining the remaining life of components

containing cracks smaller than the critical size.

Considering a cracked body, under a cyclic loading where the load P varies between a
minimum and maximum values, Pmin and Pmax, respectively, the increase in crack dimension per

loading cycle can be described, in general terms, in the following way:

da
= =f(4P, R, a) (4.67)
where:
AP =P, ,.-Pin (4.68)
_ Pmin
R= - (4.69)

max

In the 1960s, Paul Paris and his colleagues suggested that the influence of the loading cycle
and of the crack dimension on the crack propagation rate could be combined in a single

parameter, 4K = K,,,.-K,,i», INn Which K, .. e K,,;, are the stress intensity factors associated with
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the maximum and minimum loading, respectively (Paris et al., 1961). More specifically, the 3

crack propagation modes (I, Il and I1) relate with A4K;, 4K} and 4Ky, respectively.

For a situation where both constant amplitude and constant R are observed, it can be written
that:

= = fl4K) (4.70)

Based on Paris’ proposal, several experimental tests were performed and demonstrated that
the relationship between Z—; and 4K is unique for a constant value of R and for a wide range of
crack propagation rates. The analysis through the entire range of 4K shows 3 distinct zones

(Figure 4.24):

e Region | is the region close to the crack propagation threshold 4K, where none (or

very little) crack propagation occurs. In that region, it can be written:

. da
AKIE}K,;, - 0 (4.71)

The value of 4K, is a characteristic of each material. In practical terms, that limit is
considered as the one corresponding to a crack propagation rate of 107'°m/cycle

(Saxena, 1998);

e Region Il can be represented by a straight line, in logarithmic scaled corresponds to

the range of application of Paris law;

e Region Il is the region where the slope of the curve starts increasing, reflecting the
change in behaviour towards an unstable crack propagation, observed when the

maximum stress intensity factor observed in the cycle reaches the critical value, K.
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Figure 4.24 — Generic relationship between crack propagation rate and stress intensity factor range
(adapted from Roylance (2001)).

Several expressions were developed in order to represent some or even all the above
mentioned regions of the crack propagation rate curve. The Paris law (Equation (4.72)) can be
used to describe the stable crack propagation. In that law, a is the semi-dimension of the crack,
N is the number of loading cycles, C and m are material-dependent constants and 4K is the

variation of K at each loading cycle:
da _
i C-AK™ (4.72)
Other more complex laws, such as the Forman law (Equation (4.73)) were latter developed

(Ewalds and Wanhill, 1985).

da C-AK™

AN (R K.AK (4.73)

Those laws usually allow to account for extra variables such as the ratio between maximum

and minimum K, R= % the threshold stress intensity factor, 4K, and the critical stress

max

intensity factor for which collapse occurs, K. A very wide variety of crack propagation laws can
be found in Appendix 5 of (de Castro and Meggiolaro, 2009b).

From the observation of Equations (4.72) and (4.73) it becomes apparent that for determining

the increment of a fatigue crack due to a complex loading, it is necessary to know:
e Some parameters characteristic of the material (C, m, K¢, Ki...);

e The loading and the corresponding evolution of K through time at the crack front, K(t).
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The workflow is summarised in Figure 4.25. In that same Figure, the field of application of
the methodology proposed in Chapter 5 is also highlighted.

-------------------------------------------------------------------------------------------

Dynamic
loading
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Figure 4.25 — Information required for a fatigue crack propagation analysis (Albuquerque et al., 2012a).

The determination of parameters characteristic of materials is performed through experimental
tests, e.g. (ASTM, 2000). Alternatively, in some cases, namely when similar materials have

already been tested before, the same parameters can be found in the literature (Dowling, 2007).

On the other hand, obtaining K time history due to a certain loading requires characterizing
the stresses actuating on the detail. Once those stresses are known, K can be computed using a
variety of methods: analytical, weighting functions, boundary elements method and finite
elements method (Parker, 1981, Fett and Munz, 1997, Aliabadi and Rooke, 1991).

Regarding the finite elements method, different techniques can be used: displacements
extrapolation (Guinea et al., 2000), forces method (de Morais, 2007), J-integral (Rice, 1968),
Virtual Crack Closure Technigue (VCCT) (Krueger, 2002), among others.

The application of the different methods for computing K to parametric studies of typical
details allowed, also, the construction of reference curves and expressions, which are accessible
in compilations built for that purpose. This is an additional way of obtaining K for those typical
details and loads (Murakami, 1987, Tada et al., 2000, Rooke and Cartwright, 1976).

The determination of K through analytical ways is only possible for a limited number of

simple, academic cases.
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For structures with complex geometry and also under complex loading, it is necessary to use

numerical methods applied to 3D finite element models.

Usually, those numerical models are computationally demanding, making its application in
dynamic analysis difficult or even impossible. Three main facts contribute for those high

computational requirements of the numerical models used in Fracture Mechanics:
a) Volumetric finite element models are usually needed,;

b) Obtaining accurate results require a fine finite elements grid around the crack front

(Menandro et al.);

c) Every time there is an increment in the crack, the finite elements grid needs to be
re-meshed (Lin and Smith, 1999).

Chapter 5 describes a new methodology developed in order to overcome the limitations stated
above, while keeping the advantages of the approaches that use Fracture Mechanics and crack

propagation laws.

4.5.6 Crack propagation retardation laws in LEFM

As mentioned previously, in Section 2.2, the crack propagation rates are highly dependent on
the sequence of variable amplitude load cycles. Since Elber, in the 1970s, identified the plasticity
induced crack closure, it is widely accepted that retardation in crack propagation occurs after
sudden and sporadic increases in load cycle amplitude (Schijve, 2003). A comprehensive review
on the results of variable amplitude loading experiments, focusing on the consequences in terms

of fatigue cracks propagation retardation can be found in (Skorupa, 1999, Skorupa, 1998).

Nevertheless, other causes of crack propagation retardation can be found (McEvily and
Ritchie, 1998), namely:

e Crack closure due to corrosion and roughness of the crack faces;
e Crack path bifurcation;
e Residual stresses.

The relative impact of each mechanism will depend on the size of the crack and of the detail,

on the stress state at the crack tip, on the range and maximum value of the loading, on the
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environment and on the material microstructure. These different mechanisms may add or cancel

each other, depending on the situations.

In spite of the different retardation mechanisms stated above, the plasticity induced crack
closure is the mechanism usually employed when forecasting the fatigue life of details under
complex loads. For that reason, attention is paid in next paragraphs to some ways of modelling
it. Moreover, it is important to stress that when estimating fatigue crack propagation, if the
interaction effects between successive cycles are neglected and no retardation of crack growth is

considered, this will lead to a conservative estimate (Broek, 1987).

Early models were developed by Wheeler (1972) and Willenborg et al. (1971) to take into
account plasticity induced crack closure. Wheeler model introduced the retardation parameter,
@, which allowed to compute the retarded crack propagation rate as a function of the original

crack propagation rate:

da da
(%) - o (%) (4.74)
AN/ yetardation AN/ no retardation

The retardation model is defined according to Equation (4.75):

qsz( o )m (4.75)

AoTrpo-aj
where:
e Iy is the the size of the crack tip plastic zone caused by the overload;
e rpiis the size of the crack tip plastic zone caused by the subsequent i" stress cycle;
e Qo is the size of the crack, before the overload;
e g;isthe size of the crack after propagating further;
e m s a parameter to be determined empirically.

The parameters intervening in this model are illustrated in Figure 4.26.
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plastic -enclave
due to overioad

Figure 4.26 — Parameters intervening in the Wheeler model (Broek, 1987).

Other models, more sophisticated, were developed later (Forman et al., 2000). Most of them
assume that the parameter controlling the fatigue crack propagation it is the effective stress

intensity factor range (Equation (4.76)):
AKeft = Kmax-Ko (4-76)

where Ko is the stress intensity factor required to open the crack, therefore overcoming the crack

closure.

One of such models is the one proposed by Forman-Newman and included in the software
NASGRO (Forman et al., 2000):

da _ g qx m Q-AKAKY

dN @ (1-4K,, /K1 (4.77)

where A, m, p and g are empirical coefficients and where K, is computed according to the Ko/Kmax
established in (Newman, 1984).

4.5.7 Recent advances of the Extended Finite Element Method (XFEM)

More recently, the development of the Extended Finite Element Method (XFEM) and its
application in the context of Fracture Mechanics (Giner et al., 2009, Moés and Belytschko, 2002)
has been giving promising results. The XFEM is a numerical method that enables the local
enrichment of approximation spaces, through the partition of unit concept. It is useful for the
approximation of solutions with pronounced non-polynomial characteristics in restricted areas of
the computational domain. That is the case of the discontinuities and singularities represented by

the crack and crack-tip, respectively, when included in numerical models of details.

135



Chapter 4

The main advantage of XFEM, when compared to traditional approaches, is that it allows
simulating crack propagation without the need for re-meshing around the crack faces and crack
tip. It also introduces the crack tip singularity directly in the formulation of the elements
containing the crack tip, therefore exempting from the use of special quarter-point elements
(Barsoum, 1977). These two characteristics allow developing numerical models of the cracked
details with less nodes and elements (Shi et al., 2010).

As mentioned before, the XFEM derives from the Partition of Unit Method (Babuska and

Melenk, 1997), which may be expressed in the following format:
u" = TieNi(@) urt Tty Tier Ny () v/ (0 (4.78)

where:

e " is the approximated function;

e N;(x) is the standard FEM function of node i;

e u; is the unknown of the standard FEM part at node i;

e | is the set of all nodes in the domain;

e /(x) is the global enrichment function for the enrichment j;

e d, is the unknown of enrichment j at node i.

The important difference of the XFEM method is that the local enrichment functions are
defined to only a subset of nodes, I;, of the entire domain: chl. The XFEM approximation of
the function u(x) is of the following form:

W' = TN it B Ml (al .4 5 MY ()a! (4.79)
where:
M (x)=N; (0)-y/ (x) (4.80)

with N; (x) being the partition of unity functions and /(x) the global enrichment functions. An
important point to consider is that for a certain enrichment j, the functions N; (x) compose a

partition of unity inside the sub-domain ©;;
Yiet N; (x)=1 (4.81)
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A crack is a strong discontinuity in the displacements field. In order to characterise that

discontinuity, the Heaviside function (Equation (4.82)) is used along in the crack path:

0if g(x)<0

H(x)={1 500 =0 (4.82)

At the crack tip, the singularity of stresses is achieved through Equations (4.83) to (4.86):

v ()=Vrsin3 (4.83)
y* ()=Vr sing sin @ (4.84)
v ()=Vr cosg (4.85)
y* (¥)=Vr cos Isin 0 (4.86)

Now let us consider that 7] is the set of the nodes of the elements completely cut by the crack

and that 7, is the set of the nodes of the elements containing the crack tip (Figure 4.27).

crack

nodal set /;: @
nodal set ): A

Figure 4.27 — Enriched nodal sets for cracks (adapted from Fries and Belytschko (2010)).

In that case, the XFEM approximation would take the form given by Equation (4.87):
"= TierNi() it e N HG)a! + T Yier N; () (9] (4.87)

This said, it should be stressed that when comparing XFEM with standard FEM, for the same
mesh, the amount of computational work is increased due to the additional enrichment functions,
which involve more complex terms, such as trigonometric functions. However, in that situation,
the accuracy of XFEM is higher. When comparing XFEM with standard FEM for the same level

of accuracy, usually the XFEM requires much less computational resources.
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4.6 CONCLUDING REMARKS

In spite of its wide implementation in Civil Engineering context and in design standards,
fatigue assessment procedures based on nominal stresses present important limitations, which
are well acknowledged. Several other methodologies were developed throughout the last decades
in an attempt to:

e overcome some of those limitations;

e complement the approaches based on nominal stresses by addressing specific
problems, e.g. low cycle fatigue, location of cracks initiation, cracks propagation
paths, among others.

In the current Chapter, some of those methodologies were presented.

The assessment methods based on structural stresses and strains showed to be useful when
determining the fatigue life of welded details, when the crack is expected to initiate or propagate
from the weld toe. This allows analysing a wide variety of welded details.

The notch stresses approach, on the other hand, allowed to expand the fatigue assessment to

all type of sharp notches, whether they are due to the weld profile or not.

The notch strain assessment methodology has the advantage of covering both the low-cycle
and high-cycle fatigue damage. In addition, the fatigue strength curves for the notch strain
approach depend on the material of the detail and not on the type of detail. This reduces the
experimental burden, when new fatigue strength curves need to be defined. It is also important
to stress that the fatigue strength curves are obtained from experiments on small scale specimens

and not in full-scale structural details, as it is common for nominal stress approaches.

Finally, concerning the assessments based on Fracture Mechanics and crack propagation laws,
it was shown in this Chapter that they have a sound theoretical background which was already
demonstrated through many applications in different areas of Engineering. Similarly to the notch
strain approach, the fatigue strength curves, in the form of crack propagation laws, are material
dependent and can be determined through testing of small scale specimens. Moreover, it is the
only method that has the advantage of allowing the assessment of the remaining fatigue life of
structural components that are found to have fatigue cracks in some moment of the structures
life. This is a very important benefit from this approach if we consider that the main objectives

of inspection of bridges is to detect structural damage and that if some damage is found, which
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happens often, the risk, structural integrity and remaining fatigue life of the structure must be

assessed.

In spite of all the strengths of the fatigue assessments based on Fracture Mechanics, the
computational requirements of that approach are still an important limitation. This is even more
evident for situations where complex loading is present and when the fatigue cracks are confined
to a small region of a bigger structure. Even if the XFEM is showing very good results in
improving the accuracy and ease of implementation of fatigue crack propagation simulations in

numerical models of structures, the challenges remain.

In order to tackle these constraints, a new methodology for the determination of stress intensity
factor time histories, when dealing with complex loading and flexible structures, was developed

and validated. That new methodology is presented in Chapter 5.
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CRACK ANALYSIS OF DYNAMICALLY LOADED
STRUCTURES USING MODAL SUPERPOSITION OF STRESS
INTENSITY FACTORS

5.1 INTRODUCTION

Chapter 2 aimed to show the relevance of fatigue in the context of structural integrity, namely

in the case of railway bridges.

In Chapter 3, it was stressed that the methodologies based on S-N curves and nominal stresses
are the most common in design codes but that several important limitations can be pointed out to
those approaches. On the one hand, the applicable rules cover a limited number of structural
details; on the other hand, the development of S-N curves for new details implies performing
tests at the real scale, which are expensive and time consuming, and consequently generally
unpractical for the timings of design and construction (Fricke and Paetzold, 2010, Lotsberg and
Landet, 2005, Ling and Pan, 1997). Furthermore, S-N curves are a result of tests that present an
important scatter (Pedersen et al., 2010). As a safeguard against this effect the S-N curves are
usually very conservative (Casavola and Pappalettere, 2009, Morel and Flaceliere, 2005).
Finally, fitness for purpose assessments cannot be carried out on the basis of that approach. For

a given situation of damage, such as a fatigue crack identified during some non-destructive
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inspection, such approach does not provide a risk assessment of that defect nor the useful
remaining life (Byers et al., 1997). Therefore, it does not contribute for an improved definition
of intervals between inspections (Ayala-Uraga and Moan, 2007). Other limitations of the S-N
approaches were identified by several authors, concerning, for example, variable amplitude
loading (Johannesson et al., 2005), or fatigue life for a very high number of load cycles (Sonsino,
2007).

Therefore, in Chapter 4, more advanced methodologies for the fatigue assessment, which
consider the local behaviour of details and materials, were discussed. It becomes apparent that
the methodologies based on Fracture Mechanics concepts and on fatigue crack propagation laws
are among the most mature ones, with wide acceptance and application in multiple areas of
Engineering. A main advantage identified was the fact that crack propagation laws are the only
method available for determining the remaining fatigue life of details that present fatigue cracks
or other planar defects. This is of paramount importance for the follow up of inspection activities
performed on railway bridges. Also, its application in cases of fitness for purpose assessment

proves to be almost irreplaceable (Zerbst, 2007).

However, it was also mentioned in Chapter 4 that the Fracture Mechanics approach has its
own drawbacks, which are mainly related with the computational burden involved. This may
explain its lower receptivity for the fatigue assessment of Civil Engineering structures. In fatigue
analyses based upon Fracture Mechanics concepts, the usual calculations involve the application
to the structural detail of interest containing one or more cracks, of a known loading history,
under load or displacement control. The computation of the corresponding stress intensity factor
values allows for the calculation of crack growth behaviour (Radaj et al., 2006). However, in
Civil Engineering structures, loading is most of the times complex and the corresponding
structural dynamical response is unknown in most — or even all — points of interest. In these
circumstances, even when loading is known, its effects in the detail under study can only be
determined through dynamic analysis of the complete structure. Those analyses are generally
based upon the Finite Element Method (FEM). The algorithms for solving the numerical
problem, as Newmark (Bathe, 1996) or HHT (Chung and Hulbert, 1993), frequently require the
calculation of thousands of load steps, leading to very time consuming calculation processes. The
high computational costs are heightened as a result of the need for highly refined finite elements
meshes in the neighbourhood of the damage locations (Menandro et al.). That level of refinement

cannot be extended to the remaining structure (Chan et al., 2003). This is a problem inherent to
142



Crack analysis of dynamically loaded structures using modal superposition of stress intensity factors

the scale difference between the detail where fatigue damage occurred or is likely to occur, of
the order of mm or less, and the global structure, that may be of the order of km (Li et al., 2007).
The need for grid remeshing after each fatigue crack increment is an additional point of concern
(Lin and Smith, 1999).

Finally, Chapter 4 also presented the recent advances on Extended Finite Element Method
(XFEM) (Giner etal., 2009, Moés and Belytschko, 2002) which may help increasing the accuracy
and/or reduce the computational cost associated with fatigue crack propagation simulations. It
allows avoiding mesh refinement and remeshing to adapt the grid to the crack increments.
However, even in that case, challenges remain. On one hand, XFEM is not readily available in
most of the commercial FEM software packages. On the other hand, the dynamic simulations
performed on a coarse model of a structure containing enriched elements will take more time

than the same simulation on a similar model that does not have enriched elements.

Therefore, a novel methodology was developed (Albuquerque et al., 2012a) aiming to increase
the computational efficiency of fatigue studies performed in dynamically loaded civil
engineering structures using Fracture Mechanics concepts. That methodology is presented in the

current Chapter.

The modal superposition method (Clough and Penzien, 1975) is applied in the context of
Fracture Mechanics, leading to a concept of modal stress intensity factor (modal-K), resulting in
a drastic reduction of computational time whilst preserving the precision of the analyses. The
adoption of sub-modelling techniques, widely used in detail analyses of large scale structures,
constitutes an additional, optional, contribution to the proposed methodology. The methodology
is validated with a simple case, a moving load traveling over a simply supported beam containing
a semi-elliptical crack.

5.2 MODAL SUPERPOSITION OF STRESS INTENSITY FACTORS
APPLIED TO THE FATIGUE ANALYSIS

5.2.1 Dynamic analysis using modal superposition

When moving loads pass over a certain structure, they originate its dynamic
response/vibration. If the loads are known, the dynamic response can be simulated numerically
using a finite element model of the structure. The positions of the moving loads, at a certain time

step, may be computed based on their initial position and on their velocity. Once each load
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position is defined, it is converted into equivalent vertical nodal forces, applied to the nodes of
the structure. The position of the moving loads and the corresponding nodal forces need to be
updated at each time step. Two common numerical methods employed to perform the dynamic
analysis are the direct integration and the modal superposition methods (Clough and Penzien,
1975).

For finite element models with a high number (N) of degrees-of-freedom, the direct integration
method becomes highly time and resources consuming, as it implies solving Equation (5.1)

directly, without additional assumptions:
M-i()+D-u()+K-u(?) =F(?) (5.1)

In Equation (5.1) M, D and K are the mass, damping and stiffness matrices, respectively, and
have a NxN dimension, each. F(¢) is the Nx1 vector of the nodal forces acting in the structure for
a certain time-step and u(?) is the Nx1 vector of displacements associated with each

degree-of-freedom at the same time step.

On the other hand, the modal superposition method is computationally more efficient since
the global dynamic response of the structure can be accurately reproduced superimposing the
individual modal responses of a limited number (/) of modes of vibration. This approach can be
applied to the case of flexible structures with elastic behaviour, such as composite railway
bridges.

Using modal superposition, the full NxN system of simultaneous equations is converted into

N uncoupled single-variable equations (Equation (5.2)) that can be solved independently:
Yi(0) + 2wj-5j-Yj(z) + Y = £ (5.2)
where Y; is the modal coordinate, ; is the natural frequency, < is the modal damping ratio and
]? represents the modal forces, for the j" mode of vibration. The efficiency of the modal

superposition technigue arises not only from the uncoupling of the system of equations but also
from the fact that the total number of modes of vibration needed to accurately reproduce the
dynamic response of the flexible structure, J, is usually much lower than the total number of

degrees of freedom (J << N).
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5.2.2 Fatigue crack propagation laws

In Chapter 4, the stress intensity factor, K, was mentioned as a key parameter of Linear Elastic
Fracture Mechanics theory, characterizing the stress field in the vicinity of a crack tip (Irwin,
1957). Since the historical publication of Paris et al. (1961), huge experimental evidence supports
the correlation of fatigue crack growth rate, da/dN, with the range of the stress intensity factor,
AK. More specifically, the three basic modes of rupture or crack propagation — I, Il and 111 —are
related with AK), AKy and AKy, respectively (Schijve, 2009).

Figure 4.24 presented the configuration of the typical da/dN versus AK; relationship. In the
following sections, all considerations will concern mode | and therefore the index | will be
omitted from K; and K will be written. However, the proposed methodology can be extended to

modes Il and 111, as will be seen in Chapter 7.

Figure 4.24 also showed three different regions: the first, beginning at the threshold for crack
growth AK, is phase I, the second corresponds to the applicability of Paris law, phase 11, whereas
in the third (phase 111) the crack accelerates as a result of proximity to final rupture conditions.
In Equation (5.3), the Paris law, a is a characteristic of the crack geometry, N is the number of
loading cycles, C and m are constants depending upon the material of interest, and AK is the

stress intensity factor range in each loading cycle.
da _
~=C AK" (5.3)

As already discussed in Chapter 4, other laws, addressing additional features of the problem,
were subsequently proposed (Ewalds and Wanhill, 1985, Forman et al., 1967). These subsequent
laws take into account additional parameters, such as the ratio between minimum and maximum
K, R = Kmin/Kmax, the threshold for crack propagation, AK below which no fatigue crack growth

takes place, and K¢ corresponding to final unstable rupture.

The observation of such laws indicates that, for determining the variation of crack length given
a loading history, some material parameters should be known (C, m, K¢, Ki,...), further to the

loading and corresponding evolution of K over time, K(t), see Figure 4.25.

The common ways of obtaining the relevant properties of materials and K(t) were already
discussed in Chapter 4. The methodology now proposed seeks to provide an answer to the need

of expediting the calculation of K(t) using the finite element method.
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5.2.3 Modal stress intensity factors

The next paragraphs present the considerations leading to the concept of modal-K.
Generically, K can be represented as (Equation (5.4)):

K =CVrao (5.4)

where C is a function of the geometry of the structure and of the crack dimensions, o is the

nominal stress acting on the detail and a is the crack dimension.

Now let us consider a structure containing a crack with the dimension an. The static loading
acting on the structure (e.g. structure’s self-weight or internal residual stresses due to
manufacturing) induce a certain stress state on it, osta, Originating a stress intensity factor, Ksta,

through the crack front, according to:

Ksta (t) = Cn V ﬁan'o-sta (5'5)

If the same structure is subjected to a dynamic loading, the latter will produce a stress field
variable in time, aayn(t). Admitting that, during each loading event, the crack remains with

approximately constant dimensions, then, it can be written:

Kdyn (t) = Cn\/ 77:an'o-dyn(l‘) (56)
Considering the simultaneous action of the static and dynamic loadings, the total stress

intensity factor acting on the structure, through time, becomes:

Kt*otal(t) = Ksta+Kdyn (t) (57)

where K:;m, is the total stress intensity factor before a “sign” correction presented in later
paragraphs. The process of crack opening and crack closure is a non-linear phenomenon, namely
due to the contact between the crack faces. Nevertheless, for small cracks, the referred non-linear
phenomenon does not induce a global non-linear behaviour. Thus, in such cases, the
determination of the temporal evolution of the stress intensity factor, Kayn(t), through the crack

front, can be achieved using the modal superposition method.

The application of the modal superposition method allows writing:

O-dyn(t) = Zj O}Y;(t) (58)
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where the j subscript refers to the number of each mode of vibration, oj is the nominal stress in
the j™ mode shape and Yij(t) is the modal coordinate of the j™" mode of vibration (Clough and

Penzien, 1975). Replacing the Equation (5.8) in the Equation (5.6) it becomes:

Kyu(® = Cnfma, 07Y,(0) = 3, Confma, 07Y,(0) = 3,K;Y,(D) (5.9)

In the previous equation, the modal stress intensity factor, Kj, is the stress intensity factor

obtained with the configuration of the j" mode shape.

Replacing the Equation (5.9) in the Equation (5.7) it finally becomes:
Kt*()tal(t) = Ksta+ Z]l(})]](t) (510)

In conclusion, to obtain the temporal evolution of K only the calculation of Ksa and of the

different K is required. Thus, the calculation of K for each time step of the analysis is avoided.

An important reflection to consider, relates to the “sign” of Ksta and of the several Kj. As it is
generally accepted, disregarding the crack closure effects due to local plasticity in the
surroundings of the crack front, the stress intensity factor associated with rupture mode 1, K,
only takes positive values when the crack is open, assuming a null value when it is closed and/or

under compression.

Nevertheless, a numerical analysis with a linear elastic finite element model, built without
contact elements at the crack faces, will not detect the overlap between the two crack faces, when
the crack surroundings are subjected to compression. Consequently, two opposite loading
situations, e.g. a tension nominal stress of ¢ and a compression nominal stress of —¢ will lead to
the same positive value of the energy release rate, G. As K is generally obtained from G, as a
function of its square root, the same positive value of K will be obtained in the two opposite

situations.

Not taking the above mentioned effect into account would mislead the obtained results. To
enable the modal superposition of stress intensity factors, it is fundamental to determine the sign

of Ksta and of each K;.

Two different and alternative criteria can be used (Figure 5.1) to distinguish between both

situations:
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a) The relative displacement between the crack faces, measured in two points located near
the crack front, o, will be positive if the crack is open and will be negative if the crack is

closed (overlapping);

b) The stress component perpendicular to the crack plane, in a node belonging to the crack

front, oct, is positive if the crack is open and is negative if it is closed (overlapping).

The application of any of these criterion allow for the definition of the sign of Ksta and of each
K;.

Figure 5.1 - Criteria for the definition of the Ky and K; signs.

Once Ksta and each K are defined, the final expression of the total value of K through time is
defined as follows (Equation (5.11)):

Kt Zjl{jy}(t) = Ksta+2j1{j'}?(t) >0

Kmm;(t)={ 0 = Kot 3K Y,(0) <0 (5.11)

5.2.4 Submodelling

The global dynamic behaviour of bridges and other large civil engineering structures is
generally well reproduced by numerical models built with relatively coarse meshes of shell or

beam elements.

Modelling fatigue cracks, however, require much more refined meshes on the relevant details.
Up to relatively large crack dimensions, details are often modelled with brick elements. At later
stages of crack propagation, when the cracks under study are already through cracks, it is
frequently enough to model the details with shell elements, even if a good refinement level of

the meshes is still required.
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The inclusion of refined models of the details directly into the global models of the structure
may lead to significant computational costs. Nevertheless, successful applications of this kind
can be found in literature (Li et al., 2007). The direct inclusion of the refined models of the details

is necessary when they strongly interact with the global structure.

An alternative approach that consumes fewer resources consists on the analysis of the global
model and the subsequent imposition of the obtained displacement field to the refined models of
the details (Kiss and Dunai, 2000, Kiss and Dunai, 2002).

In this context, techniques such as the shell-to-shell and the shell-to-solid submodelling can
be particularly useful, as they do not require the global model to have “pilot” nodes and the
boundary nodes of the local model do not need to be spatially coincident with the nodes of the
global one. Instead, the displacement field applied to the boundary nodes of the local model is
obtained by extrapolation, based on the shape functions of the relevant elements in the global
model (ANSYS, 2009a).

When defining the submodel, namely the position of its boundaries, two criteria should be
considered. First of all, the selected boundaries should be far enough from the stress
concentration points under analysis, avoiding the introduction of disturbance on the referred
stress field. On the other hand, the submodel should be small enough so that the inertia load field
acting on it may be considered negligible when compared with the elastic force field imposed by
the displacements applied to the boundary nodes. It should be reminded that the shapes of the
modes of vibration correspond to situations where the inertia loads are in perfect equilibrium
with the elastic forces. The former condition can be obeyed by means of a sensitivity analysis of
each case study, e.g. according to (Cormier et al., 1999). The second condition is generally
respected when modelling a detail of reduced dimensions, when compared with the dimensions
of the global structure. An additional check can be made by comparing of the elastic strain energy
of the global model in the surroundings of the detail with the elastic strain energy of the

submodel.

5.2.5 Computational algorithm

Considering the above arguments, it can be concluded that, when a fatigue crack is present in
a structure, the calculation of the stress intensity factor through time, at the crack front, when it

is subjected to a dynamic loading, can be summarised on the following steps:
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a)

b)

Calculation of the displacement field of the structure due to the static loading, @, and
extraction of Ksta and the corresponding sign;

Modal analysis of the structure and obtaining, for each j" mode of vibration, the value of
K;j and the corresponding sign. Modal frequencies, wj, modal masses, m;, and mode
shapes, @;, are also computed. Modal damping ratios, &, are generally defined based on

standards or on experimental results;
Characterization of the dynamic loading, F(t), and calculation of the modal forces, Fi(t);
Obtaining the time histories of the modal coordinates, Yj(t);

Obtaining Kotal(t) by application of the Equation (5.11).

These steps may include, or not, the application of submodelling techniques (Figure 5.2). The

presented method has three main advantages:

a)

b)

For a structure which dynamic behaviour is well characterised by N vibration modes, the
stress intensity factor has to be computed only N+1 times. The time history of the modal
coordinate of each mode of vibration may be determined subsequently, in an efficient

way, solving each one of the single degree-of-freedom problems;

The contribution of each mode of vibration to the value of Kiotal(t), at each time step, can
be obtained directly, allowing to understand which modes of vibration contribute more

decisively to the crack propagation;

The consideration of different dynamic loads only implies the recalculation of the modal

coordinates Yij(t).

In contrast, a traditional analysis would imply the analysis of the whole structure through time

and the calculation of K for each time step (typically thousands of times).
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Figure 5.2 - Flow chart for the application of the proposed methodology: (a) with submodelling and (b)
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5.3 APPLICATION

5.3.1 Introduction

In order to validate and illustrate the proposed method, the behaviour of a simply supported
beam containing a semi-elliptical crack, when subjected to the simultaneous action of a static
loading and a dynamic loading, is analysed.

Thus, an initial description of the structure and of the developed numerical models is made.
Next, the values of the static and modal stress intensity factors, all through the crack front,
obtained with the different numerical models are presented. Finally, the dynamic analysis of the
structure is performed and the time history of the stress intensity factor, K(t), is obtained, both
by the proposed and by the conventional methods. The results are compared in terms of
computational efficiency and the accuracy is evaluated by comparison with the results obtained

with widely accepted expressions present at references.

5.3.2 Description of the structure

The structural element under analysis is a simply supported beam, with a 10 m span and a

rectangular section with 0.4 m of width and 0.15 m of height.

A semi-elliptical crack is present at the bottom face of the beam, 2.9 m far from the initial
extremity of it, i.e. in a point located between 1/4 span and 1/3 span. This intended to guarantee
that all the considered vibration modes have non-null displacements and stresses at the section

where the crack is present and contribute, consequently, to its dynamic response.

The crack presents a length of 0.10 m on the surface, and a total depth of 0.05 m (Figure 5.3).

LA 0.4
r — 8
‘ T s
7 a1 / r
A [=] / A / 27 r
| l
2.9 7.1 |
‘—— —— -— : 0.1
——-‘74—
(a) (b)

Figure 5.3 - Geometric properties of the application: (a) beam dimension and crack location [m] and (b)

crack dimensions (section A-A) [m].
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A linear-elastic, isotropic and homogeneous material was considered, with mechanical
properties similar to those of current structural steels: a Young Modulus of 210 GPa, a Poisson

ratio equal to 0.3 and a density of 7850 kg/m?®.
Two different numerical models of the structure were built:

e BRM - Model built exclusively with brick elements and with the crack modelled

explicitly (Figure 5.4);

e SSM — Coarse model of the structure built with shell elements. Refined submodel of
the crack region, built with brick elements and with explicit crack modelling (Figure
5.5).

Both models were developed and analysed with software ANSYS®.

e

(a) (b)

Figure 5.4 - Finite element model BRM: (a) overview and (b) zoom to the mesh near the crack.

e .

(@) (b)

Figure 5.5 - Finite element models SSM: (a) overview of the global coarse shell model and (b) local

refined brick model.
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The results obtained with the referred models will be presented next.

5.3.3 Modal and static stress intensity factors

Both the numerical models were subjected to a modal analysis and the modes of vibration
present at the 0 Hz to 100 Hz range were extracted. The corresponding frequencies are presented
in Table 5.1. Only the vertical bending vibration modes were considered, as only these are
mobilised by the dynamic load, a moving vertical load applied at the beam’s top surface. It should
be noted that the differences between the natural frequencies of both numerical models are

residual.

Table 5.1 - Natural frequencies of vertical bending vibration modes: BRM vs. SSM.

'\:Eg]r?]eo';jgf rea [ & =% [%] Description
BRM SSM
1 3.51 3.52 0.1% 1st vertical bending
2 14.01 14.02 0.1% 2nd vertical bending
3 31.39 31.41 0.1% 3rd vertical bending
4 55.31 55.41 0.2% 4th vertical bending
5 84.63 85.12 0.6% 5th vertical bending

For the deformed configuration of each vibration mode, the corresponding modal stress
intensity factor (K;j) was obtained, in several points of the crack front (Figure 5.6). The angle ®

is used as a reference, to specify the position in the crack front (see Figure 5.7).

Figure 5.6 - Crack front: major points A and B and location based on angle @ (adapted from Murakami
(1987)).
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Figure 5.7 - Modal stress intensity factors through the crack front and corresponding mode shapes
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Figure 5.7 - Modal stress intensity factors through the crack front and corresponding mode shapes.

It should be noted that the modes of vibration 1, 3, 4 and 5, present deformations that induce
compressive stresses at the bottom face of the beam, in the section of the crack, and the
consequent closure of it. That leads to negative modal stress intensity factors, K1, K3, K4 and Ks,
throughout the entire crack front.

The numerical models were then analysed concerning static loading. In this case the only static
loading considered was the structure’s self-weight, which originates the crack opening. The

corresponding value of Ksa is presented in Figure 5.8.
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Figure 5.8 - Static stress intensity factor through the crack front.
The VCCT method (virtual crack closure technique) (Krueger, 2002) was programmed in

APDL language and implemented in ANSYS, allowing for the calculation of the presented values
of K.

5.3.4 Global response

5.3.4.1 Loading scenario

The dynamic loading considered was a load of 100 kN, vertical and descendent, moving at
250 m/s over the beam. Considering the speed of the load, it can be considered as a highly

impulsive action.

The contribution of the 5 vertical vibration modes present in the frequency range under
analysis (0 Hz to 100 Hz) was considered. A constant modal damping ratio of &= 0.25% was

adopted for all the referred modes of vibration.

When solving the numerical problem, an increment time step of At = 0.0001 s and a period of
free vibration after loading of approximately 5 seconds was considered, corresponding to a total
of 50 000 time steps.

157



Chapter 5

5.3.4.2 Time history of K obtained with model BRM

The time history of K, was obtained in the model BRM, based on the concept of modal stress
intensity factors and in the new proposed methodology, described in section 5.2. The process

was, thus, composed by the following steps:
e Static analysis of the model and obtaining Ksta (ANSYS);
e Modal analysis of the model and obtaining Kj (ANSYS);

e Determination, in MATLAB, of the time histories of the modal coordinates, Yij(t),
using the Newmark method, applied to each mode of vibration; the following input

information is previously provided to the MATLAB routine:

o Modal properties extracted from the BRM model: modal frequencies, wj,

modal masses, m;j and modal displacements on the loads path nodes, ®,;
o Modal damping ratios, &;
o Information about the loading: load magnitude, speed and path nodes;
e Calculation of the time history Kiotai(t) and of the several modal contributions, K;j-Yj(t).

The contribution of the static component and of the different modes of vibration to the total

response, expressed as K(t), at point B, is represented in Figure 5.9.
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Figure 5.9 - Contribute of the static loading and of the different modes of vibration to Ka(t) at point B.
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As it can be observed, the 5 modes of vibration contribute to the dynamic response, with the
1%t mode having a major contribution, while the 5" mode has the smallest contribution. The
corresponding total responses, at points A and B, are presented in Figure 5.10. After application

of expression (5.11) the total value of K(t) is limited to positive values.
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Figure 5.10 - Total response: Kuai(t) and K;,,,/(¢): (a) at point A and (b) at point B.

In order to underline the computational efficiency of the proposed method, the calculation of
the stress intensity factors was performed by the conventional way, which is solving the dynamic
problem and computing the stress intensity factor for each time step. The results are identical, as
can be observed on Figure 5.11. Nevertheless, when the computing time of both methodologies
is compared, it becomes evident that the proposed methodology is more efficient. This advantage
is even higher if different loading scenarios have to be considered, because the proposed

methodology only requires the recalculation of the modal coordinates’ time histories.
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Figure 5.11 - Results comparison between novel and conventional methodologies: (a) at point A and (b)
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at point B.

Finally, it was intended to demonstrate the applicability of the finite element model built and
of the VCCT method to obtain K. Thus, K(t) was computed using the well-known expressions of
Newman Jr. and Raju (1981). As an input, the stress time history, o(t), at the bottom fibre of the
section containing the crack was used. Care was taken in using the stresses obtained far from the
crack, avoiding the inherent stress concentrations, as the use of nominal stresses is an
applicability condition of the expressions of Newman and Raju. The results, almost identical
(Figure 5.12) confirm the suitability of the models and of the methods used.
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Figure 5.12 - Results comparison between the novel methodology and the application of the expressions

of Newman and Raju: (a) at point A and (b) at point B.

161



Chapter 5

5.3.4.3 Time history of K obtained with model SSM

The SSM model was also analysed using the proposed methodology. In this case, as

submodelling was required, the procedure implied the following steps:
o Definition of the boundary nodes of the local model, built with brick elements;

e Static analysis of the global model, built with shell elements; extrapolation of the
displacements field from the global model to the boundary nodes of the local model;
calculation of the local model response to those imposed displacements and extraction
of the correspondent Ksta (ANSYYS);

e Modal analysis of the global model; for each mode of vibration obtained, extrapolation
of the corresponding displacements field to the boundary nodes of the local model and
calculation of the response of this latter model to those imposed displacements;

extraction, for each mode, of the corresponding K; from the local model (ANSYS);

e Determination, in MATLAB, of the time histories of the modal coordinates, Yij(t),

using a procedure analogous to the described at section 5.3.4.2;
e Calculation of the time history Kotai(t) and of the several modal contributions, Kj-Yj(t).

The response obtained with the SSM model, in terms of K(t) was compared with that obtained
with the BRM model (Figure 5.13).
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Figure 5.13 - Results comparison between the BRM and SSM models: (a) at point A and (b) at point B.
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As it can be observed, the results are almost identical. The suitability of the application of

submodelling techniques in this context is, thus, stressed.

5.4 CONCLUDING REMARKS

The problem of structural fatigue damage, in steel components, can be studied accurately with
Fracture Mechanics concepts. Nevertheless, in the Civil Engineering context, this approach is
not generally used, due to the different dimensional scales of the structures and of the details
prone to fatigue damage. That scale discrepancy is detrimental to the execution of the numerical

dynamic analysis required.

The current Chapter presented a methodology that simplifies the application of Fracture
Mechanics in the context of dynamic analysis of structures using the modal superposition
method. This new approach for obtaining time histories of the stress intensity factor was proposed
and validated with a simple example. It drastically reduced the number of calculations involved
for obtaining the time history of K, since it implied solving the structure only for the static load
and for each one of the modes of vibration associated with it. Moreover, it allows obtaining
explicitly the contributes of static loading and of each mode of vibration to the total value of K(t).
Finally, the methodology showed to be compatible with the application of submodelling

techniques, situation where the different advantages presented are kept or even expanded.

Due to the good results and validation achieved, the methodology was later employed in the
fatigue crack propagation analysis of a detail of a real structure. Those results are presented and

discussed in Chapter 7.
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FATIGUE DAMAGE MONITORING OF THE BRIDGE OF THE
NEW RAILWAY CROSSING OF RIVER SADO

6.1 INTRODUCTION

As already mentioned before, the problem of fatigue is very common in steel and composite
bridges and in railway bridges in particular (Cremona et al., 2013, Clubley and Winter, 2003,
Cho et al., 2001, Leander et al., 2010). As traffic loads tend to increase and bridges degrade, the
problem is even more relevant, becoming one of the main topics of investigation as illustrated by
an increasing number of international research projects, such as Details (Chellini et al., 2009),
Sustainable Bridges (Cremona et al., 2007), FADLESS (Lippi et al., 2011) and Mainline
(Paulsson, 2013).

Since fatigue damage is localised at critical details of the structures, the most usual way for
the infrastructure managers to assess it is by periodic or extraordinary bridge inspections
(Righiniotis, 2006, Herter, 2012). When fatigue damage is detected, the actual condition of the
bridge is often assessed by load tests and short term monitoring (Leander et al., 2010, Lippi et
al., 2011, Nagy et al., 2013, Zhou et al., 2013, Caglayan et al., 2009, Brencich and Gambarotta,
2009, Marques et al., 2009, Stamatopoulos, 2013, Srinivas et al., 2013, Fu and Zhang, 2011). In
some cases, the short term monitoring is also performed during the subsequent repair,
strengthening and/or replacement activities (Rodrigues et al., 2012) or even later, to assess the
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improvements resulting from the retrofitting/enhancement measures (Andersson et al., 2013).
The data obtained during the short term monitoring of fatigue prone structures is analysed and,
commonly, used to extrapolate the results for longer periods of time (Meneghetti et al., 2012,
Zhou, 2006).

Nevertheless, it is not economically feasible to perform interventions in all bridges, at the
same time. Their advanced assessment (structural health monitoring - SHM), by means of
long-term monitoring systems, could help to prioritise and to schedule inspections and
interventions (Orcesi and Frangopol, 2011, Wong, 2012). Advances in technology, such as the
development of industrial computers, the wireless communication systems (Picozzi et al., 2010,
Garcia-Palacios et al., 2012, Meyer et al., 2010) and the enhancement of all types of electronic
transducers, helped increasing the number of applications of long-term monitoring systems to
critical structures worldwide (Magalhdes et al., 2008, Cross et al., 2013). The benefits of
structural health monitoring are quantifiable (Orcesi and Frangopol, 2013) and, in some
countries, the use of long-term monitoring systems is even being addressed by regulations
(Moreu et al., 2012). Most of the long-term monitoring systems are focused on detecting damage
events (Cury and Crémona, 2012, Sun and Yan, 2012). As the objectives of the SHM become
more ambitious, towards damage localization (Benedettini et al., 2012, Whelan and Janoyan,
2010, Dilena and Morassi, 2011, Yao and Glisic, 2012, Glisic and Inaudi, 2012), damage severity
assessment (Santos et al., 2013) and lifetime prediction update, the complexity of the data

analysis algorithms also increases.

The long-term monitoring of the global dynamic properties of the structures is one of the most
common methods to try to detect the structural damage (He et al., 2012, Rahmatalla et al., 2014,
Caglayan et al., 2011, Magalhaes et al., 2012b, Ko et al., 2002, Magalhaes et al., 2012). In this
context, some attempts were made in the past to replace the installation of sensors in the bridge

by the utilization of instrumented test vehicles (Van Bogaert, 2012).

An alternative approach is to use a long-term monitoring system that measures strain at a
number of details considered of relevance in order to estimate cumulative damage (Guo and
Chen, 2013, Ye et al., 2012, Ni et al., 2012, Guo and Chen, 2011, Liu et al., 2010) or even to
detect it (Phares et al., 2013, Yao and Glisic, 2012).
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Some structures, as the Tsing Ma Bridge, due to their relevance and scale, have long-term
monitoring systems that combine the monitoring of their global dynamic behaviour with the local
monitoring of strains (Duan et al., 2011, Ni et al., 2008, Chan et al., 2006, Li et al., 2012).

A structural health monitoring system should not only be able to perform damage
quantification, but also to relate the damage with the external actions that originate it. This is the
reason why the traffic characterization is a feature of paramount importance in a long-term
monitoring system to be implemented either in roadway or railway bridges (Guo et al., 2012). It
allows to understand the type of traffic that has the biggest impact on the structural degradation
and to forecast traffic evolution (Fu and You, 2011). The measurement of real traffic also allows
avoiding the use of conservative standard load models, when assessing damage evolution and

planning inspections frequency (Ottosson et al., 2012a).

The Weigh-In-Motion (WIM) systems try to assess the vehicles geometry and loading by
interpreting measurements performed directly in the railway track (Meli and Pugi, 2013). Some
common WIM technologies are: i) rail shear measurements using shear strain gauges welded or
bonded to the neutral axis of the rail (Julian Valerio, 2005); ii) rail shear measurements, achieved
by means of a circular slot drilled on the neutral line of the rail (Esveld, 2001); iii) rail bending
measurements (Sekuta and Kotakowski, 2012); iv) instrumented rail pads (SensorLine, 2008).
An alternative approach, the Bridge Weigh-In-Motion (B-WIM) uses the structural response of
the bridge to compute the vehicles geometry and axles load, after a proper calibration process
(Karoumi et al., 2005, Liljencrantz et al., 2007, Pimentel et al., 2008, Seo et al., 2013).

As a complement to the SHM systems, in order to forecast the structural
behaviour/degradation, due to fatigue, or others, the development of well-calibrated numerical
models of the structure is considered a very important step (Vincenzi et al., 2012, Chen et al.,
2011). The calibration of a numerical model may be performed with experimental data resulting
from the long-term monitoring system (Gomez and Feng, 2012, He et al., 2008) or from a short
term one (Ribeiro et al., 2012, Schlune et al., 2009).

As underlined by Guo et al. (2012), the numerical model also plays an important role by
allowing to extend the SHM results to the fatigue assessment of non-monitored details.
Methodologies based on the influence line concept and that allow achieving those objectives are
presented in (Orcesi and Frangopol, 2010) and (Zeng et al., 2012). Other alternative approach

explored in the past, was to assume constant relations between the maximum stresses in different
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details of the bridge, and use those relations as scale factors to convert the damage measured at
instrumented details into damage in the remaining points of the structure (Hakola et al., 2012).
Finally, in other cases, the simulation of numerical models with real traffic was performed (He
et al., 2008).

The above mentioned methodologies lack, in some cases, accuracy, and in other cases are not
computationally efficient. That is the reason why, in the past, tracking fatigue damage in all
critical details of long-span railway bridges was not achievable in an efficient and economical

way.

This Chapter presents a new methodology for the real time fatigue assessment of railway
bridges, combining an affordable long-term monitoring system and minimal computer resources.
This methodology overcomes the above mentioned limitations and allows computing the fatigue
damage at the critical details of the structure, based on the monitored characteristics of traffic

and on a detailed numerical model of the structure, adequately calibrated/validated.

This methodology is applied to the bridge of the new railway crossing of the river Sado, in
Portugal. This case study offered the characteristics needed for an adequate validation of the
methodology: it is a long span railway bridge with complex structure, with several details prone
to fatigue damage and bearing a mix of heavy freight traffic and relatively high speed passenger
trains. The bridge is described in the next Section.

6.2 BRIDGE OF THE NEW RAILWAY CROSSING OF RIVER SADO

6.2.1 Context

The bridge of the new railway crossing of river Sado is a composite, bowstring bridge, located
at the Lisbon-Algarve railway line, in Portugal (Figure 6.1).
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i

(@) (b)
Figure 6.1 - Bridge of the new railway crossing of the river Sado: (a) location (REFER, 2011) and (b)
overview (REFER, 2010).

This structure, a reference in the Portuguese Railway Network, was designed by the
companies GRID — Consultas, Estudos e Projectos de Engenharia and Greisch Ingénierie (Reis
and Lopes, 2009) and it is part of a wider investment, named Alcacer Bypass, considered as a
priority by the Strategic Framework for the Railway’s Sector in Portugal (MOPTC, 2006). It
consists of a 29 km long alternate railway path, between the Pinheiro Station and the km 94 of
the above mentioned Lisboa-Algarve line (Figure 1.2). Its main objectives are:

e The capacity improvement of the sea port of Sines, by making faster its connection to
the logistic hubs of Poceirdo and Elvas, to the sea ports of Setubal and Lisbon and to
the future Lisbon-Madrid High Speed Railway line (REFER, 2010);

e The promotion of interoperability of Portuguese railway network with the European
transports network, integrating the Sines/Algeciras-Madrid-Paris axis, Priority Project
number 16 of the Trans-European Transport Network (EC, 2011, IMTT, 2011);

e The reduction of travel time in the Lisbon-Algarve connection and the corresponding

transfer of passengers from road to railways;
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e The reduction of railway’s operation costs associated with maintenance (Martins,
2009).

The bridge reflects the general requirements of the Alc&cer Bypass: it is prepared for freight
trains with up to 25 tons per axle and for conventional and tilting passenger trains with speeds of
200 km/h and 220 km/h, respectively. In the future, some adjustments at the track level, will
allow the maximum speeds to be 220 km/h for conventional and 250 km/h for tilting passenger
trains (Martins, 2009).

ALCACER
DO SAL

L/

Figure 6.2 - Alcacer Bypass: different routes studied and final commissioned route (solution F)
(REFER, 2010)

Still in this context, it is important to underline the continuous and consistent increase in
annual throughput in the sea port of Sines (Figure 6.3), over the last years (Porto de Sines, 2013).
Official forecasts pointed to the duplication of these values between 2010 and 2015, which
indicates that also the traffic over the bridge will increase in the same period, together with the

potential for fatigue damage.
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Figure 6.3 - Annual cargo movement in the sea port of Sines (Porto de Sines, 2015)
6.2.2 Description

6.2.2.1 Structure

The bridge has 3 continuous spans (160 m each) and a total length of 480 m. It is part of a
longer structure, which includes the North access viaduct (1115 m length) and the South access

viaduct (1140 m length). Either the bridge and access viaducts are prepared for hosting 2 tracks.

480.000 i
| 160.000
12,000 | 12000 17 x 8,000 = 136.000 12000 | 12.000

TR EEEEEEEEEEEEEE

Figure 6.4 - Side elevation of the 2" span of the bridge (GRID et al., 2006).
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The bridge is suspended from 3 arches that are centred with the structure. Each arch connects
to the corresponding span of the deck by 18 hangers (Figure 6.4). The hangers have a circular

section with 200 mm diameter and are 8 m apart from each other.

The deck is composed by a concrete slab laid over a trapezoidal steel box (Figure 6.5). The
concrete slab has a total width of 15.85 m and a maximum thickness of 43 cm (Figure 6.8). The
steel box, U-shaped, has tilted webs and a total height of 2.6 m. The bottom flange, 6.2 m wide,
varies in thickness from 100 mm over the bearings and 45 mm at the mid spans. Both top lateral
flanges have 1.5 m width and 35 mm to 50 mm thickness. The central top flange, 1.5 m wide,
has thicknesses ranging from 35 mm to 100 mm. This central flange presents a longitudinal
reinforcement, at its bottom (350 mm vs. 35 mm or 350 mm vs. 45 mm). Finally, the tilted webs

present constant 30 mm thickness through the entire length of the deck.

1600
15880

e 1
e ) 2680
1
3509 i 30
Wl A i 4590 - R
t ¢
Lol
163 e
A N.'ﬂo.m g
1 /”J'""x"*::—':'» A T ::‘ %‘M% =
| e s o ¥ LETESESECRGRTENER e, |
- = . g - '
v <1 ~ [lm] &
N 300
& B g
3100 2825 1. 1500

Figure 6.5 - Cross section of the deck (GRID et al., 2006).

At each hanger-to-deck connection, a steel diaphragm and two diagonal strings transfer the
suspension loads from the hangers to the deck. Diagonals are 600 mm wide and have a thickness
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of 35 mm. In order to enhance its fatigue endurance, the intersection between each diagonal and

the bottom flange of the deck is achieved by means of a cast steel special piece (Reis and Lopes,

2009). At its top connection, the diagonal hangs from a special gusset, 40 mm thick (Figure 6.6).
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(e) Detail B — Design (GRID et al., 2006)

(b) Diaphragms and diagonals

(d) Detail A - Construction

() Detail B - Construction

Figure 6.6 - Diaphragms of the deck: typical details.
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Above the concrete slab, the hanger-to-deck connection can be considered a spherical hinge
(Figure 6.7). The bottom of each hanger is threaded to a cast steel piece specially conceived for

that purpose.

Figure 6.7 - Spherical hinge at hanger to deck connection.

The concrete slab thickness ranges from 0.20 m at the edge and 0.43 m at the bridge’s plane
of symmetry (Figure 6.8). The inner ballast-guard beams present 0.73 m height whilst the outer
ones present 0.8 m height. The footways, edge beams and catenary bearings are all laid over the
slab, as well as a triple waterproofing cap.

100

Figure 6.8 - Concrete slab (GRID et al., 2006)
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The three parabolic arches have a total height of 25.4 m and hexagonal cross section with
variable height-to-width ratio (Figure 6.9). The maximum height (2400 mm) and minimum width
(1490 mm) are observed at the arches’ ending points, while the minimum height (1800 mm) and

maximum width (3200 mm) appear at the higher section.

The arches’ top and bottom flanges have 60 mm to 120 mm thicknesses. The arches’ webs are
80 mm to 120 mm thick.

Figure 6.9 - Arches: cross section variation (GRID et al., 2006).

The hanger-to-arch connection is performed by means of an eye-plate with a spherical hinge
and a special cast steel piece. At these intersection points, the arches present transverse

diaphragms that increase the overall stiffness and limit section distortion (Figure 6.10).

(b)
Figure 6.10 - Arches: (a) inside view and (b) diaphragms and stiffeners (GRID et al., 2006).
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Concrete partially fills the extremities of the arches at the bridge entrance points. No concrete
IS present at the arches extremities over the intermediate piers of the bridge. At those points

access to the interior of the 3 arches is provided for maintenance and/or inspection activities
(Figure 6.11).
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Figure 6.11 - Inspection access to the interior of the arches (GRID et al., 2006).

It should be underlined that under the extremities of the arches the steel deck presents vertical
stiffeners with thicknesses up to 120 mm (Figure 6.12).
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Figure 6.12 - Vertical stiffeners bellow the arches’ extremities (GRID et al., 2006).

The hangers have a circular section with 200 mm diameter.

The 4 piers of the bridge, named P1 (at the North), P2, P3 and P4 (at the South), were built in

reinforced concrete. They have a hexagonal hollow section with maximum width and height of
8.5mand 5.2 m, respectively (Figure 6.13).
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All piers are 25 m height and bear over blocks of 9 (P1 and P4) or 12 (P2 and P3) reinforced
concrete pilings, with diameters of 2 m (Figure 6.14).
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Figure 6.13 - Cross section of the piers (GRID et al., 2006): (a) floor-plan and (b) floor-plan including

foundations.
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(a) (b) (©)
Figure 6.14 - Pier P2: (a) side elevation (GRID et al., 2006), (b) actual photograph (REFER, 2010) and
(c) front elevation (GRID et al., 2006).

Like in the case of the arches, the piers were also provided with access conditions for
inspection at their interior, exterior and bearings. Access is provided in different ways: by vertical

inspection stairs, by REFER’s inspection vehicle and by the interior of the deck (Figure 6.15).

ALGADO LATERAL

(b)

Figure 6.15 - Platforms for piers inspection: (a) design (GRID et al., 2006) and (b) actual
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At each pier, 2 spherical and multidirectional bearings, 4 m apart, are present. The bearings
have a circular contact surface, with 920 m diameter at P1 and P4 and 1300 mm diameter at P2
and P3. The transverse movement of the deck is totally restricted at all piers. Longitudinal

movement is totally restricted at P1 and conditioned, by seismic dampers, at P2, P3 and P4.

6.2.2.2 Track

The track is built with UIC60EL1 rails and monoblock sleepers. Even if the current distance
between rails corresponds to Iberian-track gauge, all the sleepers are ready for future migration

into Standard-track gauge (Figure 6.16).
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Figure 6.16 - Pre-stressed concrete sleepers (SATEPOR, 2011).

At the upstream side of the bridge, the track is completely operational. At the downstream
side, only ballast was put in place, in order to reduce torsion and structural mass asymmetry
(Figure 6.17).
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Figure 6.17 - Ballasted track located at the upstream side of the bridge.

6.2.2.3 Materials

The steel used in the construction of the bridge (deck, arches, hangers, diaphragms) was
mainly of the S355NL grade, a fine grained steel with good characteristics for welding (IPQ,
2009a). The thicknesses involved ranged from 16 mm to 120 mm. Anti-seismic elements were
made on S460ML steel (IPQ, 2009b). Finally, the cast steel components (bottom diagonals’
connections, hangers’ connections) were executed in G20Mn5 grade steel. All the steel plates
have a minimum through the thickness quality grade of Z15. In special cases, such as the hangers’

connections, a Z35 quality grade was adopted.

Concerning the concrete, different grades were chosen, for each application, on the bridge:
C40/50 in the slab, C35/45 in the piers and C30/37 in the foundations. All the reinforcement steel
is of A500 NR grade.

6.2.3 Construction process

The construction process of the bridge directly impacts in some mechanical and structural
parameters, such as, for example, the extent of concrete cracking on the bridge or the quality of

the welding. Due to its complexity, only the main steps are described.

The deck was build up, from several components, over a 180 m platform, sustained on the
first 4 piers of the South access viaduct (Figure 6.18). After the conclusion of each 160 m span
of the deck, the same span was displaced by a system of incremental pulling (Teixeira Duarte -

Engenharia e Construcgdes S.A., 2008).
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Figure 6.18 - Span of the bridge being assembled, over the South access viaduct (REFER, 2010).

The elementary units, or dowels, used on the construction of the deck, had 10 m length and
were built in 3 parts, in a steel mill, before being transported to the construction site. At the
construction site, the 3 different parts of each elementary unit were assembled (Figure 6.19) and

painted. An industrial facility, 105 m long and 12 m wide, was specifically developed for that
purpose (Figure 6.20).

Adesivo metalico \

PORMENOR A

Vardo de cerénica

Figure 6.19 - Assembly of the 3 main parts of each elementary unit of the deck (Teixeira Duarte -
Engenharia e Construgdes S.A., 2009).
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(b)
Figure 6.20 - Assembly of the parts of the dowels of the deck: (a) webs and bottom flange (Teixeira

Duarte - Engenharia e Construgdes S.A., 2009) and (b) diaphragms and top flanges.

Due to the thicknesses involved, the welding processes were chosen in order to achieve big
deployment rates, associated with increased reliability (Nunes and Nicolau, 2009): submerged
arc welding, when flat position, and MIG/MAG in the other situations (Figure 6.21). Whenever
possible, the MIG/MAG process was complemented by the Rail Track system, which allows the

semi-automation of the process by aiding the torch movement.

(@) (b)
Figure 6.21 - Welding processes adopted at the construction site (Teixeira Duarte - Engenharia e
Construgdes S.A., 2009): (a) submerged arc welding and (b) MIG/MAG process with Rail Track.

The welds shown in Figure 6.21 were always performed after pre-heating the plates to weld.
After welding and before painting, all welds were subjected to non-destructive tests (visual
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inspection, dye penetrant liquid, magnetoscopy, ultra-sound, X-ray) to assure conformity with
the high demanding requirements established.

Levelling (Figure 6.22), positioning (Figure 6.23) and assembly of the different elementary

units were performed over the pulling platform.

(@) (b)

Figure 6.22 - Dowel’s levelling: (a) dowel over the pulling platform and (b) levelling apparatus.

The welds involved in the assemblage of two consecutive dowels were always Z-shaped,
avoiding potential single plan weaknesses and/or discontinuities in mechanical properties (Figure
6.23).

(@) (b) (©

Figure 6.23 - Dowels positioning: (a) complimentary dowels, (b) gap control and (c) apparatus for gap

control (Teixeira Duarte - Engenharia e Construgdes S.A., 2009).
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The assemblage of successive dowels was also performed by submerged arch welding and
MIG/MAG welding. The protected environment was granted by welding workshops built over

the pulling platform (Figure 6.24).

(@) (b)
Figure 6.24 - Welding workshop at the pulling platform: (a) steel box exiting workshop and (b) last dowel.

The incremental pulling system included a hydraulic central, two hydraulic actuators with
capacity for 250 tons, each, and a 20 m long launching nose (Figure 6.25).

(a) (b)
Figure 6.25 - Deck’s launching: (a) launching platform and (b) launching nose.

To make the deck’s launching and posterior arches’ erection feasible, 6 temporary piers were

built, 2 at each span of the bridge (Figure 6.26). Each temporary pier was composed by 4 external
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and 2 central piles of 1.2 m of diameter. The piles were nailed to the river bed and had total

heights ranging from 35 m to 50 m.

Each arch was built over the corresponding span of the deck, by assembly of 8 m components,
in 3 distinct segments. Hangers were laid horizontally, connected on their top hinge.
Consequently, when each arch was elevated, the hangers elevated together with it (Figure 6.27).
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Figure 6.27 - Elevation of the segments of one arch (REFER,

Figure 6.26 - Temporary piers.
2010).

The segments of each arch were welded together and the arches’ extremities were welded to

their springing (Figure 6.28). The hangers could then be nailed to the deck, at their bottom hinges,
and their length was adjusted to theoretical design lengths (Figure 6.29).

) o Figure 6.29 - Bottom hinge
Figure 6.28 - Springing of one arch (REFER, 2010). N
before nailing (REFER, 2010).
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After adjusting the different hangers, vertical reaction on the temporary piers became almost
null and they were removed (Figure 6.30). The arches and the steel box were still subjected to a
pre-stress, by lowering the bearings of P2 and P3 by 1.3 m.

The next step consisted in concreting the slab of the deck (Figure 6.31). Different concreting

stages were adopted in order to minimise cracking due to creep and shrinkage.

n .
i 1

Figure 6.30 - Removal of the temporary piers
(REFER, 2010).

Figure 6.31 - Concreting of a ballast-guard.

Once the structure was finished, the construction of the ballasted track started (Figure 6.32),
as well as the installation of the catenary and of the communication, signalling and control

technological systems (Figure 6.33).

(a) (b) ()

Figure 6.32 - Track’s construction: (a) sleepers, (b) expansion joint and (c) downstream vs. upstream

tracks.
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Figure 6.33 - Catenary and signalling system (REFER, 2010).

6.2.4 Critical details to fatigue

The details potentially prone to fatigue damage were identified from the structural design and
from in situ observation, during the construction phase. The different details were classified to
fatigue strength according to Eurocode 3 (CEN, 2004). Preliminary fatigue analysis on all
components was performed, using Eurocode 3 methodology and the numerical model of the
structure. Based on that analysis, the bottom connection of the diagonals of each diaphragm and
the cope hole at the top connection of the same elements (Figure 6.34) were identified as the
critical details for fatigue.

(b)

Figure 6.34 - Details classification according to fatigue: (a) upper (top) extremity and (b) lower (bottom)

extremity of the diagonal.
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However, it must be stressed that the classification of the critical details based on the Eurocode
3 database is not always straightforward. Analogy between different details with similar
structural behaviour was assumed, like in the case of the cope hole at the top connection of the
diagonals. SN curve determination tests were conducted, in order to confirm the adopted fatigue
strength classification (Silva et al., 2013). Those tests, conducted in small scale reproductions of
the detail, revealed higher strength to fatigue than the suggested by the 45 classification.
Nevertheless, since the maximum thickness of the diagonal simulated in the tests (12 mm) was
lower than the real one (35 mm), and, as the fatigue strength of this type of detail is assumed to

decrease with the thickness, the classification (category 45) was kept.

These details were considered to have low structural redundancy and therefore a safe life
approach was deemed adequate. As the consequences of failure would be high, a partial safety

factor for fatigue strength equal to 1.35 was adopted, according to Table 3.5.

6.3 NUMERICAL MODEL OF THE BRIDGE

6.3.1 Description

A numerical model of the bridge was developed using ANSY'S software (Figure 6.35). Both

beam and shell elements were employed.

Figure 6.35 — Numerical model of the bridge of the new railway crossing of river Sado (1% span).
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Shell elements (SHELL63 of ANSYS library) were used to model the concrete slab and the
steel box girder. The beam elements (BEAM44) were employed to model the arches, the hangers,
the diaphragms and the diagonals, the transverse stiffeners and the ballast containing beams
(Figure 6.36). Nodal mass elements (MASS21) were applied to the structure in order to reproduce
the mass of the diaphragms of the arches. Rigid connections (MPC184) were also used to connect
the concrete slab to the upper flanges of the steel box.

(a) (b)
Figure 6.36 - Numerical model of the bridge: (a) deck and arch’s ending point and (b) cut view of the

deck and arch.

After performing a sensitivity analysis, a mesh of elements with maximum 2 m of longitudinal

length was adopted.

Two different approaches were employed when modelling the diaphragms and diagonals of
the bridge. The diaphragms 51 and 54 and corresponding diagonals were modelled with a fine
mesh of shell elements, with maximum dimension of 0.1 m (Figure 6.37(a)). This allowed to
better capture the stress concentration at the extremities of the diagonals. All other diaphragms

and diagonals were modelled using the beam elements (Figure 6.37(b)).

(a) (b)
Figure 6.37 - Modelling of diaphragms and diagonals: (a) refined and (b) not refined.
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The track was not modelled explicitly. Nevertheless, its mass was distributed in the concrete
slab, between the ballast guards.

The number of elements and nodes employed in the model is 40157 and 32862, respectively.
The total number of Degrees of Freedom (DOF) is 197154,
6.3.2 Geometrical and mechanical characteristics

In this section, the geometrical and mechanical characteristics of the elements composing the
deck and the arches of the bridge are presented.
6.3.2.1 Deck

The density of the steel employed in the deck was considered equal to 7850 kg/m3. A Young
Modulus of 210 GPa and a Poisson’s ratio of 0.3 were adopted.

Concerning the concrete of the concrete slab, a density of 2500 kg/m® was employed. The
Young Modulus, before the model updating, was assumed to be 35 GPa. This is the secant
modulus of elasticity of concrete at 28 days for a C40/50 concrete which is the minimum quality
required at design phase (GRID et al., 2006). After the model updating, described in Section

6.3.3.2, a value of 43 GPa was considered. The Poisson’s ratio employed was 0.15.

The mass of the track and of the non-structural elements were computed and distributed in the

sections of the concrete slab identified in Figure 6.38. Table 6.1 summarises the adopted values.

D C B A B C D
Figure 6.38 — Cross section of the numerical model of the concrete slab.

Table 6.1 — Additional mass associated to the track and non-structural elements of the deck’s slab.

Section Description Mass
A Concrete slab covering (waterproofing covering, light concrete and screed) 190 kg/m?
B Track (ballast, sleepers,_ralls)_ and concrete slab covering (waterproofing 1255 kg/m?
covering, light concrete and screed)
C Prefabricated concrete slabs 77 kg/m?
D Lightweight concrete and metallic bridge-rail 735 kg/m?

190



Fatigue damage monitoring of the bridge of the new railway crossing of river Sado

The diagonals located at each diaphragm have a rectangular cross section with 35x600 mm.

Their geometric characteristics are summarised in Table 6.2.

Table 6.2 — Geometric characteristics of the diagonals present at the diaphragms.

. . Geometric
Location Cross section o
characteristics

, - - 1 A=0.021 m?
s [ I, = 0.214E-05 m*
' 50 ‘" 1,=0.630E-03 m*
: J=0.828E-05 m*

6.3.2.2 Arches and hangers

The arches and hangers were modelled using a steel with characteristics similar to the ones of

the steel employed in the deck box girder.

As mentioned before, all the hangers have the same circular cross-section with a diameter of
200 mm. The arches, on the other hand, have variable cross section, due to varying height, width
and thickness of flanges and webs. These geometric characteristics were reproduced in the

numerical model (Figure 6.39).

(a) (b)

Figure 6.39 — Modelling of the arch and hangers: (a) side elevation of the 2" span and (b) front

elevation of the bridge.

The corresponding mechanical properties are summarised in Tables 6.3 to 6.6. Furthermore,
nodal masses were added to the nodes of the hanger-to-arch connections, in order to replicate the

stiffening diaphragms existing at those locations (Tables 6.4 to 6.6).

Table 6.3 — Geometric characteristics of the hangers.

A Iy I, J
Element ] [m9 [ [m]
Hangers 3.14E-2 7.85E-5 7.85E-5 1.57E-4
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192

Table 6.4 — Geometric characteristics of the 1% arch.

El t Locati ly 12 J I\'IA\ dddiltil(\)/lmal
emen ocation P 4 4 4 odal Mass
[(mT [m] [m]  [m7] kg
P1 0.841 0558 0.280 0.637 -
Diaph.1 0.904 0.543 0.480 0.876 881
Diaph.2 0.861 0.463 0.597 0.906 968
Diaph.3 0.699 0.316 0.647 0.732 960
Diaph.4 0.701 0.293 0.736 0.737 963
Diaph.5 0.702 0.272 0.809 0.728 963
Diaph.6 0.759 0.280 0.902 0.773 964
Diaph.7 0.656 0.249 0.761 0.674 961
Diaph.8 0.660 0.241 0.789  0.665 946
1% arch Diaph.9 0.663 0.237 0.804 0.659 944
Diaph. 10 0.663 0.237 0.804  0.659 944
Diaph. 11 0.660 0.241 0.789  0.665 946
Diaph. 12 0.656 0.249 0.761 0.674 961
Diaph. 13 0.650 0.262 0.719  0.685 964
Diaph. 14 0.641 0.277 0.663  0.693 963
Diaph. 15 0.701 0.293 0.736  0.737 963
Diaph. 16 0.699 0.316 0.647 0.732 960
Diaph. 17 0.697 0.341 0.543 0.706 968
Diaph. 18 0.764 0.428 0.446 0.741 881
P2 0.861 0.556 0.337 0.718 -
Table 6.5 — Geometric characteristics of the 2" arch.
_ A I, L 3 Additional
Element Location [m7] [m] mq  [m9 Nod[aklgl}/lass
P2 0.841 0558 0.280 0.637 -
Diaph. 19 0904 0543 0.480 0.876 881
Diaph.20 0.779 0.404 0.570 0.816 968
Diaph.21 0.699 0.316 0.647 0.732 960
Diaph.22 0.701 0.293 0.736 0.737 963
Diaph.23 0.702 0.272 0.809 0.728 963
Diaph.24 0.702 0.255 0.867 0.713 964
Diaph.25 0.626 0.238 0.740 0.650 961
Diaph.26 0.629 0.230 0.766 0.641 946
ond arch D@aph. 27 0.631 0.226 0.780 0.636 944
Diaph.28 0.631 0.226 0.780 0.636 944
Diaph.29 0.629 0.230 0.766 0.641 946
Diaph.30 0.626 0.238 0.740 0.650 961
Diaph.31 0.620 0.250 0.700 0.661 964
Diaph.32 0.702 0.272 0.809 0.728 963
Diaph.33 0.701 0.293 0.736 0.737 963
Diaph.34 0.699 0.316 0.647 0.732 960
Diaph.35 0.697 0.341 0.543 0.706 968
Diaph.36 0.764 0.428 0.446 0.741 881
P3 0.861 0556 0.337 0.718 -
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Table 6.6 — Geometric characteristics of the 3 arch.

_ A | | 3 Additional
Element Location ) Y % . Nodal Mass
[mT [T [m] [m] kg
P3 0.841 0.558 0.280 0.637 -
Diaph.37 0.904 0543 0.480 0.876 881
Diaph.38 0.779 0.404 0.570 0.816 968
Diaph.39 0.699 0.316 0.647 0.732 960
Diaph.40 0.701 0.293 0.736 0.737 963
Diaph.41 0.701 0.272 0.809 0.728 963
Diaph.42 0.650 0.262 0.719 0.685 964
Diaph.43 0.656 0.249 0.761 0.674 961
Diaph. 44 0.660 0.241 0.789 0.665 946
31 arch D!aph. 45 0.663 0.237 0.804 0.659 944
Diaph. 46 0.663 0.237 0.804 0.659 944
Diaph. 47 0.660 0.241 0.789 0.665 946
Diaph.48 0.656 0.249 0.761 0.674 961
Diaph.49 0.650 0.262 0.719 0.685 964
Diaph.50 0.756 0.299 0.840 0.788 963
Diaph.51 0.701 0.293 0.736 0.737 963
Diaph.52 0.699 0.316 0.647 0.732 960
Diaph.53 0.697 0.341 0.543 0.706 968
Diaph.54 0.834 0.487 0.463 0.815 881
P4 0.860 0.556 0.337 0.718 -

6.3.3 Validation with Ambient Vibration Test

6.3.3.1 Test Setup

Ambient Vibration Tests (AVT) are a widely recognised method to characterise the dynamic

properties of bridges (Ribeiro et al., 2012, Magalhaes et al., 2012a, Brownjohn et al., 2010,

Goulet et al., 2014, Gentile and Saisi, 2013, Gentile and Saisi, 2011, Zhang et al., 2013).

An AVT was also performed at the bridge of the new railway crossing of river Sado, covering

33 sections of the deck and 19 sections of the arches (Figure 6.40). The number of sensors

available led to the execution of 20 different setups. The link between different setups was

achieved by 8 reference points, at 4 sections of the deck. The measurement points and directions

are identified at Figure 6.41.
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@ Reference point $
@® Mobile point Y X

(@) (b)

Figure 6.41 - Measurement directions: (a) arch’s section and (b) deck’s section.

The data acquisition hardware used was the NI cDAQ-9172 with analog input modules
NI 9233 IEPE. Fourteen piezoelectric accelerometers were used (PCB 393A03) with a
sensitivity of 1000 mV/g and a measurement range of £5g. Each setup had a duration of 20

minutes and a sampling rate of 2000 Hz, decimated to 100 Hz.

Due to the length of the structure, coaxial cables up to 250 m were used to connect the sensors
to the acquisition system placed at the central span of the bridge.

6.3.3.2 Results

The data of the different setups was processed using two different algorithms available in
software ARTEMIS (SVS, 1999-2010): EFDD and SSI-UPC. The modes of vibration identified
included bending and torsion vibration modes of the deck and transverse vibration modes of the
arches. The SSI-UPC algorithm, in particular, allowed distinguishing different modes of
vibration contained in closely spaced frequencies. It revealed high efficiency, condensing all

setups in a single Stabilization Diagram (Dohler et al., 2010).
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The numerical model was updated in order to better replicate the experimental mode shapes
and natural frequencies. The parameter revealing higher influence in the numerical model
dynamic properties was the Young Modulus of the concrete (Ec) used in the construction of the
deck’s slab. Figure 6.42 illustrates the variation of some of the natural frequencies as a function
of this parameter. The evolution of the corresponding objective function, which is the sum of the
natural frequency absolute differences, is also presented. The values of E. varied between 35 and
50 GPa. The final adopted value was E. = 43 GPa.

+— Objective Function

ol 025

o
N

5
S
2
Objective Function
°
&

o

& Mode 1
! Mode 2
-04} ' Mode 3

Mode 4 0.05}
-0.12| : =— Mode 5|
Mode 6

Yoda ]

-3 40 45 50 35 a0 45 50
Young modulus of Concrete [GPa] Young modulus of Concrete [GPa]

(a) (b)
Figure 6.42 - Model update: (a) difference between fuum and fexp and (b) objective function as a function
of Young Modulus of concrete.

Some of the modes of vibration identified during the AVT are compared, in Figures 6.43 to

6.46, with the corresponding modes of vibration obtained with the numerical model.

(a) foxp = 0.868 Hz (0) foum = 0.803 Hz

Figure 6.43 - 1% vertical bending mode of vibration.

%ﬁfﬁm@ﬂ%\ P I

(a) fop = 1.000 Hz () foum = 0.923 Hz

Figure 6.44 - 2" vertical bending mode of vibration.
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(@) fop = 1.174 Hz (0) foum = 1.140 Hz

Figure 6.45 - 3" vertical bending mode of vibration.

(@) forp = 1.466 Hz (0) foum = 1.481 Hz

Figure 6.46 - 4™ vertical bending mode of vibration.

Table 6.7 summarises the results in terms of natural frequencies and modal damping

coefficients for the first 7 modes of vibration.

Table 6.7 - Natural frequencies and modal damping coefficients.

Natural Frequency (Hz)
Mode Damping (%)

sondber  Niiieiial Experimental MAC Description
SSI EFDD SSI EFDD

1 0.803 0.868 0.868 1.519 1.239 0.97 Vertical bending mode
2 0.923 1.000 1.001 0.894 1.060 0.93 Vertical bending mode
3 1.140 1.174 1.180 1.099 0.744 0.94 Vertical bending mode
4 1.481 1.466 1.466 0.769 0.546 0.95 Vertical bending mode
5 1.501 1.467 - 1.537 - 0.86 Vertical bending mode
6 2.142 2.145 2.140 3.057 0.345 0.82 Torsion mode
7 3.249 3.322 3315 4.581 0.463 0.89 Vertical bending mode

As reflected in the high Modal Assurance Criterion (MAC) values, the agreement between the
experimental and numerical modes of vibration is good. In addition, the natural frequencies are
very similar, with differences typically below 0.08 Hz. Both methods used for modal information
extraction showed similar results, which can be considered a cross-check of the analysis. These
results support that the numerical model reflects correctly the dynamic behaviour of the real

structure.
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6.3.4 Validation with Load Tests

The long-term monitoring system that will be described in detail in Section 6.4 was used
during the load tests performed at the commissioning phase by the Portuguese National
Laboratory for Civil Engineering (LNEC). Three different types of vehicles were used to load
the bridge:

e Single power engine machine;
e Short freight train (87.242 m) with 5 double hopper ballast containers;

e Long freight train (130.762 m) with 7 double hopper ballast containers plus 1 single

hopper ballast container.

The characteristics of the power engine machine, double hopper ballast container and single
hopper ballast container are illustrated in Figures 6.44, 6.45 and 6.46, respectively.

| [
(LA

186 172 186 186 172 186 kN

(a) (b)
Figure 6.47 — Power engine machine (1500 series): (a) distances between axles, average load per axle

and (b) overview in the context of the load test performed.

167 167 167 167 kN

(@) (b)
Figure 6.48 - Double hopper ballast container: (a) distances between axles, average load per axle and (b)
overview in the context of the load test performed.
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196 196 196 196 kN
(@) (b)

Figure 6.49 - Single hopper ballast container: (a) distances between axles, average load per axle and (b)

overview in the context of the load test performed.

Since the axle loads of the power engine machine were known with a high degree of accuracy,
they were used to calibrate the traffic characterization system, allowing the determination of the

factor C, in Equation 6.11.

The different loading positions adopted by the long freight train, during the load test, are
illustrated in Figure 6.50.

Pos.
Pos.
Pos
Pos
Pos.
Pos

f= KV R .

Hanger 15 P2 Hanger 28 P3 Hanger 46 P4

Figure 6.50 - Long freight train loading positions (adapted from LNEC (2011)).

For each loading position, each strain gauge measured the corresponding deformation. A good
agreement was achieved between numerical and experimental results. Figure 6.51 compares the

numerical and experimental results for strain gauge SG 51-1 (see Figure 6.62).
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Figure 6.51 - Experimental vs. Numerical strain (at position of SG 51-1) due to long freight train static

loading.

Also during the load test, the bridge undertook a quasi-static loading with the power engine

machine at 7 km/h. In this case, again, there was a good agreement between the numerical and
experimental results (Figure 6.52).

35

T ! *
Experimental i

30! * Numerical (

25| \

20} (|
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o 5 @
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L 1 L -
0 100 200 300 400 500
Train position [m]

Figure 6.52 - Experimental vs. Numerical strain (at position of SG 51-1) due to power engine machine

quasi-static loading.

6.3.5 Extraction of relevant modal parameters

The validated numerical model is used to perform a single modal analysis. The information
obtained from the modal analysis can be stored in a very condensed way. For each j mode of
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vibration, the modal mass, modal frequency and modal damping ratio are stored (mj, wj and &,
respectively). If J is the total number of modes of vibration considered, then the information is

stored in three J x 1 vectors: M, @ and &.

In the case study, the number of modes of vibration considered in the analysis was 1500 and

the natural frequency of the last mode considered was 35 Hz.

When assessing the dynamic response of the structure (Liu et al., 2013) using the modal
superposition method, it is generally accepted that it is dependent on the above mentioned vectors

and on the modal forces over time:
[Fl(t)] [CDH (le (D11<] [Fl(t)]

F()= |F(f)|—|q) ‘D:; /Ki |Fk(t)| (6.1)
lro) Loy a0 Lrol

where @;; is the modal displacement of the degree of freedom k, for the mode of vibration j and

Fi(¢) is the loading history (Clough and Penzien, 1975).

In the case of a railway bridge loaded by a train, the loads can be considered as applied in the
vertical direction, at the nodes that correspond to the rail. All other degrees of freedom have a
null applied load. So, for that case, only the vertical nodal displacements of the nodes that define
the rails, for each j mode of vibration, ®,,;, need to be stored. If the total number of nodes
defining the rails is L, the information fits a matrix with J x L elements and then, Equation (6.1)

can be restricted to the non-null terms:

[Fl(f)] (Dll (Dll (DIL Fl(t)

F()- ot IFl(r) | 6.2)

FJ(f)J (DJI (DJI q)JL L(t)
In the case of the numerical model of the bridge of the new railway crossing of river Sado, the
number of nodes representing the rails is 620, so, the matrix to be stored, ®,,;, has a dimension
of 1500 x 620. This is a very condensed format when compared with storing the modal

displacements for all the degrees of freedom of the model, which would generate a
1500 x 197154 matrix.
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Finally, the modal stresses for each j mode of vibration, at each critical detail m, o; ,, are also

recorded. If a total of M critical details are considered, the info fits in a J x M matrix, .

01’1 ---Gl,m "'GI,M
6= Lf,l O ""GJ,M] (6.3)
| 5o o
lGJ,l G ”‘GJ,MJ

Considering as fatigue critical details the 2 diagonals of each one of the 54 diaphragms of the

bridge, only 108 nodal stresses per mode of vibration are required (1500 x 108 matrix).

Once the above mentioned matrices are stored, the numerical model of the bridge is no longer

needed for the subsequent steps of the fatigue assessment.

6.4 LONG-TERM MONITORING SYSTEM

6.4.1 Introduction

A monitoring system was developed in order to characterise railway traffic and its effects on
critical points of the structure. Consequently, the system includes traffic and structural response
characterization modules. A trigger allows start storing the data when a traffic event occurs. The
acquisition system allows managing the information that, after some preliminary processing, is
sent to a server, via 3G connection. The different components of the system are distributed along

the bridge as illustrated in Figure 6.53.

225m 480m 225m

< >4

2.7 S —ET T

LEGEND:

m Trigger

Traffic characterization

- Structural behaviour characterization

. Acquisitionand power systems

- 3G communication

Figure 6.53 - Location of the different components of the system.
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6.4.2 Traffic Characterization Module

The traffic is characterised both quantitatively and qualitatively. The quantitative evaluation

is performed using 2 different types of sensors:
e Fibre optic rail pad sensors, Sensor Line FORPS-UIC60-1-20;
e Strain gauges in full Wheatstone bridges configuration.

The qualitative information is provided by an IP Camera placed at one hanger of the bridge.

6.4.2.1 Qualitative evaluation

The IP camera, model Vivotek IP 7330, was installed in the hanger number 28 (Figure 6.54).
The camera trigger is activated by movement detection. Train passage is recorded by photograph
and video, and this info is appended to the data of each traffic event. In Figure 6.55, the

photographic record of the passage of 3 different types of trains is presented.

Figure 6.54 - IP camera installed in a hanger.

(a) (b)

Figure 6.55 - IP camera recorded images: (a) Alfa Pendular passengers train, (b) intercity passengers

train and (c) freight train.
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6.4.2.2 Quantitative evaluation

Four instrumented rail pad sensors, Sensor Line FORPS-UIC60-1-20 (Figure 6.56), were
installed at two different sleepers, 16 m apart from each other, at the same bridge’s sections as

hangers 50 and 52 (Figure 6.57).

(@) (b)
Figure 6.56 - Fibre optic rail pad sensors (FORPS): (a) overview and (b) in place.

Lo

RP 100604 RP 100602 RP 100601 RP 100603 + SGR

Figure 6.57 - Location and labelling of the instrumented rail pads and strain gauges in the rails.

The instrumented rail pads are used to compute the speed of the train and the axles spacing.
This is achieved by analysing the time duration from each train axle to go from one rail pad

section to another rail pad section, 16 m apart.

Each rail pad has a fibre optic embedded in its elastomeric material (Figure 6.58).
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.____
-
-—————
-———-

Figure 6.58 - Instrumented rail pad sensors structure (1 — interference grid (grating), 2 — fibre optic, 3 —
elastomer) (SensorLine, 2008)

The fibre optic is plugged to a transducer that inputs a certain amount of light in one of its
extremities and measures the amount of light coming out on the other extremity, converting it
into an electrical signal. When one rail pad is loaded, it produces a reduction in the amount of
light transmitted through the fibre optic and, consequently, a variation in the electrical sign

measured (Figure 6.59).

Instrumented rail pad sensor signal

8.5 T T T T T T I ]
[ Instrumented rail pad signal| |
]
T an)
n% - LI In
3 . _7.247'__1‘.6??_.1.6'(?__ 5791 - l.ETE_l.E?E _‘2.7-1 7‘_ "’
186 172 186 186 172 186
=
@
o
i
9 [
7.5+ i
? 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

Time [s]

Figure 6.59 - Instrumented rail pad sensor signal.
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The timing of the peaks of the electrical sign is used to define the above mentioned train speed

and axis spacing. The process is described in Section 6.4.7.

In order to characterise the axle loads, three full Wheatstone bridges were installed at three

different rail sections, near hanger 52 (Figure 6.57).

Each full Wheatstone bridge results from welding 4 shear strain gauges, VISHAY
LEA-06-W125F-350/3R, at the neutral axis of the rail. Both sensors and cables were protected
against potentially harmful maintenance operations, to be performed later, on the track (Figure
6.60).

(@) (b)

Figure 6.60 - Strain gauges in the rails: (2) location, (b) welding and (c) protection.

The adopted configuration makes the full Wheatstone bridge sensitive almost exclusively to
the shear stresses in the vertical plan parallel to the axis of the rail. In each moment, the shear
strain is measured at 2 consecutive sections, t,, and t, (Figure 6.61a)). The difference between

these two measurements, At =1, - 1, iS proportional to the vertical load applied to the rail

S21

between those sections (Figure 6.61(b)).
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Figure 6.61 - Signal of full Wheatstone bridges at S2 and S3: (a) t, and t, and (b) At=1, - T

S2*

As discussed in (Julian Valerio, 2005), this is the principle used to measure the axle loads of

the different trains passing over the bridge.

6.4.3 Structural Response Characterization Module

A total of 32 strain gauges, VISHAY CEA-06-125UN-350/P2, were installed in the structure.

The location of the 4 strain gauges relevant for this study is illustrated at Figure 6.62.
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leﬁ..ﬁ

===t
Diaph. 51  Diaph. 54
/56 51-1 SG512N
(a) (b)

Figure 6.62 - Location of strain gauges: (a) instrumented sections and (b) nomenclature of strain gauges
at Diaphragm 51.

6.4.4 Trigger module

To start the data recording at each traffic event, two uniaxial accelerometers are placed on the
access viaducts, at a distance of 225 m from each extremity of the bridge. Every time an arbitrary
level of acceleration is reached, the shunt calibration of all bridges of strain gauges installed in
the structure is performed and the acquisition system starts recording.

6.4.5 Data acquisition and control module

The data acquisition and control system adopted was the National Instruments cRI0-9024
with a NI 9116 chassis. The cR10-9024 incorporates a PAC industrial computer and the chassis
supports multiple modules for interface with sensors and other devices (Figure 6.63).
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Figure 6.63 - Data acquisition and control module.

The strain gauges installed in the deck are connected to a National Instruments module
NI 9236 (1/4 Wheatstone bridges), while the strain gauges installed in the rail are connected to
the NI 9237 module (Full Wheatstone bridges). Finally, the instrumented rail pad transducers are
connected to the NI 9205 analog input module.

6.4.6 Communication module

A router manages the communication between the cR10 and the 3G connection. The acquired
data is sent, via a 3G connection, to a remote location and saved in a network hard drive installed
at the bridge.

6.4.7 Database

The monitoring system logs the relevant information about the traffic and the structural
response into a database. A MATLAB routine was developed for this purpose. When a train
approaches the bridge, it induces vibration on the access viaduct, which is detected at the
corresponding trigger. The date and hour of the trigger is recorded, in the format
“YYYY MM DD HH mm”, and composes the univocal index number identifying that traffic

event. The data from all sensors is recorded during 120 seconds after the trigger.
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6.4.7.1 Determination of Train Speed, Direction and Axles Spacing

As mentioned before, the determination of train speed, direction and axles spacing is obtained
using the information provided by the instrumented rail pads. The raw analog signal of the rail
pad sensors is sampled at 2048 Hz. For each instrumented rail pad, the light transmittance of the
attached fibre optic sensor is computed by comparing the Sensor Line (SL) Transducer Output
Voltage (V,,,) with the SL Transducer Input Voltage (V;,=10 V), according to (SensorLine,
2008) (Equation (6.4)):

T()=—5— (6.4)

Vout(l)_
The reference value of the light transmittance, T, is the average value of the light

transmittance during the short undisturbed period, after the trigger event (Equation (6.5)).
T,or=11(1) (6.5)

The relative variation of light transmittance during the traffic event, 07(¢), can then be

computed:

Tref‘ T(t)
Tref

ST(f) = (6.6)

A Chebyshev Type Il low-pass filter, of order 8, and with a cut-off frequency of 80 Hz is
applied to the o7(¢) signal. An example of the consequent filtered transmittance relative variation

signal is illustrated at Figure 6.64.
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Figure 6.64 - Filtered transmittance relative variation.

The processed signals of two of the instrumented rail pads Rail Pad 1 and Rail Pad 2 are then
used to compute the speed and direction of the train. When the axle number i crosses the bridge,
it originates a peak on the signal of the rail pad sensors, at instants of time #; g, pss; @and
t; rail Paa 2- AS the distance between the rail pad sensors is well defined (16 m) the train speed can

be computed:

16

L, Rail Pad 1-%i,Rail Pad 2

v; [m/s] = (6.7)

The signal of the computed speed indicates, automatically, the direction of the traffic: positive
for North-South, negative for South-North.

Once the train speed is determined, the spacing between axle i and axle i+1, D;, can be

computed using the following equation:

D; = v;*(t; Rail Pad 1 = ti+1,Rail Pad 1) (6.8)

If the train has 7 number of axles, their different spacing values are stored in a (/-1)x1 vector,
D.

Finally, considering the longitudinal origin of the bridge at pier P1 (x = 0 m), the positioning
of the Rail Pad 1 is x = 436 m. With this information, and assuming constant train speed over the
bridge, v, the location of the first axle of the train over time, can be obtained from the following

equation:
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x(0) =436 +v X (t-1; Rait pad 1) (6.9)

Equation (6.9) is particularly useful when analysing structural response as a function of the

position of the train over the bridge.

6.4.7.2 Determination of Train Axle Loads

The train axle loads are determined using the information provided by the strain gauges

welded to the rail.

The raw signal of each full Wheatstone bridge, z(¢), is sampled at 2048 Hz and then detrended
using the average values of the raw signal during the periods of stabilised response at the
beginning and end of the traffic event, t,(¢). From the detrended signal the filtered signal is
computed by application of a Chebyshev Type Il low-pass filter, of order 8 and with a cut-off
frequency of 250 Hz, t(?).

The main input parameters needed to determine the axle loads are the differential between the

detrended and filtered shear strains measured in the full Wheatstone bridges at sections 2 and 3:

At(t) = 17 53(2) - 77 52(0) (6.10)

The instants of time corresponding to the peaks of the Az(¢) signal are recorded. For the axle
number i of the train, the corresponding instant of time is ¢. The peak values in the differential

shear strains (Figure 6.65) are then extracted from Az(¢):

At =A1(t;) (6.11)
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Figure 6.65 - Detection of peaks of differential shear strain.
As demonstrated in (Julian Valerio, 2005), the peaks in the shear strain can be related with the
axle loads, F, by a constant of proportionality, C:
F = [A7]-C (6.12)

C can be determined by calibration with known axle loads from reference vehicles. That was
performed at the Load Test described in Section 6.3.3. For F in [kN] and [Az] in [10® m/m], a
value of C =0.707 was adopted.

6.4.7.3 Train carriages identification

For each traffic event, the carriages, wagons and locomotives composing the train are
automatically identified. This is performed in two steps, by means of a sub-routine, developed in
MATLAB, that analyses the number of axles and corresponding distances, D, of the train:

e the vehicles composing the train (carriages and/or wagons and locomotives) are

isolated, based on a minimum allowable distance between bogies;
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e each vehicle is compared with a database of carriages, wagons and locomotives, which
was built based on information available from the Operating Companies, and is

labelled accordingly.

The sequence of vehicles, for each train, is then stored in the database.

6.4.7.4 Stress Histories at Instrumented Locations

The raw signal of the strain gauges installed in the deck, &(¢), is first detrended and then filtered
with a Chebyshev Type Il low-pass filter, of order 8 and with a cut-off frequency of 35 Hz. The

treated signal is &(%).

The filtered signal, e(1), is subsequently decimated to 20 samples per second, ,(¢). Then the

stress, o(¢), is computed, according to the equation:
o(t)=¢4(t)E (6.13)

where E is the Young module of the steel. Finally, the rainflow method for counting of cycles is
applied (Fryba, 1996), using a subroutine developed in MATLAB. With the stress cycles
identified, the corresponding histogram of stress ranges is computed.

6.5 ASSESSMENT OF THE FATIGUE BEHAVIOUR

6.5.1 Methodology

Since the database built with the monitoring system stores all the relevant information
concerning the traffic events on the bridge, the fatigue damage assessment can be performed in
a very efficient way, according to the procedures described in this section. The information

needed is:

e The characteristics of each traffic event, F, D and v, stored at the long-term monitoring

system database;

e The modal characteristics of the representative numerical model of the bridge, stored

once, in a very condensed way:
o Modal mass vector, M;
o Natural frequencies vector, ;

o Modal damping ratios vector, &;
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o Modal displacements at the rails, ®,,;;
o Modal stresses at the critical details, o.

With this information, the stress history at each detail m, for a traffic event, ¢,,(¢), can be
computed by application of the Modal Superposition Method (Clough and Penzien, 1975). The
modal coordinates time history, for all modes of vibration considered in the analysis, Y(z) can be
calculated from the modal characteristics of the structure and the loading history. The time
integration is performed using the HHT method (Chung and Hulbert, 1993).

The stress history at the details is obtained by combining Y(¢) with ¢:
L 1)
Gm(t)=| GJ; m I : I Y,-:(t) I (6.14)
ol Lo

Finally, the computation of fatigue damage, from the stress history, is performed by the
application of Rainflow Method (Fryba, 1996). The process is schematically represented in
Figure 6.66.

_>| H —
Validated M w3 Real traffic event
Y(t ls<— Fi(t j€—
numerical | | Modal [—> i — ® 1 (F, D and 1) Database
model of the Analysis d’
bridge _)| o | N |
nm n
D, = —
m Nm’n
n

Figure 6.66 - Workflow for fatigue damage computation.

The entire workflow described was implemented in MATLAB® version 2010b and can be
calculated in 3 minutes per traffic event (average time, in a personal computer with a Dual Core
Intel T9600 2.8 GHz processor and 6 GB RAM memory).

6.5.2 Traffic characteristics

The traffic log database allowed characterizing the traffic over the bridge. The traffic

characteristics, together with the stress influence line length of the critical details, are well
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recognised as very relevant for fatigue damage (Ottosson et al., 2012b). The real traffic can then

be compared with standard traffic.
Concerning the train speed histogram, 3 main groups of trains can be identified (Figure 6.67):

e Alfa Pendular passenger trains, circulating at speeds from 200 km/h to 212 km/h;

Intercity passenger trains, circulating at speeds between 145 km/h and 160 km/h;

Freight trains, at speeds between 75 km/h and 95 km/h.
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Figure 6.67 - Histogram of trains’ speed.

The train’s most frequent lengths correspond to the Alfa Pendular and Intercity passenger
trains (Figure 6.68). Freight trains have lengths typically higher than 300 m. Maximum train

length observed in the period was 520 m.

215



Chapter 6

120 100%
. Absolute Frequency
=—Cumulative Relative Frequency
0%
100
B0%
0%
30-
60% E'
IEED— sk @
E
=3
am
40 4
30%
20%
20
‘ ‘ 10%
o4 II || [l Ill “III.I“ IIIIII-I 0%
EREERTREEETFERFIEREESEREEERERR
- s R R s R e - R = - - B - O - O - -
= o3 B & =] == =1 =]
== ESEIZEENEEEENAZRSSITERES

Length of the train [m]

Figure 6.68 - Histogram of trains’ length.

The most typical axle loads range is the 180 kN to 230 kN. Less than 1% of the axles exceed
the 250 kN load (Figure 6.69), which is the maximum axle load allowed at the standard fatigue
load models of Eurocode 1 (CEN, 2002).
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Figure 6.69 - Histogram of axle loads.

The total load per unit length can reach values up to 74 kN/m (Figure 6.70), lower than the
80 KN/m defined by the LM71 of Eurocode 1 (CEN, 2002).
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Figure 6.70 - Histogram of the load of the trains per unit length.
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Finally, the trains have a maximum number of axles typically below 102 (Figure 6.71).
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Figure 6.71 - Histogram of the number of axles per train.
6.5.3 Fatigue Damage

6.5.3.1 Monitored details

In the case study, the measured stress histories at the instrumented details (diagonals of
diaphragms 51 and 54), for each traffic event, are recorded and available in the database. Those
stress histories are obtained from sensors SG 51-1 and SG 54-1 (see Figure 6.62) and can be used

to validate the accuracy and efficiency of the proposed methodology.

The first step for that validation consists in comparing the measured stress history with the
stress history computed using the proposed methodology, implemented in MATLAB. Figure
6.72 presents three examples of experimental and numerical stress histories, at both strain gauges,
showing a good agreement. In that Figure, the traffic event 1 corresponds to a Alfa Pendular

passenger train, while traffic events 2 and 3 correspond to freight trains.
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Figure 6.72 - Experimental and numerical stresses for 3 different traffic events stored at the database.
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It was observed that for the same type of trains crossing the bridge, the dispersion on the axle
loads does not reflect into a big dispersion on the numerical response obtained. This is
particularly evident when analysing several passages of the Alfa Pendular tilting train, at speeds
over 200 km/h (Figure 6.73 and Figure 6.74). This characteristic of the long-term monitoring
system is of paramount importance, as highlighted by Kolakowski et al. (2011).
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Figure 6.73 - Dispersion of Alfa Pendular axle load measurements.
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The influence of using an adequate number of modes of vibration in the analysis is illustrated
in Figure 6.75:
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Figure 6.75 - Example of numerical simulation of response at SG 54-1, with increasing number of

modes of vibration.

The fatigue damage for those details and for all the traffic events is computed, using the two
alternatives: real and numerical stress histories. When plotting the corresponding cumulative
damage versus number of traffic events (Figure 6.76) it can be observed that the results obtained
using the real and the numerical stress histories are similar. After 565 traffic events, the
cumulative fatigue damages obtained by numerical simulations, at the bottom of the diagonals,
are only 5% higher and 8% lower than the experimental, for Diaphragm 51 and Diaphragm 54,
respectively. In the case of the top of the diagonals, the computed fatigue damage is 5% higher

and 10% lower than the experimental, for the same diaphragms.
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Figure 6.76 - Cumulative damage at diagonals 51 and 54: (a) detail at the top of the diagonal and (b)
detail at the bottom of the diagonal.

The validity of the proposed methodology is then demonstrated. It is important to stress that
the higher differences observed at diaphragm 54, between the cumulative damage obtained by
numerical simulation and by field measurements are justified by an increased frequency of high

stress ranges in the field measurements (Figure 6.77).
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Figure 6.77 - Histograms of stress ranges for numerical and field records at the diagonals of Diaphragms
51 and Diaphragm 54.
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6.5.3.2 Extrapolation for non-monitored details

The methodology presented was validated and, consequently, the workflow can then be
applied, with a high degree of confidence, to non-monitored details. The only additional
information required is the modal stresses at those details (matrix o).

The diagonals of the diaphragms represented on Figure 6.78 were considered as the most
critical non-monitored details.

Diaph. 1 Diaph. 18 Diaph. 19 Diaph. 36  Diaph. 37

Figure 6.78 - Diaphragms with the most critical non-monitored diagonals.

The result of the numerical simulation of the structural response, at those details and for 2
arbitrary traffic events, is presented in Figure 6.79.
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Figure 6.79 - Simulated stress history at non-instrumented details of the bridge: (a) traffic event 1 and
(b) traffic event 2.

The cumulative damage at the identified details, for the traffic events in the period, is

represented in Figure 6.80. It can be understood that even if these are the most critical details,
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concerning fatigue damage, the total fatigue damage observed in the period is very low,
indicating a high lifespan for the bridge.
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Figure 6.80 - Cumulative damage for non-instrumented details of the bridge — Category 45.

Also, from the analysis of the cumulative fatigue damage for all the diagonals of all
diaphragms, Figure 6.81, it can be confirmed that the critical details, concerning fatigue damage,
are the diagonals at the extremities of each span. This is justified by the shorter and therefore
stiffer hangers at those locations. The diagonals of the diaphragms at the entrance and exit of the

bridge, in particular, present higher damage because of the higher dynamic impact observed.
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Figure 6.81 - Cumulative fatigue damage after 565 traffic events — Category 45.

6.5.4 Fatigue Damage vs Traffic Characteristics

It can be observed that most of the fatigue damage at the top connection of the diagonals is
originated from heavy freight trains (>35 kN/m) circulating at speeds between 70 km/h and
100 km/h (Figure 6.82 and Figure 6.83).
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Figure 6.82 - Damage (Diaph. 51 and 54, Cat. 45) vs. Train load per unit length.

$X 10 ’
Oiaph §1- Cat 45
Dwph 54 - Cat 45
45
‘.
35}
3;
¥
o
= e
n
2} R
L8 1 o4
NS ! BEN
15| =
0 x
1 i
05
0y —o— e Loe OO em— O
&0 &0 80 100 120 140 160 180 200 220

Speed of the train [kmh)

Figure 6.83 - Damage (Diaph. 51 and 54, Cat. 45) vs. Speed of the train.

Two major groups of freight trains contribute to the fatigue damage (Figure 6.84, Figure 6.85
and Figure 6.86):

e Freight trains with total length around 200 m and a total load of 10 500 kN distributed

through 62 axles;
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Freight trains with total length around 415 m, total load higher than 20 000 kN and
100 axles.
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Figure 6.84 - Damage (Diaph. 51 and 54, Cat. 45) vs. Total load of the train.
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Figure 6.85 - Damage (Diaph. 51 and 54, Cat. 45) vs. Length of the train.
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Figure 6.86 - Damage (Diaph. 51 and 54, Cat. 45) vs. Number of axles of the train.

It can then be concluded that the bridge is more vulnerable to distortions/deformations
imposed by heavy freight trains, circulating at low speed, than to vibrations induced by passenger

trains, circulating at high speed.

The identification and analysis of this correlation between fatigue damage and the type of
traffic can be particularly useful for the infrastructure managers.

6.6 CONCLUDING REMARKS

In this Chapter, an innovative methodology for the real time fatigue assessment of long-span
railway bridges, combining an affordable long-term monitoring system and minimal computer
resources, was presented. The bridge of the new railway crossing of river Sado was used as case

study for the validation of the methodology.

The main conclusion concerning the design and implementation of long-term monitoring
systems is that the inclusion of a traffic characterization system is of paramount importance for
data validation and results extrapolation. The use of shear strain gauges in the rails showed to be

a very appropriate technique for axle loads quantification.

Referring to the new method developed and presented in this Chapter, it showed to be very

efficient, in order to compute in real time the fatigue damage in the critical details of railway
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bridges. Only a very limited set of modal parameters of the numerical model needed to be
extracted once, stored in a condensed matrix format (less than 10 MB) and incorporated in the
long-term monitoring workflow (with local processing). That limited set of modal parameters
allows accurate simulations of the real response of the structure with a very limited computational
effort. Another advantage of the current methodology is that the real traffic characteristics are
considered. The stress history and corresponding damage at all critical details of the structure can
then be computed. In the details where strain gauges are installed, the comparison between the
numerical simulation and the measurements allows confirming the adequacy and robustness of

this approach.

The proposed method also allowed to identify the type of traffic that contributes the most to
the fatigue damage at the critical details of the bridge, an information that can be particularly

useful for the infrastructure managers.

In the specific case of the bridge of the new railway crossing the river Sado, the most critical
details to fatigue are the diagonals of the diaphragms, namely those at the extremities of each
span of the bridge. The trains that may contribute the most for fatigue damage are the freight
trains. Nevertheless, the estimated cumulative damage at those details, after 565 traffic events, is
very low. Passenger trains led to almost null fatigue damage, according to the assessment
performed.

In this Chapter, the fatigue analysis of the case study bridge was performed based on S-N
curves and nominal stresses. In Chapter 7, the new methodology described in Chapter 5 is
employed in the simulation of fatigue crack propagation in one of the critical details of the same

bridge.
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Chapter 7

ADVANCED FATIGUE ASSESSMENT OF THE BRIDGE OF
THE NEW RAILWAY CROSSING OF RIVER SADO

7.1 INTRODUCTION

In Chapter 5, a new methodology for the efficient crack analysis of dynamically loaded
structures was presented and validated with a simple example. Chapter 6, on the other hand,
showed how a long-term monitoring system, when combined with modal information retrieved
from a calibrated numerical model, can be used to compute the fatigue damage at critical details
of a railway bridge, in real time. It was highlighted that such a long-term monitoring system

would need to be able to both monitor structural behaviour and characterise traffic.

In Chapter 7, the methodology described in Chapter 5 is combined with the workflow
described in Chapter 6, in order to achieve the real time simulation of fatigue crack propagation
in a detail of the case study bridge, due to real traffic, in a computationally efficient way
(Albuquerqgue et al., 2015b). The bridge is an example of a composite structure with both steel
and concrete combined to form a box girder deck. As demonstrated in Chapter 6, most of the
connections between the steel elements are performed by welding and as discussed in Chapter 2,
weldments are typical locations for fatigue crack initiation. The length and direction of each
fatigue crack increment is determined in the simulation according to Fracture Mechanics
principles. The local time-history data needed for the fatigue damage assessment is generated
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using the new concept of modal stress intensity factors and the modal superposition method, as
per Chapter 5 (Albuquerque et al., 2012a). The loading considered in the simulation is composed
by the traffic events obtained with the long-term monitoring system and stored in the database,
as described in Chapter 6 (Albuguerque et al., 2015a). To illustrate the efficiency of the proposed
method, a hypothetical scenario of fatigue residual life assessment is presented herein.

In addition, if we refer to the previous Figure 4.25 in Section 4.5.5, and as mentioned before,
any fatigue crack propagation analysis requires the adequate crack propagation law to be defined.
In the case of the bridge of the new railway crossing over river Sado, these crack propagation
laws were characterised experimentally through tests performed on Compact Tension (CT)
specimens and following well-established procedures such as ASTM E647 (Albuquerque et al.,

2012b). This experimental work is described in Section 7.2.

The tests investigated crack propagation through base material (BM), weld metal (WM) and
heat affected zone (HAZ). The specimens are of the same steel grade and weldments followed
the same welding process as in the construction of the critical details (diaphragm’s diagonals) of
the real structure. It was also intended to perform the fatigue crack growth rate (FCG) testing
using CT specimens with the thickness of the structural details of interest, as it is recognised that
thickness has an influence on fracture behaviour. Since the origins of crack opening displacement
testing, it has been specified that testing should be done using specimens with the same thickness
of the construction or structural detail of interest, e.g. (BSI, 1979). Nevertheless, the final
thickness adopted for the specimens is slightly lower than the thickness of the welded plates from
which the specimens were extracted, since due to the distortion associated with the welding
process it would be impossible to have specimens containing weld and flat surfaces keeping the
original plates thickness. However, the difference between thicknesses (32 mm in the specimens
versus 35 mm in the original welded plate) is considered to have little impact on the obtained

results.

Furthermore, although these tests have been the object of standards for a long time, they still
pose challenges, particularly in cases where the specimens’ material is not homogeneous and
when there are internal stresses in the specimen, such as residual stress fields originated from the
manufacturing process. These two situations are commonly found when testing specimens that
include weldments. The behaviour of such specimens may be slightly influenced by residual

stress when their dimensions are small and unable to retain the residual stress state of the original
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structure. However, considering larger specimens, the effects of residual stresses may be
significant, and the interpretation of the tests becomes more challenging. That is the case of the

tests undertaken and described in Section 7.2.

Finally, it should be referred that since the fractographic analysis of the failure surfaces of
structural components is considered an important method to interpret the causes of fatigue
failures, two of the fatigue tested CT specimens were the object of Scanning Electron Microscopy
(SEM) analysis, namely, one BM specimen and one HAZ specimen. Observed striations are
assumed to be a product of fatigue, with each striation corresponding to a load cycle. However,
not all the load cycles seem to produce striations and not all the striations have an orientation
perpendicular to the direction of the macroscopic crack growth. Moreover, there are divergent
opinions regarding the influence of existing residual stresses on the striations spacing. These

discussions are also addressed in next Section.

7.2 ASSESSMENT OF THE FATIGUE CRACK PROPAGATION STRENGTH
7.2.1 Fatigue crack growth tests

7.2.1.1 Experimental details

CT specimens according to the ASTM E647 (ASTM, 2000) were machined from welded
plates approximately 1 m long and 230 mm wide. A butt weld with a double V preparation joined
the plates along their longer side. According to the welding procedure qualification followed for
the bridge, the welding process was the flux-cored wire metal-arc welding with active gas shield
(welding process 136, according to EN I1SO 15614-1:2004), with a 100°C preheating and an inter-
run temperature lower than 250°C. The welding sequence included multi-run welding on
alternate sides of the plate and the filler metal was the MEGAFIL 710 M. The preparation
dimensions were a thickness of root face of 2 mm, a gap of 3 mm and a bevel angle of 60°. The
welds were ground flushed during the machining process. As mentioned above, the CT
specimens were extracted from three different locations, sampling base material (BM), weld
metal (WM) and heat affected zone (HAZ), always with the initial notch (and cracking plane)
parallel to the weld line. The dimensions were a thickness (B) of 32 mm, a width (W) of 132 mm,
an overall width of 165 mm and an overall height of 158.4 mm. The double V preparation of the
original plates implied that the specimens identified as HAZ actually sample the heat affected

zone close to the original plate’s free surfaces and base metal in the mid thickness. The specimen
233



Chapter 7

geometry used is presented in Figure 7.1, whereas Figure 7.2 schematically shows the location
of the WM and HAZ specimens.
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Figure 7.1 - CT specimen.
WM Specimen HAZ Specimen

Figure 7.2 - Schematic representation of the location of specimens containing weldments.
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The notch used was obtained through two different techniques; up to a certain distance from
the load line the notch was machined by simple milling with a tool perpendicular to the specimen
face, and the last 3.5 mm of the initial notch were obtained using a wire electrical discharge
machining (EDM) equipment leaving a final notch tip radius of 0.15 mm. A fatigue pre-crack
was grown starting from this EDM notch, making sure that the maximum loads were low enough
in order to limit plastic deformation at the crack tip, in accordance with (ASTM, 2000). Pre-

cracking was performed under R = Ppin/Pmax = 0.1, where P is the applied load.

The servo-hydraulic MTS testing machine used had a 250 kN load capacity, and the testing
frequency was chosen to be between 6 and 10 Hz depending on the actual load of each specimen.
Travelling microscopes (20x magnification) were used on each side of the specimen to make

periodic readings of current crack length a as a function of number of cycles N.

The base material used was the steel grade S355NL according to EN 10025, EN 10029 and
EN 10163, with the chemical composition presented in Table 7.1. Some basic mechanical
proprieties are given in Table 7.2. Both the chemical composition and the mechanical properties

were provided by the material supplier.

Table 7.1 - Chemical composition of the S355NL steel (base material).

Steel grade  Sample C (%) Si(%) Mn(%) P (%) S (%) Al (%)
A 0.14 0.28 1.23 0.013 0.004 0.027

S35ONL B 0.13 0.24 1.11 0.011 0.005 0.022
Steel 0 0 0 . C 0 0 0
grade Sample N (%) Cr(%) Cu(%) Ni(%) Ti(%) V (%) Nb (%)

A .007 . 31 2 .01 .044 .001
S355NL 0.00 0.008 0.3 0.29 0.016 0.0 0.00

B 0.007  0.006 0.25 0.27 0.013 0.043 0.001

Table 7.2 - Some mechanical proprieties of the base material.

Ren Rm Elongation  Charpy (J)
Steel grade Sample (N/mm?) (N/mm2) (%) at T= -50°
400 557 27.7 176
S355NL
B 405 516 30.2 118

Measurements of the Vickers hardness (HV) were carried out in the weld metal, using a 20 kgf
weight (Figure 7.3). The variation of hardness through the thickness, in the weld metal zone,
revealed some dispersion of results, with the higher values present at the weld root (HV~=260)

and the lower values at the surface (HV~180). This variation is explained by the deposition
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sequence of the weld metal, which led to two different types of microstructures: a columnar
microstructure (dendritic) due to solidification and a recrystallised microstructure, in the inter-
run zones, that resulted from the thermal cycle (heating and cooling) of the subsequent run. At
the weld root, higher cooling rates during the welding process led to the higher hardness. In spite
of that, different authors refer that variations in the microstructure have low influence in the
fatigue crack propagation rate, in the region where the Paris’ law apply (Ritchie, 1977).
Furthermore, the fatigue crack propagation rates in the WM or HAZ are usually equal to or less
than the fatigue crack propagation rates in base material (Barsom and Rolfe, 1999). Therefore
little consequences of the microstructure heterogeneity of weld metal are expected in the test

results.
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Figure 7.3 - Vickers hardness measurements: (a) hardness and (b) macrostructure.

In order to characterise the fatigue crack propagation of the base material, welded material
and heat affected zone, a test matrix of nine cases was adopted, with three different R ratios: 0.1,
0.4 and 0.7.

As mentioned before, in the absence of residual stresses, the characterization of fatigue crack
propagation of base material is generally simple, since the tests usually have straightforward
interpretation (ASTM, 2000). The results obtained for the base material, tested under the three
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values of R, are presented in Figure 7.4, where each straight line corresponds to the best fit of the
Paris’ Law to the data of the type presented in Figure 7.5, consisting of an example of base
material specimen tested under R = 0.1. The data was determined according to the ASTM E647
standard (ASTM, 2000).
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Figure 7.4 - Base material da/dN vs. AK data for the three R values tested.
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Figure 7.5 - Example of a vs. N data obtained — case of a BM specimen tested under R = 0.1, showing

crack lengths on both sides (a: and az) and average crack value a.

However, when testing specimens containing welds (either WM or HAZ specimens), a rather
more complex behaviour was found. Firstly, pre-cracking implied the use of load levels

substantially higher than those used for the base material specimens. Secondly, at the start of the
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actual tests, a decreasing crack growth rate with increasing crack length was found, under

constant amplitude loading.

This behaviour was attributed to residual stress and consequent crack closure effects. Higher
loads had to be used for pre-cracking. The first of these specimens was completely opened
revealing the fracture surface, and an unusual crack pattern was found, as depicted in Figure 7.6.
The interpretation of this figure is coherent with the unexpected behaviour of decreasing da/dN
with increasing a (and N) that was found and mentioned above. In its early stages, which lasted
an unusually long number of cycles, the crack was not a through crack; during those initial stages,
the mid thickness part of the specimen did not present crack growth and the crack was just
growing at the two surfaces of the specimen; the existence of an uncracked central region would

therefore delay the propagation.

Figure 7.6 - Fracture surface in the end of the test (HAZ, R = 0.1).

7.2.1.2 Discussion of the results

In order to provide an explanation for the observed surface crack behaviour (also reported in
an early work by Mills and James (1987)), an attempt was made to model this particular situation
using a 3D finite element model and the commercial ABAQUS software package. The purpose
was to determine the stress values on the free surfaces of the specimen, in the direction normal
to the crack plane, for two representative cases depicted in Figure 7.7, and to try to explain the
unexpected deceleration of the crack propagation rate. This figure shows two schematic

representations of two stages of the crack propagation that led to the actual fracture surface
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photographed in Figure 7.6. In the left diagram, the situation corresponding to a visible fatigue
crack with tip at point A is shown, whereas the right diagram shows a subsequent moment where
the visible crack tip is at point B. There is no claim of precise correspondence of the geometry
shown in Figure 7.7 and actual crack scenarios in the specimen; the aim of this exercise is to
evaluate if, for a crack growth pattern of the same type as that experimentally observed, stress at
region A would be higher or lower than at region B, for identical loads applied to the specimen.
The stress values obtained near the tip of the visible cracks, for the two situations considered in
the model, are approximately 40% lower for the longer crack (point B) than for the shorter crack
(point A), justifying the deceleration in the crack propagation rate observed in the early stages of
the FCG test of this HAZ specimen.

Figure 7.7 - Representation of the two exemplary cases studied for determination of the influence of the
not-cracked zone on different crack lengths.

The initial test presenting the features mentioned above raised the need for a measurement of
residual stresses and closure effects. Such complementary studies were performed by other
authors that had identified similar behaviours earlier. Beghini and Bertini (1990) used the
sectioning technique, based on strain gauges bonded to the surface of the specimen close to the
crack line, to identify compressive stresses near the crack tip of welded steel specimens, albeit
with a different thickness and material. These authors also adopted the back face strain gauge
technique to identify the crack opening load Pop, and therefore the effective amplitude of the
stress intensity factor range, AKes, which is a function of (Pmax-Pop), as 4K is a function of (Pmax-
Pmin). This procedure was also adopted by Kitsunai (1983a, 1983b), whereas in Kitsunai et al.
(1998) it was used the X-ray diffraction with the sin?y method, with a parallel-beam
diffractometer. However, both the sectioning and X-ray diffraction methods only provide
information on residual stresses close to surface and, therefore, do not provide all the required
information for the current case.
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While the back face strain gauge is an established technique to deal with the opening load
effect, the sectioning method for residual stress evaluation cannot provide enough insight into
the peculiar crack front behaviour mentioned above (see Figure 7.6). This clearly requires full
field measurement of residual stress along the crack plane, not just information on the residual

stress state near the surface.

The contour method (Prime, 2001) was chosen for residual stress measurement. A full map of
residual stresses perpendicular to the surface of interest may be obtained using this technique.
The contour method is a relaxation-based technique. First, a wire EDM cut is performed through
the specimen, revealing the section of interest. In a second step, the displacement of the new free
surfaces is measured precisely using a coordinate measuring machine and in the third and fourth
steps the obtained data are treated and applied to a finite element method model for stress
calculation based on the measured displacement. Only the stresses on, and perpendicular to, the
free surface are retrieved from the model. These stresses represent the relaxed residual stresses
when the straight cut was performed. Figure 7.8 shows the measured residual stresses for a
specimen with the notch in the middle of the weld nugget. Details concerning this residual stress
measurement are available in (Richter-Trummer and de Castro, 2011). Rading (2005) presents
residual stress measurements for a different welded steel CT specimen, with different thickness,
using neutron diffraction. No full field measurement is provided in that work; nevertheless, in
the regions where a comparison could be made, the trend of the residual stress data of (Rading,
2005) is similar to the one presented here. Mochizuki (2007) presents the through thickness
variation of residual stress, obtained with the inherent strain method, for a X-shaped groove with
a lower thickness and a different welding sequence. The pattern of residual stress distribution
was also similar to the one presented for the observed specimens.
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Figure 7.8 - Residual stress perpendicular to the surface where the crack is expected to grow (Richter-
Trummer and de Castro, 2011); the max. and min. residual stress values (MPa) are indicated in the

vertical axis.

In the mid-thickness of the specimen, compressive residual stresses are found, and the highest
values appear in the middle of the EDM notch front. This may explain the observed crack growth
behaviour in the case of these thick welded specimens. Furthermore the crack front shown in

Figure 7.6 may be better understood based on this residual stress distribution.

It was shown that in situations where there is an important variation of the residual stress state
through the thickness, the measurement techniques providing information on residual stress only
near the surface (e.g. sectioning technique), or the techniques averaging residual stress effects
(e.g. cut compliance method used by Lados and Apelian (2006)), will not provide adequate
interpretation of the specimens’ behaviour. However, thinner specimens, where no significant
variation of residual stress through the thickness is expected, may be analysed successfully using

such techniques.

The difference between fatigue crack growth tests using base material and welded material
has been identified by several authors. In the present work, the measured da/dN vs. nominal AK
data displays a strong influence of the weldments on the FCG rates, with the base material
presenting higher da/dN values. An evaluation of opening load behaviour was therefore carried

out, and it showed extensive closure caused by residual stresses in the HAZ and WM specimens.
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This evaluation was achieved by bonding strain gauges to the face opposite to the crack front of
each HAZ and WM specimen. The inflection points in the measurements performed with the
strain gauges allowed to identify the opening load (Pop) and to compute the effective stress
intensity factors AKes, as mentioned before. Higher test loads were considered after the
understanding of the crack closure effects present in the first HAZ specimen tested. For these
higher loads, the cracks in the specimens were always through cracks and consequently, their
length was computed according to standard procedures.

Having discussed the special circumstances of the specimens used in the present FCG tests,
the results obtained will now be presented. The results for base material specimens were already
shown in Figure 7.4 above. The da/dN vs. AK data for weld material and HAZ specimens are

represented in Figure 7.9 and Figure 7.10 respectively.
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Figure 7.9 - Weld material da/dN vs. AK data for the three R values tested (‘cor’ - AKGeg).
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Figure 7.10 - Heat affected zone material da/dN vs. AK data for the three R values tested (‘cor’ - AKes).
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Constants C and m of the Paris law (Equation (7.1)) for the three types of specimen (BM, WM
and HAZ) and for the three nominal load ratios considered (0.1, 0.4 and 0.7) are shown in Table
7.3, where data obtained is presented together with the respective R? values (coefficient of

determination).
da/dN = C (4K)™ (7.0)

When the opening load effect was taken into consideration, it was found that the
da/dN vs. AKes of the BM, HAZ and WM specimens is approximately identical. If opening load
effects are considered, the difference between the FCG rates for the three R values is small, even

if, as expected, higher R values correspond to higher FCG rates.

Table 7.3 - C, m and R? for the several specimens.

Load ratio R ce m @ R?
0.1 6.83E-15 3.48 0.99
BM 04 9.93E-14 3.14 0.99
0.7 3.47E-13 2.95 0.96
0.1° 5.72E-14 3.13 0.99
0.1° 5.53E-15 3.43 0.98
HAZ
0.4° 1.31E-14 3.31 0.97
0.7 6.20E-13 2.83 0.92
0.1° 2.85E-13 2.91 0.97
WM 0.4° 1.02E-12 2.75 0.98
0.7 1.39E-12 2.73 0.94

afor da/dN in mm/cycle and 4K in MPa-mm?*?;
b data corrected for closure effects induced by residual stresses.

7.2.2 Fractographic analysis

7.2.2.1 Experimental details

In order to complement the information that was gathered, a fractographic analysis was
performed at CEMUP (Centro de Materiais da Universidade do Porto), with key contributions
from Miranda, R.M.C., Richter-Trummer, V. and Figueiredo, M.A.V., co-authors of

(Albuquerque et al., 2012b).
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Fracture surface samples of CT fatigue tested specimens were observed using an high
resolution (Schottky) environmental scanning electron microscope with X-ray microanalysis and
backscattered electron diffraction pattern analysis: FEG-ESEM / EDS / EBSD : FEI Quanta 400
FEG ESEM / EDAX PEGASUS X4M. The dimensions of the specimens were compatible with
the SEM equipment (surface area of approximately 32mm x 100mm). The analysed specimens
were one BM specimen tested under load ratio R = 0.4 (specimen CT3), and one HAZ specimen
tested under R = 0.1 (specimen CT2). 40 micrographs were obtained for the BM specimen (CT3)
and 123 micrographs were obtained for the HAZ specimen (CT2), sampling the area of crack
growth; in the case of the HAZ, the higher density of micrographs was taken at the initial fatigue
crack growth region, ahead of the initial wire electro discharge machining (w-EDM) notch.

Figure 7.11 shows the crack plane, the w-EDM notch front, and a region where, in the case of
the HAZ specimen, the higher number of observations was made. Several micrographs of the
region of initial fatigue crack propagation were obtained, and assembled together in order to

provide a complete imaging of the region of interest, as depicted in Figure 7.12.
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Figure 7.11 - Partial representation of the specimen half where micrographs have been taken for analysis
of the initial crack growth region.
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Figure 7.12 - Assembly of the micrographs taken in the initial crack growth zone (HAZ, R = 0.1, CT2).

From the various observations carried out, those presenting greater evidence of striation were
selected. In those micrographs, the striation spacing, s, was estimated according to the procedure
illustrated in Figure 7.13. The procedure consists of identifying one or more straight lines of
length | encompassing the striations patch and approximately perpendicular to the striations,
Equation (7.2).

s = |/ number of striations (7.2)

Considering the direction of the propagation as being normal to the striations, it was observed
that, in most of the SEM observations carried out, the orientation of the striations had no
discernible pattern or relation with the macroscopic propagation direction.
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Figure 7.13 - Example representation of measurements performed for striation spacing determination
(HAZ,R=0.1, CT2).

Figure 7.14 and Figure 7.15 show two examples of micrographs without striations. Figure
7.14 corresponds to the final unstable region of the crack propagation, displaying typical ductile
fracture appearance. Figure 7.15 presents a featureless fracture, corresponding to an intermediate

point of the fatigue crack propagation, which could be described as ropey (Griebel, 2009).

Figure 7.14 - Micrograph of the end zone of propagation, showing a typical ductile rupture (HAZ,
R=0.1, CT2).
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Figure 7.15 - Micrograph of a zone of propagation where neither striations nor ductile rupture were
found (HAZ,R=10.1, CT2).

For each micrograph where it was possible to identify striations, one or more determinations
of s were carried out. Figure 7.16 and Figure 7.17 show the mean average (dots) and the
dispersion band (from minimum to maximum s) of the results at a given location, for the HAZ
and BM specimens respectively.
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Figure 7.16 - Striation spacing (s) versus crack length (a) for specimen CT2.
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Figure 7.17 - Striation spacing (s) versus crack length (a) for specimen CT3.

These figures show, for each specimen, the microscopic crack growth rate. The crack length,
a, was measured from the loading line, i.e., the line of the centres of the loading pins used. It is

possible to observe that s - the microscopic FCG rate - increases as the fatigue crack grows.

Figure 7.18 shows a comparison of the macroscopic FCG rates (da/dN) obtained from the tests
performed on the CT specimens (Miranda et al., 2011, Miranda, 2011) with the microscopic FCG
rates (s) obtained through striation spacing measurements using SEM micrographs. The red line
in the figure corresponds to the situation s/(da/dN) = 1, which would imply that the macroscopic
FCG rate coincides with the striation spacing measured using SEM. That would indicate the
possibility of inferring macroscopic FCG rates from microscopic observations. When possible,
this is of great practical interest in the context of failure analyses.
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Figure 7.18 - Relation between results obtained by macroscopic and microscopic measurements for
specimen CT3.

The quasi random orientation of the striation patches, the occurrence of regions with a
featureless appearance, mixed with regions with striations, and the inherent difficulty of
observation and counting striations, lead in general to a ratio s/(da/dN) with values above unity,
which, as mentioned before, only approached the macroscopic value towards the end of the FCG

test.

7.2.2.2 Discussion of the results

It is generally accepted that each striation is a result of a load cycle; however, not all load

cycles lead to striations.

Past experience indicates that it is in general easier to find striations in Al alloys than in steel.
That situation is stated, for example, in (Hubbard, 2003), where the behaviour of Al 7075 and
steel 4340 are compared from this standpoint. Schijve (2003) discusses the progress of the state

of the art concerning fatigue striations, since these were identified in the middle of past century.

Lynch and Moutsos (2006) discuss the influence of the AK value in the striation phenomenon,
and show that differences in behaviour for low or high 4K values are to be expected. The fatigue
fracture surface may present situations where striation patches or regions coexist with other
facies, including dimples - characteristic of ductile rupture - or cleavage appearance. Those
situations lead, necessarily, to the absence of a direct relationsh between da/dN and s, as it was

the case in the present work.
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In fatigue, as the crack grows, the striation spacing s tends to increase; the methodology of
striation counting should take this fact into account, in order to aim at a constant precision of

counting in the various regions of the crack path.

The measurement should be performed through a flat surface, perpendicular to the electrons’
beam (DeVries et al., 2010). This may be difficult to achieve when the fracture surface is clearly

irregular, as it was also the case in the observed specimens.

The present work identifies the relative independence of s with AK, up to substantial values
of AK. Situations similar to this are described in the literature, albeit the opposite phenomena can
also be found. Grundy (1994), for example, found constant values of s and decreasing values of
s/(da/dN) as the crack length increases, concluding that in that case no relation existed between
s and da/dN. On the other hand, Hershko et al. (2008) found close values between s and da/dN
for an aluminium alloy (AA2024-T3) and also steel (AIS1-4130). In that work, it was underlined
the need for adequate observation techniques, allowing for the identification of small distances

between striations.

The problem of striation creation during fatigue crack propagation is a topic of persistent
interest, e.g. (Moreira and de Castro, 2010). The reason for this interest is namely the contribution
of striation measurements to the analysis and interpretation of failure: the existence of striations
is an evidence of fatigue processes; and if s = da/dN, the measurement of s would allow making
quantitative interpretations on the rupture process, including an estimation of the loads acting on

the damaged component.

Recently, Bulloch and Callagy (2010) have found evidences that, in phase Il of the crack
propagation process, the value of s allows for the prediction of the macroscopic crack growth
rate, da/dN, with small errors. The results presented in this work describe a different situation,

i.e., independence between the values of s and 4K up to high values of 4K.

The behaviour found in the present work has similarities with the behaviour of a ferritic steel
described by Roven and Nes (1991), where a plot is presented with the horizontal axis
corresponding to macroscopic crack propagation in the range 10* up to 10 m/cycle, and the
vertical axis corresponding to s, in the range 10 up to 10 m/cycle. In this type of representation,
microscopic s values, resulting from the analyses of SEM micrographs, are plotted against the

corresponding macroscopic values of da/dN in the same location.
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Davidson and Lankford (1992) obtained results with the same trend, when analysing a
stainless steel 16-13, although the measured striation spacing was one order of magnitude higher

than that referred by Roven and Nes (1991) for a ferritic steel.

Following this representation format, Figure 7.19 shows the results obtained in the present
experimental work, for the BM specimen tested under R = 0.4 and for the HAZ specimen tested
under R = 0.1, together with those of (Roven and Nes, 1991). A very substantial coincidence is
found between the results. The results presented in (Davidson and Lankford, 1992) are also

plotted in Figure 7.19 for comparison.
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Figure 7.19 - Distance between striations s vs. da/dN for both tested specimens compared to literature
data (CT2 - HAZ, R = 0.1 and CT3 - base material, R = 0.4).

Furthermore, the HAZ specimen (CT2) contained very high residual stresses, (Richter-
Trummer and de Castro, 2011), specifically in the direction perpendicular to the crack plane,
which caused the marked crack closure effect observed during the fatigue tests. The present

results show a situation where the striation spacing proved to be insensitive to the presence of

important residual stresses.

Figure 7.19 also shows that, for the ferritic steels examined, FCG rates below
2 to 3 x107" m/cycle decrease while s values maintain an approximately constant value. This
threshold is over the transition between Region | and Il of the FCG process and this fact must be

taken into account when performing failure analyses involving measurements of s using SEM.
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In the present case, the value of s may be used as a conservative upper bound of the real crack
growth rate.

7.3 SIMULATION OF FATIGUE CRACK PROPAGATION

7.3.1 Theoretical background

Most of the theoretical background associated with the methodology employed was already
addressed in Chapter 5, more specifically at Sections 5.2.1 to 5.2.3. Nevertheless, due to the
higher complexity of the application presented in the current Chapter, some additional

considerations must be highlighted.

The proposed methodology is applied with a fatigue model in order to track the evolution of
the damage at the investigated detail (welded detail). Since initial cracks are normally present in
welded joints, their fatigue behaviour is usually well characterised by Fracture Mechanics
principles (Radaj et al., 2009). Therefore, the initiation phase is disregarded in this work.
Nevertheless, the proposed methodology can also be extended to elastic local/notch approaches
to fatigue that are usually adopted to model fatigue crack initiation. Moreover, when the
dimension of the plastic zone at the crack tip is small when compared with the crack length,

Linear Elastic Fracture Mechanics (LEFM) can be assumed.

As demonstrated in Chapter 4, in the linear elastic domain, the stress fields around the crack
tip are controlled by the stress intensity factor (SIF), K (Broek, 1987). The fatigue crack
propagation rate, on the other hand, is related to the range of K, which is commonly represented
as 4K. In the current work, the previously mentioned Paris law (Equation (7.5)) is adopted (Paris

et al., 1961) to characterise that relation:
&~ CAK" (7.3)
dN '

In spite of its known limitations, Paris law has been widely used due to its simplicity. It should
be remembered that this relation is only valid for the fatigue crack propagation in Region Il (see
Figure 4.24, in Section 4.5.5). Near threshold (Region I) and near unstable crack propagation

(Region 111) regimes are not accounted by the Paris relation.

Complex structures, such as railway bridges, under complex loading, such as railway traffic,
can be subjected to mixed mode (I+11) crack growth conditions. Mixed mode crack propagation

was therefore assumed in the current work. This is a major increase in complexity when
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comparing to the simple example presented in Chapter 5. Mode | (opening mode) is originated
by stresses normal to the crack plane (see Figure 7.20a)). Mode 2 (shear or sliding mode) results
from in-plane shear with the displacement between the crack faces being in the plane of the crack

and perpendicular to the crack front (see Figure 7.20b)).

f

v

Figure 7.20 - Crack loading modes intervening in mixed mode (I+I1) crack propagation: (a) Mode |

(@) (b)

(opening mode) and (b) Mode Il (sliding mode).

In the case of mixed mode fatigue crack propagation, the Paris relation may be applied with
an equivalent stress intensity factor range. For the computation of the equivalent stress intensity

factor, the relation proposed by Tanaka (1974) was selected:

Keq(r>=“/l<;‘<r)+8-l<ﬁ(r) (7.4)

where K; is the stress intensity factor component originated by mode | and K, is the stress

intensity factor component originated by mode 11 loading conditions.

For a variable amplitude loading, the rainflow method (Matsuishi and Endo, 1968) can be
applied in order to extract the histogram of equivalent stress intensity factor ranges (4Keqi, ni).
The fatigue crack propagation corresponding to that histogram can be computed by the direct

integration of the Paris law:

Aa= Z,n,CA eq,im (75)
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In order to reproduce the crack propagation path, a crack branching criterion was adopted.
The first step consisted in the computation of the kink angle time history, 6(¢), using the

Maximum Tangential Stress (MTS) criterion (Erdogan and Sih, 1963):

3O+ KO8 ROKO

— el
0()=cos K209KAM)

(7.6)

For an histogram of stress intensity factors, e.g. corresponding to the passage of a train, an
equivalent kink angle is computed using the weighted average function described by (Fracture
Analysis Consultants, 2011):

— Y Yk Vo(KLK
e:z:z ldN( l],) ( 1 H) (77)

2:‘1:137?/(AKeq,i)

As described in Chapter 5, the use of the modal superposition method allows the computation
of stress intensity factor time histories, K,,,,;(¢), with a low computational cost. If mixed mode
crack propagation is assumed, besides K| also K needs to be computed. That can be achieved,
in a similar way, by applying Equation (7.8):

Ky (@) = Ky, st 2 Ky, V(0 (7.8)

In the case of Mode Il, negative values of stress intensity factor are allowed, as they do not
represent overlapping of crack faces. On the contrary, symmetrical values of Kj, correspond to

opposite directions of relative movement between the faces of the crack.

Moreover, as discussed in Chapter 5, in order to obtain the time histories of stress intensity
factors (Mode | and/or Mode 1), the requirement is to compute the modal stress intensity factors
for an adequate number of vibration modes, K;, plus the stress intensity factor regarding to the
static load (e.g. self-weight), Ksta.

7.3.2 Proposed workflow for residual fatigue life assessment of bridge details

Based on the fatigue model and on the methodology described in the previous section, a
workflow was developed, in order to assess the fatigue crack propagation behaviour in critical
details of bridges. The workflow is divided in two main steps.

The first step (Figure 7.21) consists in some pre-processing and requires the following inputs:

e global numerical model of the bridge;
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e numerical model of the detail(s) under analysis;

e traffic information, such as axle loads, axle’s spacing and trains’ speed. The traffic
scenario may be obtained from monitoring systems or from other sources such as

standards.

The modal analysis performed on the global numerical model of the structure allows the
computation of the modal displacement fields, ®;, and dynamic properties, wj and m;. The modal
damping ratios, &, can be estimated based on standards or on field measurements. On the other
hand, the displacement field originated by the static loading, ®,,,, is obtained after a static

analysis of the same model.

The above mentioned displacement fields are then extrapolated to the boundary nodes of the
numerical model of the detail, through a submodelling process. The boundary nodal
displacements associated with the static loading are stored in the BDCOst, file. Additionally, the
displacements associated with each j™" mode of vibration are stored in the BDCO; file.

Finally, the traffic data available in the monitoring system database (trains’ speed, axle loads
and axles spacing) is combined with the dynamic properties (®;, &, wj and m;) of the global model
in order to obtain the time histories of the modal coordinates, Yj(t). That is achieved by solving

Equation (5.2) — see Section 5.2.1 - for each traffic event and for each mode of vibration.
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Figure 7.21 - Workflow 1% step: pre-processing of the input data.

Therefore, the outputs of the first step of the workflow are:

e the time histories of the modal coordinates for each mode of vibration of the structure

and for each traffic event considered, Yj(t);

e the nodal displacements to be applied to the boundaries of the local model of the detail

in order to replicate the static and modal displacement fields, BDCOsta and BDCO;.

One of the major advantages of the proposed method is that these outputs only need to be
computed once. Then, they become the only input needed for the second step of the workflow

(see Figure 7.22), which consists of the crack propagation simulation.
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Figure 7.22 - Workflow 2™ step: crack propagation simulation.

The simulation starts with an initial crack in the local model of the detail. Applying the
previously stored boundary conditions (BDCOsta and BDCO;), the static and modal stress
intensity factors, Ksta and Kj are computed, using an appropriate numerical method (such as
Virtual Crack Closure Technique (VCCT) (Krueger, 2002), J-integral (Rice, 1968) or
Displacements Extrapolation (DE) (Silva et al., 2013)).

For each train stored in the monitoring system database the corresponding modal coordinates
are loaded allowing to compute K(t) and Ky(t), by application of Equation (5.11) and Equation
(7.8), respectively. Equivalent stress intensity factor, Keq(t) (Equation (7.4)), and the kink angle

6 (Equation (7.6)) are subsequently computed. At this point, if the maximum observed value of
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Keq(t) exceeds the material toughness, Kic, that means the crack would propagate in unstable way.
Therefore, the simulation stops and current crack length is considered the final crack length
before failure of the detail. Otherwise, if the maximum observed value of Keq(t) does not exceed
the adopted material toughness, the crack propagation associated with the train passage is
computed. The rainflow method is applied to the Keq(t) time history, to obtain the histogram of
stress intensity factor ranges. Then, Equations (7.5) and (7.7) are applied to compute the fatigue
crack growth length and direction corresponding to that train passage, 4a. The contribution of all
trains is summed up to obtain a final crack increment, 4an. For computational reasons, it is useful
to adopt constant crack length increments, Aainc, between iterations. In that case, the crack
increment corresponding to a loading block needs to be scaled by Bn = Aainc/4an , Where By

represents the number of loading blocks needed, in order to achieve the Aainc increment.

After computing the crack increment for all the trains in the monitoring system database, the

total crack length and direction is updated in the local model and the process is repeated.

In the next section, the application of the proposed workflow to the case study is described.
7.3.3 Application of the proposed methodology to the case study

7.3.3.1 ldentification of the critical detail

The case study used to apply and validate the proposed methodology is the bridge of the new
railway crossing of river Sado, described in Chapter 6.

The application of the standard fatigue assessment methods present in Eurocode 3 is not
straightforward for a bridge with such characteristics. The equivalent constant amplitude stress
range method, suggested in the same standard, is only applicable to structures with simple
structural arrangements such as simply supported or continuous beams, which is not the case of
this composite bowstring bridge. Moreover, it is only applicable to spans up to 100m. Finally,
the equivalent constant amplitude stress range method requires the adoption of one of three
different standard traffic mixes. In this case, the bridge is loaded by both heavy freight trains and
passenger trains, which constitute a variety of train types that is not well captured by any of those

standard traffic mixes.

Even the application of the linear damage accumulation method, also foreseen in Eurocode 3,
rises important challenges. Some of the bridge’s most critical details, concerning fatigue damage,

are not well captured in the detail categories present in that standard. That is the case of the top
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connection of the diagonals present at each hanger-to-deck connection (Figure 7.23). The
classification of this welded detail according to Eurocode 3 is ambiguous, since the local weld
features of this detail (Figure 7.24(a)) are not well captured in any of the fatigue detail categories.
The Eurocode 3 suggests that the fillet weld should finish 10mm from the plate end (see Figure
7.24(b)). However, the investigated weld connection of the bridge does not end 10mm from the
plate end. Instead, it continues its path passing through the hole at the top of the diagonal plate
(Figure 7.24(a)). The structural detail shown below (Figure 7.23) was the one chosen to apply
the proposed methodology. In particular, the analysed diaphragm was the Diaphragm 51.

(@) (b)

Figure 7.23 - Critical detail to fatigue damage: (a) cross-section of the deck and (b) critical detail.

(@) (b)

Figure 7.24 - Schematic representation of the local weld features of the critical detail: (a) actual weld

connection and (b) Eurocode 3 detail category.

7.3.3.2 Local monitoring of the critical detail

Due to the paramount relevance of this structure, a long-term monitoring system was installed
on it, as per description in Chapter 6. This monitoring system allowed the real time traffic

characterization and structural behaviour evaluation (Albuquerque et al., 2015a).
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The structural behaviour was assessed by means of strain gauges installed at the diagonals of
diaphragm 51 and 54 (Figure 6.47, in Section 6.4.3). At Diaphragm 51, in particular, 5 local
strain gauges were installed at the top of the diagonal in order to better assess the stress field near
the detail (Figure 7.25).

@ —a
®8 o]_' Diagonal
8
Local SG 120
OJOJO)
/SG 51-1 SG 51-2\
(@) (b)

Figure 7.25 - Location of strain gauges at diaphragm 51: (a) global and local strain gauges - schematics
and (b) local strain gauges — location and labelling (dimensions in mm).

The traffic was characterised using shear strain gauges welded to the rails and instrumented
rail pad sensors, as described in Chapter 6. As described earlier, each train crossing the bridge is
totally characterised (train speed and direction, axle loads and axles spacing), through routines
developed for that purpose, in MATLAB, and the corresponding information stored in a database
also in MATLAB format. The information is sent, through a 3G connection, to a server at the
Faculty of Engineering of University of Porto. Therefore, an extensive database, including real

strain measurements and trains characteristics is available and was used in the present work.

7.3.3.3 The global numerical model of the bridge

The global numerical model of the bridge was developed using the ANSYS software and its
Parametric Design Language (APDL), according to the description in Section 6.3.

As previously mentioned, the numerical model was calibrated, based on the results of an
Ambient Vibration Test and a load test performed in the bridge (Albuquerque et al., 2011). After
calibration of the global numerical model, a modal analysis was performed and the corresponding
modal properties (®j, &, wj and m;) were computed and exported to MATLAB. In MATLAB,
those modal properties are combined with the traffic information already stored in the database,

F(f), and the dynamic response of the structure is simulated, using the modal superposition
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technique (Equation (7.4)) and adopting a total of 1500 modes of vibration. At this stage, the
modal coordinates, Yj(t), are computed and stored.

7.3.3.4 The numerical model of the critical detail and shell-to-solid sub-modelling

A local finite element model of the investigated welded detail was also developed. Its
geometry was defined using the commercial software SOLIDWORKS and then exported to the
finite element software ANSY S®. All the properties of the finite element model are defined in a
parametric format, using ANSYS APDL language. The parametric code allows the inclusion of
a fatigue crack. If a crack is considered, the code allows the definition of its geometry, i.e., the
crack path. Both the local finite element model and the above mentioned parametric code were
developed by Antdnio L.L. Silva, co-author of the paper (Albuquerque et al., 2015b).

An uncracked geometry was first modelled aiming the validation of the submodelling process
and the submodel itself, comparing numerical results with experimental data from the local strain
gauges placed near the welded joint (see Figure 7.25). Furthermore, the uncracked finite element
model allowed the detection of potential fatigue cracking hot spots.

Once the potential crack location is defined, the APDL routine developed allows the
implementation of the initial crack explicitly in the finite element model of the welded detail.
Moreover, the APDL routine was also used to update the fatigue crack path after each iteration
of the workflow.

Figure 7.26 shows the local finite element model with an initial crack. The bulk of the welded
detail was modelled using tetrahedral quadratic finite elements. However, at the crack tip, a
refined region was modelled with hexahedral quadratic finite elements, in order to enable the
accurate assessment of the stress intensity factors. The transition between the refined and coarse
regions is achieved by means of pyramidal finite elements.
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Figure 7.26 - Local finite element model.

In order to accurately compute the stress/strain at the local finite element model of the detail,
the boundary conditions resulting from the global finite element model of the bridge must be
interpolated to the whole set of boundary nodes of the local finite element model. This is achieved
using the shell-to-solid submodeling procedure available in ANSYS (2009a). In order to allow
this procedure to work properly, the shell planes of the global model should fit the mid thickness
of the plates of the local model. That was achieved in this case as illustrated in Figure 7.27.

J .
T

(a) Front view (b) Side view (c) Top view

Figure 7.27 - Shell-to-solid sub-modelling: fit of the local model (in grey) on the global model.

By applying the shell-to-solid submodeling procedure, the computation of the static and modal
stress intensity factors in the fine numerical models of the critical details, built with volume
elements, can be uncoupled from the analysis of the global numerical model of the structure,

which reduces the total computation effort (Albuquerque et al., 2012a).
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The virtual crack closure technique (VCCT), described by Krueger (2002), as well as the
Displacement Extrapolation (DE) method were implemented in APDL for stress intensity factors

computation.

7.3.3.5 Fatigue model assumptions

The implementation of the adopted fatigue model required the definition of the appropriate
Fracture Mechanics parameters. The Paris law material constants, C and m, were determined by

the fatigue crack propagation tests described in Section 7.2.

In order to establish the fatigue crack propagation domain, the material toughness was
considered K¢ = 1434 MPaymm. This value was based on the maximum stress intensity factors
measured at failure, during a set of fatigue tests performed on CT specimens of the same material

(Carvalho et al., 2014). Fatigue crack propagation was simulated until Keq reached Kc.

The adopted initial crack length, ai, was 15mm. At the end of each iteration, the crack length
is incremented by 5mm (4ainc). As the traffic loading block originates a much lower crack
progression, Aan, the equivalent number of traffic loading blocks, Bs, needs to be computed.

Table 7.4 summarises the Fracture Mechanics parameters considered in the analysis.

Table 7.4 - Adopted parameters for fatigue analysis.

C m Kic d; Adinc
* * MPay/mm mm mm
1434
9.93E-14 3.14 (Carvalho et 15 5
al., 2014)

*Paris law parameters set for da/dN in mm/cycle and stress intensity factors in MPax/mm

7.3.4 Analysis and discussion of results

7.3.4.1 Experimental Validation

In order to validate the adopted submodeling procedure, the experimental strain gauge data
available was compared with the numerical simulation results obtained at the same locations, in
the uncracked submodel. The numerical simulation was performed in MATLAB using the modal
superposition technique. An example of that comparison, for a freight train (Figure 6.55(c), in
Section 6.4.2), is shown in Figure 7.28. The strains are plotted as a function of the position of the

1% axle of the train.
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Figure 7.28 - Strains at the location of the local SG: Experimental vs Numerical.
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A very good agreement can be observed between the experimental and the numerical results,
which confirms the adequacy of the applied submodeling techniques.

After validation of the submodelling procedure, the uncracked local model was used to
determine the most probable crack initiation spot. For several train passage simulations, the
maximum normal stresses at the diagonal were observed at the same location (Figure 7.29(a)).
This location was coincident with the crack initiation location observed in the experimental tests
performed in small-scale replicas of this welded joint (Silva et al., 2013) (Figure 7.29(b)).

This location was then adopted for the initial crack in the local model. It must be stressed that
even if experimental observations pointed to the formation of 2 symmetrical fatigue cracks
(Figure 7.29(b)), only one fatigue crack was modelled. That allowed reducing the complexity of

the model without jeopardizing the validation of the proposed methodology.

potential fatigue crack initiation spot

(b)
Figure 7.29 - Fatigue crack initiation spot: (a) numerical simulation vs. (b) tested experimental joints
(Silva et al., 2013).
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7.3.4.2 Comparison of stress intensity factor’s computation techniques

Different numerical methods are available for the numerical computation of stress intensity
factors. In the current work, two different methods were used for cross-validation: the virtual
crack closure technique (VCCT) (Krueger, 2002) and the displacements extrapolation (DE)
method (ANSYS, 2009b). The stress intensity factors were computed in ANSYS using both
methods for the same freight train presented before and for an initial crack dimension of 15 mm.
The results are presented in Figure 7.30. The difference between both methods is less than 10%.
Therefore, the DE method was adopted as the reference and is the basis for the numerical results
presented in the rest of this Chapter. From the results presented in Figure 7.30, it can also be
observed that for the initial crack, Mode | stress intensity factor, K, is one order of magnitude
higher than Mode |1 stress intensity factor, K.

Strain [m/m]
~

E L L | L L _ | L | | L
300 -100 0 100 200 300 400 300 -100 ] 100 200 300 400
Position [m] Paosition [m]

(a) (b)
Figure 7.30 - Computation of K(t): VCCT vs. DE methods: (a) K(t) and (b) Ki(t).

7.3.4.3 Computation of residual fatigue life

Once all the different techniques employed were validated, the entire workflow presented in
Section 7.3.2 was run (Figure 7.21 and Figure 7.22), in order to assess the residual fatigue life of

the structure, taking into account a postulated initial defect of 15 mm.

The crack propagation occurred, as expected, in the direction perpendicular to the principal
stresses, which underlined the importance of considering a crack branching criteria. The crack

propagation stopped at iteration number 33, when the maximum computed stress intensity factor
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reached the adopted material toughness, K;.= 1434 MPaymm. The entire crack propagation path
(a=175 mm) is illustrated in Figure 7.31.

Figure 7.31 - Fatigue crack propagation path.

The crack propagation simulation workflow, comprising blocks of 565 trains, 33 crack
increments and 1500 modes of vibration, was completed in approximately 3.5 days, confirming
the high computational efficiency of the proposed methodology. A personal computer with a 3.2

GHz i7 processor and 24 GB RAM memory was used.

Each traffic load block includes 565 trains corresponding to a total traffic load of
0.52 million t. The equivalent annual traffic volume is 3.1 million t/year. The trains are freight
and passenger trains (Figure 6.49), with a variety of weights, speeds and lengths, as illustrated in
Figures 6.61 to 6.65.

The evolution of the total crack length as a function of the cumulative traffic volume is shown
in Figure 7.32. It should be noted that the changes in crack propagation rate and in the crack path
observed over time are affected by the length of the finite crack increments adopted in the
workflow (4ainc =5 mm). Smaller crack increments would provide more accurate results, but

with associated costs in terms of computation time.
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Figure 7.32 - Crack propagation length as a function of cumulative traffic.

If the current traffic volumes on the bridge were kept stable in the remaining life of the bridge,
the hypothetical crack would propagate during approximately 95 years (Figure 7.33).
Nevertheless, it should be noted that the fatigue traffic mixes present in the standards usually
assume higher traffic volumes. In the Eurocodes, for instance, an annual traffic volume of

25 MM t is considered as reference.

As long as the selected block of 565 trains remains representative of the type of trains running
on the bridge, the relationship between fatigue crack length and cumulative traffic volume
remains unchanged and equal to the one represented in Figure 7.32. Therefore, under this
condition, the assessment of fatigue crack propagation for higher traffic volumes does not require
repeating the simulation: an increased annual traffic volume will only accelerate in time the crack
propagation. As an example, if the annual traffic volume doubles, the time required to achieve
the collapse of the element halves.

268



Advanced fatigue assessment of the bridge of the new railway crossing of river Sado

Based on the above mentioned assumptions, 3 additional scenarios were analysed:

e ascenario of 25 million t per year;

e ascenario where the traffic volume has an initial value of 3.1 million t in the first year

but increases 5% per year in the subsequent years;

e ascenario where the traffic volume has an initial value of 3.1 million t in the first year

but increases 1% per year in the subsequent years.

In the first case, the simulated crack would take approximately 12 years to propagate, while

in the second and third cases the same crack propagation would take 35 and 67 years, respectively
(Figure 7.33).

100
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Figure 7.33 - Crack propagation length vs Time.
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It should also be noted that these results were achieved with a highly conservative assumption
on the initial crack dimension (15 mm). The hypothetical crack initiation period and/or
propagation period up to that 15 mm crack dimension are therefore disregarded, in this

conservative scenario.

The use of the Paris law is also considered a conservative assumption for the range of stress
intensity factors observed in this analysis, since no crack propagation threshold AKi was

adopted.

Finally, it should be stressed that the current analysis focused only in one of the details of the
bridge (a diagonal of diaphragm 51) because its main objective was to validate the proposed
methodology. In spite of that, extending the analysis to other details would follow the same
workflow. The only requirement would be building a new submodel for each additional detail
considered.

7.4 CONCLUDING REMARKS

In this Chapter, the application of the modal superposition of stress intensity factors to the
simulation of the fatigue crack propagation in a detail of the bridge of the new railway crossing
over river Sado is presented. Before the numerical simulation, fatigue crack propagation laws
were established based on proper tests in CT specimens reproducing the characteristics of the

steel and weldments used on the bridge’s construction.

Base material CT specimens were tested for fatigue crack propagationat R =0.1, R =0.4 and
R = 0.7. Base material fatigue crack propagation rates at R = 0.4 and R = 0.7 present considerable
overlap. Exceptionally slow crack propagation rates were observed on the surfaces at the initial
stages while testing WM and HAZ specimens, with decreasing da/dN as the surface a increased.
These specimens revealed an unusual crack pattern, displaying growth just at the free surfaces.
These phenomena were justified by the residual stress field, measured in detail using the contour

method, in the cracking plane.

Raw da/dN versus AK data for WM and HAZ specimens presents considerably lower FCG
rates than BM specimens tested at the same R values. An approximate measurement of the crack
closure effect was performed using back face strain gauges. The consideration of the closure

loads made it possible to estimate AKes. When AKesr is considered, the FCG rates for all types of
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specimen become approximately similar, even if, as expected, slightly higher FCG rates are
found for higher R values.

The fracture surfaces of two specimens were analysed using SEM, revealing striation regions

or patches coexisting with regions without striations.

In each region presenting striations, it was possible to identify a dominant direction of
propagation, normal to the striations. However, this direction varied from region to region, and
a relation with the macroscopic FCG direction was not deemed feasible. Fatigue striations were

found to be irregular and hard to identify.

The relation s/(da/dN) presented values decreasing up to unity as a/W increased; for low a/W
values, s is one or two orders of magnitude greater than da/dN. FCG rates below approximately
2 to 3 x10" m/cycle were associated with approximately constant s values. This limit exceeds
the transition between Regions I and Il of the FCG process. This fact must be taken into account
when performing failure analyses involving measurements of s using SEM. Striation spacing

proved to be insensitive to residual stress.

The FCG laws obtained were included in the second step of this application, which was the
numerical simulation of the fatigue crack growth at the critical detail under analysis, the top
connection of a diagonal located at diaphragm 51. This step was achieved using minimal
computational resources: the entire crack propagation simulation workflow was completed in
approximately 3.5 days, using a personal computer with a 3.2 GHz i7 processor and 24 GB RAM
memory. The crack propagation simulation stopped when the maximum simulated stress
intensity factor achieved the toughness of the material, which happened at a crack length of 175
mm. Once the toughness of the material is achieved, the fatigue crack is expected to propagate
on a sudden and unstable way and, therefore, the structural detail is considered to be collapsed.

Shell-to-solid submodelling proved to be an effective way to address multiple-scale structural
problems, such as localised fatigue crack propagation in large structures. The structural response
simulated using the submodel was compared with the record of 5 strain gauges installed at the
detail under analysis, with a very good agreement being observed for the set of traffic events

considered.

Modal superposition of stress intensity factors confirmed to be an adequate and efficient
method when multiple and complex load histories are considered, such as multiple traffic events

on bridges. In addition, for the current case study and critical detail considered, the assumption
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of mixed mode fatigue crack propagation had impact on crack propagation path, allowing the
crack to align with the principal stresses acting on the element.

For the simulation an initial crack length of 15 mm was considered. The crack initiation phase
and the propagation up to that length was therefore disregarded. This can therefore be considered
as a highly conservative case. The adopted location of that initial crack was the same where
fatigue cracks initiated during experimental tests performed in small-scale replicas of this welded
joint (Silva et al., 2013). Numerical simulations of train passages confirmed that this location is
the one where maximum normal stresses are observed. No threshold value of stress intensity

factor was adopted.

The fatigue crack simulation under the above mentioned conservative assumptions and for the
current traffic volumes (3.1 million t/year) indicates a remaining fatigue life for the detail of

approximately 95 years.

Additionally, the proposed methodology allowed the quick assessment of the impact of
different traffic scenarios: 1% yearly increase of traffic volume; 5% yearly increase of traffic
volume; a higher constant traffic volume (25 million t/year). In these 3 scenarios, the remaining

fatigue life of the detail would be 67, 35 and 12 years, respectively.

Because the main objective of this analysis was to validate the proposed methodology, only
one of the details of the bridge was assessed. Nevertheless, extending the analysis to other details

would follow the same workflow.

Moreover, it was demonstrated that the computation of modal stress intensity factors can be
embedded in a long-term monitoring system, allowing the real time assessment of fatigue cracks

propagation.

Finally, it should be underlined that the simulation can be optimised, in the future, by the

implementation of parallel computing, further increasing the computational efficiency.

272



Chapter 8

CONCLUSIONS

8.1 GENERAL CONCLUSIONS

The main objective of this thesis was to develop and implement new numerical and
experimental methodologies to achieve a more accurate and efficient fatigue assessment of

railway bridges.

In Chapter 2, a bibliographic review on structural failures caused by fatigue made clear that
this is a common phenomenon to several areas of Engineering. Moreover, an historical overview
on the main milestones related to the understanding of fatigue demonstrated that explaining
fatigue requires inputs from different disciplines, from metallurgy to structural engineering and
materials science. It is demonstrated, also, that one of the main difficulties when assessing fatigue
is its multi-scale nature. The dimensional scale of the problem may span several orders of
magnitude: it starts usually, at the dislocations level (order of nanometres) and may extend to the

dimension of the structural elements (order of meters).

Still in Chapter 2, the typical causes for fatigue damage observed in steel and composite
bridges were identified as being: the existence of defects on welds; the adoption of details with
poor fatigue behaviour; the occurrence of unattended stresses and deformations at some of the
connections (secondary distortions and tensions); excessive vibrations; the presence of

aggressive environments (corrosion-induced fatigue).
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The bibliographic review allowed also to identify the most common locations for fatigue
damage in bridges. Many of the fatigue cracks observed are initiated at some sort of structural
discontinuity, either induced by secondary distortions or by stresses concentration: connections
of transverse members to main longitudinal members; diaphragms; coped-hole or cut-short beam
ends; eyebars; cover plates; flange gusset plates. Others initiate at welding defects, in both
longitudinal and transverse welds. The examples of bridges evidencing fatigue cracks that were

presented at end of Chapter 2 illustrate this aspect.

In Chapter 3, some structural design standards were analysed, in terms of their fatigue
assessment procedures and recommendations. Since in the European Union the Eurocodes are
the reference standards, special emphasis was given to them. Other codes considered were the
BS5400, the AASHTO Bridge Design Specifications and the IIW Fatigue Design

Recommendations.

All those codes use simple fatigue assessment methodologies, based on S-N curves and on the
Palmgren-Miner rule. Therefore, their applicability is limited in fit-for-purpose assessments, e.g.
in situations where fatigue damage is found in a structure and its remaining fatigue life needs to
be assessed. Moreover, the limited number of detail categories presented in the standards does
not cover the entire range of structural details identified in real structures. That was the case of
the critical detail identified in the case of the bridge of the new railway crossing of river Sado.
That detail, which is the top connection of the diagonals located at each diaphragm, does not fit
any of the detail categories present in the Eurocode. The classification process, in that case,
becomes ambiguous and highly dependent on the assumptions of the engineer classifying it.
Obtaining a fit-for-purpose S-N curve is not usually feasible, as the tests need to be performed in
numerous real-scale replicas of the investigated detail and testing each specimen is highly time

consuming.

Only the IW Fatigue Design Recommendations suggest more advanced fatigue assessment
approaches, namely those based on the effective notch stresses and those based on Fracture
Mechanics.

The more advanced methodologies for the fatigue assessment of structures, addressed in
Chapter 4, are usually local approaches, less dependent on the global geometry of the details.
Therefore, in these methodologies, the same strength curve normally applies to several different
details.
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The approaches based on the analysis of structural stresses and strains are adequate for
modelling fatigue when structural discontinuities are present. Structural stress strength curves
are not as common as nominal stresses strength curves, but can still be found on a variety of

standards, including Eurocode 3 and 1HW.

The approaches based on notch stresses and strains are useful when analysing fatigue caused
by notch induced stress concentrations. The severity of the notch is usually related to the notch
radius. In the case of the computed notch stresses, they can be assessed using the nominal stresses
strength curves. In the case of the notch strains, strength curves are usually obtained by testing
small scale specimens. This fact makes it easier, faster and less resources consuming to obtain
these strength curves than the nominal and structural stress strength curves. Nevertheless,
computing fatigue life of structures that already evidence fatigue cracks is not possible with these

approaches.

Finally, the Fracture Mechanics concepts allow the use of crack propagation laws which are
useful to analyse how fatigue cracks propagate through time, as a function of loading.

Fatigue crack propagation laws can be characterised experimentally, through standard
experiments conducted on small scale specimens. Typical strength curves express the crack
propagation rate as a function of the stress intensity factor range, which controls the stress field
around the crack front, in the linear elastic domain. Those curves are material dependent and not
dependent on the type of the detail and therefore much easier to obtain on a fit-for-purpose basis.

Obtaining the stress intensity factor time histories in cracks located at complex details and
under complex loading may be a challenge. It was shown that finite element models of the details,
with very fine meshes, are often required, which contrasts with the coarse meshes that must be
used when modelling the remaining structure. It was also shown that, over the last years, the
development of XFEM is allowing to overcome one main drawback of this approach which is
the re-meshing required after each crack propagation increment. Nevertheless, the challenge of
applying Fracture Mechanics in the context of fatigue analysis of large Civil Engineering

structures, under complex loading, remains.

After reviewing the advantages and limitations of the different fatigue assessment methods
discussed in Chapter 4, it was understood that the new methodology to be developed in the
current work should focus on facilitating the application of Fracture Mechanics to the fatigue
assessment of railway bridges.
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Among all the above mentioned local approaches, those using Fracture Mechanics were
considered the most appropriate for aiding Infrastructure Managers planning inspections and
scheduling retrofitting actions. When fatigue cracks are found in the structures, e.g. during
inspection activities, the remaining fatigue life of the component can be computed using these

approaches.

A new methodology was therefore developed, as described in Chapter 5. The methodology is
based on the concept of modal stress intensity factors, which means the stress intensity factor
obtained with the configuration of a certain mode shape. One of the most important points raised
by the methodology, was that modal stress intensity factors could have a negative sign, which
occurs every time the mode shape originates an overlapping of the crack faces. Only the total
response, obtained by summing up the contributions (both negative and positive) of all the
considered modes of vibration, has a physical meaning. Therefore, the negative values of the

stress intensity factor must be disregarded only when looking at that total response.

The advantage of the proposed method is that the stress intensity factor has to be computed
only for the static loading and for each of the modes of vibration considered in the dynamic
analysis. This corresponds to a very low computational effort when compared with the alternative
approaches found in literature, which would require the stress intensity factor to be computed for
all time steps of the dynamic analysis, typically thousands of times for each traffic event.

Initially, the method was validated using a simple example: a simply supported beam, with a
semi-elliptical crack, under dynamic loading. The dynamic analysis covered a 5 seconds period.
A total of 50 000 time steps were used, corresponding to a time step of 0.0001s. The dynamic
response of the beam was characterised using the first 5 modes of vibration and the self-weight
of the beam was the only static loading considered in the analysis. Therefore, the application of
the new methodology allowed to obtain the entire stress intensity factor time history from only 6

computational runs, instead of the 50 000 required by conventional methods found in literature.

The methodology proved to be fully compatible with the application of submodeling
techniques. The results obtained using a submodel of the cracked zone were equal to the results

obtained in an integral model of the bridge, containing the cracked zone.

Finally, it is worth mention that the computation of the stress intensity factors was performed
using the Virtual Crack Closure Technique (VCCT), which was programmed in ANSY'S using
its specific Parametric Design Language (APDL).
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After the development of the new numerical methodology for the fatigue assessment of
railway bridges, the work focused on the development of new experimental assessment methods.
That objective was pursued using the bridge of the new railway crossing of river Sado as a case

study. This work was described in Chapter 6.

The details of the bridge, potentially prone to fatigue damage, were identified from the
structural design and from in situ observation, during the construction phase. The different details
were classified for fatigue strength according to Eurocode 3. Preliminary fatigue analysis was
performed on all components, using Eurocode 3 methodology and the numerical model of the
structure. Based on that analysis, the bottom connection of the diagonals of each diaphragm and
the cope hole at the top connection of the same elements were identified as the critical details for
fatigue. Those details were classified, according to the Eurocodes, with Detail Categories 56 and

45, respectively.

The numerical model of the structure was also developed using ANSYS software. Shell
elements were used to model the concrete slab and the steel box girder. Beam elements were
used to model the arches, the hangers, the diaphragms and the diagonals, the transverse stiffeners
and the beams containing the ballast layer. Nodal mass elements were applied to the structure in
order to reproduce the mass of the diaphragms of the arches. Rigid connections were also used
to connect the concrete slab to the upper flanges of the steel box.

The diaphragms 51 and 54 and corresponding diagonals were modelled with a finer mesh of
shell elements. This allowed to better capture the stress concentration at the extremities of the

diagonals. All other diaphragms and diagonals were modelled using beam elements.

An Ambient Vibration Test was performed in order to calibrate the numerical model that was
developed. It covered 33 sections of the deck and 19 sections of the arches. The number of

sensors available required the execution of 20 different test setups.

The data of the different setups was processed using software ARTeMIS. The Enhanced
Frequency Domain Decomposition (EFDD) and the Stochastic Subspace Identification -
Unweighted Principal Component (SSI-UPC) algorithms were used and allowed identifying the
first 7 modes of vibration of the bridge. Those modes of vibration were used as the reference to

update of the numerical model.

The Young Modulus of the concrete used on the construction of the slab of the bridge’s deck,

Ec, was identified as the most influencing parameter in the modal properties of the numerical
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model. After fine tuning this parameter, the Modal Assurance Criterion (MAC) values of the 6
vertical bending modes of vibration were all above 0.86. The torsion mode of vibration had a
MAC value of 0.82. Concerning the natural frequencies, the difference between the numerical
and experimental ones was typically below 0.08Hz. In the end of the calibration process, the

adopted value of Ec was 43 GPa.

A monitoring system was developed and installed on the bridge, intending to characterise the

railway traffic and its effects on the critical points of the structure that were identified before.

Concerning the traffic characterization, trains’ axles spacing and speed are characterised
through fibre optic rail pad sensors that were installed on sleepers 16 m apart of each other (side
by side with hangers 50 and 52). The instrumented rail pads proved to be very effective on

accomplishing this objective.

The axle loads were determined through strain gauges at the neutral axis of the rail. The strain
gauges were mounted on full Wheatstone arrangement and welded in 2 sections between 2
successive rail sleepers, side by side to hanger 52. When each axle of the train crosses the bridge,
the difference between shear strains in the 2 sections is proportional to the vertical axle load. The

adopted procedure showed to provide adequate accuracy to estimate axle loads.

An IP camera was installed in hanger number 28 and it provided complementary qualitative
information, allowing e.g. to obtain images of all trains crossing the bridge, which can be useful

when analysing special events such as trains whose weight is outside typical ranges.

The traffic characterization system allowed to build a database with the characterization of
each traffic event on the bridge. Three main groups of trains could be identified: Alfa Pendular
passenger trains circulating at speeds between 200 km/h and 212 km/h; Intercity passenger trains
circulating at speed between 145 km/h and 160 km/h; freight trains, circulating at speed between
75 km/h and 95 km/h.

The structural response was characterised through a total of 32 strain gauges installed at
different points of the structure. The 4 strain gauges relevant for this study were located at the
diagonals of Diaphragms 51 and 54.

At each traffic event, the strain measurements allowed to compute the stress and the
corresponding fatigue damage. The trains contributing the most to the fatigue damage are freight

trains with loads ranging from 40 kN/m to 55 kN/m and with lengths around 200 m and 400 m.
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The capability of the system to characterise the traffic allowed to compare the measured
strains with the strains simulated using the modal characteristics of the numerical model of the
bridge. That comparison showed very similar responses, thus providing further validation of the
numerical model of the bridge. The passages of the Alfa Pendular train, which has constant length
and almost constant axle loads, helped to demonstrate that in spite of the slight oscillations of
train axle load measurements, across different traffic events, the corresponding response of the

structure is kept almost constant.

The modal characteristics of the numerical model of the bridge, combined with the traffic
database that was assembled, allowed also computing the damage at the diagonals that were not
monitored directly through strain gauges. The diagonals at the North and South entrances of the
bridge, close to piers P1 and P4, respectively, showed the highest values of strains and fatigue
damage, followed by the diagonals located at the end of each span of the bridge, close to piers
P2 and P3. This is due to the higher dynamic impact observed at these locations and also due to
the shorter and, therefore, stiffer hangers existing in these points.

It must be stressed that the new developed method, presented in Chapter 6, showed to be very
efficient and able to compute the fatigue damage of the critical details of railway bridges in real-
time. Only a very limited set of modal parameters of the numerical model needed to be extracted,
stored in a condensed matrix format (less than 10 MB) and incorporated in the monitoring system
workflow. That limited set of modal parameters allowed accurate simulations of the real response
of the structure with a reduced computational effort. Another advantage of that methodology is

that the real traffic characteristics are considered.

At the commissioning phase of the bridge, load tests were performed by LNEC. The load tests
consisted of positioning 2 types of freight trains, containing 11 and 15 ballast containers,
respectively, at specific loading positions and measuring the corresponding deformations,
deflections and strains at specific points of the structure. The monitoring system developed in
this work was used during those tests, so that the measured response of the bridge could be
compared with that of the numerical model. In addition, the commissioning phase also allowed

the calibration of the axle loads measurement system.

In Chapter 7, it was described the application of the new numerical method (presented in
Chapter 5) to the simulation of the fatigue crack propagation on a detail of the same bridge under
study.
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First of all, the fatigue crack propagation strength of the steel and weldments of the bridge
was characterised. The crack propagation tests were performed on compact tension (CT)
specimens according to ASTM E647. CT specimens were machined in order to study the crack
propagation through base material, heat affected zone (HAZ) and weld metal (WM). The
specimens had a thickness close (32 mm) to the thickness of the diagonals (35 mm) that were
identified as the critical details of the bridge, concerning fatigue. In the case of the specimens
testing HAZ and WM, crack closure effects were observed due to the residual stresses contained
in the welds. A strain gauge enabled to measure strains in the back face of those specimens,
therefore allowing to quantify and account for those effects. The tests allowed determining the C
and m values of the Paris law, for the steel used in the construction of the bridge. For the base
material, the value of C ranged from 6.83E-15, for a load ratio of 0.1, to 3.47E-13, for a load

ratio of 0.7. The values of m ranged from 3.48 to 2.95 for the same load ratios.

The top connection of one of the diagonals of the diaphragm 51 was the detail of the bridge
selected for the simulation. A model of the detail was developed in ANSYS. This local model
fitted totally on the global model of the structure, so that ANSYS shell-to-solid submodeling
technique could be used. In addition, 5 strain gauges were bounded to the detail, on the bridge,
and connected to the monitoring system, so that the strains simulated using the submodel could
be compared with the measured ones. The results were very similar, therefore confirming the
adequacy of the numerical submodeling technique that was used.

The crack path was input in the numerical model of the detail through ANSYS APDL
language. The stress intensity factor at the crack front was computed using VCCT and
Displacements Extrapolation (DE) methods, which were also programmed in APDL. An initial
crack with 15 mm was assumed, on the location where the stress concentration was higher: at the
cope hole, close to the root of the weld. Because the detail undergoes complex loading, the
methodology described in Chapter 5 had to be extended to mixed mode condition. This was
achieved with success, with the equivalent stress intensity factor being computed using Tanaka’s

expression and the kink angle time history using the Maximum Tangential Stress criterion.

The simulation of the fatigue crack propagation was performed for load blocks of 565 trains,
corresponding to a total traffic load of 0.52 million t. 1500 modes of vibration were considered
and 5 mm crack increments were adopted in the workflow. The simulation stopped after 33
iterations, when the total crack length reached 175 mm. At that moment, the maximum stress
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intensity factor achieved a value equal to the adopted toughness of the material (1434 MPaymm).
This corresponded to a remaining fatigue life, after the crack of 15 mm was observed, of 95 years.
The total fatigue life, including the initiation phase and the crack propagation up to the first 15
mm would be higher. The simulation took 3.5 days therefore confirming the high computational
efficiency of the new proposed methodology, compared to other approaches.

In summary, the initial objective of this Thesis, which was to provide new numerical and
experimental methodologies for the accurate and efficient fatigue assessment of railway bridges

was achieved.

Concerning the numerical component of the work, a new methodology for the computation of
stress intensity factors time histories was developed. For that, the concept of modal stress
intensity factors was introduced, allowing the application of the modal superposition technique
in the context of Fracture Mechanics. The methodology was first tested and validated with a
simple example and later applied to the simulation of a fatigue crack propagation on a detail of
the bridge of the new railway crossing of river Sado. The new methodology showed to be highly
efficient computationally and made it feasible to use Fracture Mechanics concepts and crack
propagation laws when analysing railway bridges subject to a wide range of traffic scenarios. It
also proved to be possible to embed the new methodology on a monitoring system in order to

perform real-time estimations of fatigue cracks’ propagation.

Referring to the experimental component of the work, an integrated monitoring system was
designed and implemented in the bridge of the new railway crossing of river Sado, allowing the
traffic characterization, the real time fatigue damage quantification in monitored details and,
using the compiled traffic data, the fatigue damage estimation in non-monitored details. Load
tests and Ambient Vibration Tests were performed on the bridge allowing the subsequent
calibration of the numerical model of the structure. Additionally, fatigue crack propagation tests
were performed on CT specimens made of the steel and welds employed on the construction of
the bridge. This allowed to characterise the crack propagation laws that were required for the

employment of fatigue assessment methodologies based on Fracture Mechanics.

8.2 FUTURE DEVELOPMENTS

The two main achievements in current thesis were the development of a new numerical
methodology for the simulation of fatigue crack propagation in critical bridge details and the
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design and implementation of a monitoring system focused on fatigue damage monitoring. These
two tools also constitute the main areas selected for further research and development.

Concerning the numerical methodology, its application to the simulation of fatigue crack
propagation in the case study used a local numerical model of the detail to analyse, where the
fatigue crack was modelled explicitly. Over the last years, meshless methods have been
developed simplifying the implementation of successive crack increments in the local models.
The most widely accepted method is X-FEM, already discussed in Chapter 4. As a future
enhancement of the proposed workflow, X-FEM should be implemented as the default method
for modelling the crack in the local model of the detail. This would increase the flexibility of

crack modelling.

Another step towards the improvement of this tool is to consider the impact that the reduction
in stiffness of the damaged components has on the global response of the structure. The workflow
presented in the present thesis assumed that the modal properties of the structure are not modified
by the presence and increasing length of the fatigue cracks. That is a fair approximation when
the fatigue cracks are relatively small when compared with the section of the structural detail.
However, as the crack’s length increases towards the failure of the structural component, it may
start affecting the global response of the structure, with the forces being redistributed to other
structural components. In order to take this effect into account, in the future, the workflow

presented in this work must be improved as follows:

o Firstly, the local model of the detail must be converted into a superelement, a feature
already available in commercial finite elements software such as ANSYS. A
superelement is a group of previously assembled elements that is treated as a single
element. The superelement, once generated, may be included in any ANSYS model,
such as the global model of the bridge, and be used in any analysis type for which it is
applicable. Therefore, the superelement is a possible way to reflect the mass and
stiffness of the local model in the global model. It does not intend, though, to replace
submodeling but only to replicate, in the global modal, the damage level of the local
detail.

e During the simulation of the crack propagation, every time the crack length is
incremented in the local detail, a new version of the superelement is generated. If the

difference in stiffness between the new version of the superelement and the previous
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version exceeds a certain threshold value, the new superelement is considered as the

reference and updated in the global model of the bridge;

e In that case, the modal analysis of the global model is performed again. The modal
coordinates are re-computed for all the modes of vibration considered and for each
traffic event. The mode shapes of each mode of vibration are converted to boundary
conditions of the local detail, through the shell-to-solid submodeling technique already
applied before. After this update, the simulation of the crack propagation continues as
per the workflow described in Chapter 7.

Another way for the improvement of the computational efficiency of the numerical workflow
is to adapt the code to parallel computing, taking advantage of MATLAB potential on this field.
Further improvement in the MATLAB code is also possible benefiting from Graphic Processing
Unit (GPU) technology.

The monitoring system allowed building a database of traffic events on the bridge. The fatigue
damage, computed by the linear damage accumulation method is also stored in the same database.
In the future, the monitoring system can also be improved to allow the real-time estimation of
fatigue cracks propagation, through the method described in Chapter 7. In order to do so, the
modal stress intensity factors need to be stored and embedded in the monitoring system. The
modal stress intensity factors would be computed for real fatigue cracks found previously or for
hypothetical fatigue cracks assumed to be present in the most critical locations. For each traffic
event, the traffic characteristics and corresponding modal coordinates are computed by the
monitoring system. Combining the modal coordinates with the modal stress intensity factors
allows obtaining the stress intensity factor time histories. The corresponding fatigue crack

increment can then be computed using the methodology described in Chapter 7.

Finally, still concerning the monitoring system, a graphic interface can be developed in the

future, allowing an easier and more interactive access to the database, by the users.
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