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ABSTRACT 

Since the last decades of the 19th century, the railway has been assuming a relevant role in the circulation 

of people and goods, presenting undeniable advantages related to its efficiency, economic and 

environmental aspects. In Europe, the development of the transport system is the basis of free circulation 

across national borders, increasing the political and social interconnections. Sustainable mobility 

policies are planned for the next years for continental movements, assuming the train as a critical mean 

of transport. Such importance has been reflected in research programmes that have been carried out in 

the European Union, preceding relevant planned investments in infrastructures. 

An important share of the economic viability of railway projects is related to the maintenance of existing 

bridges or the construction of new ones. In this context, fatigue arises as a critical phenomenon that may 

put at risk the integrity of structures in service, designed using superseded standards, which did not 

properly address the current safety requirements or covered the complexity of structural responses 

originated by the present and foreseen railway traffic. Considering the consequences of fatigue failures, 

the necessity of replacement on a large scale of those bridges would lead to significant and unsustainable 

costs in the order of thousands of millions of euros.  

The development of fatigue assessment methods has been mostly focused on the design of new bridges, 

leading to relevant normative limitations concerning the investigation of structures in service. Also, the 

procedures foreseen in applicable standards and guidelines are generally suggested with a basis on global 

methods related to nominal stresses, which may not be able to properly reproduce the local behaviour 

of relevant connections, implementing strategies for fatigue analyses independently of loading 

transference mechanisms, materials properties and assuming rough approximations to local geometrical 

characteristics. Nonetheless, advances in computational capabilities have been allowing to apply local 

notch methods and Fracture Mechanics concepts to investigate the fatigue life related to initiation and 

propagation of cracks in Civil Engineering structures, which is a current practice in several industries.  

The analysis of fatigue in bridges is a problem inherently of multiscale associated with the difference of 

size between the local nature of the damage and the global scale, which leads to difficulties in the 

development of numerical models able to properly reproduce simultaneously the characteristics of the 

global and local responses. The implementation of submodelling techniques has been allowing to 

overcome such limitations, conciliating accurate global models with detailed numerical representations 

of critical connections. Also, the computational efficiency of the required calculation processes can be 

increased by applying the modal superposition to parameters of interest. Combining the mentioned 

concepts, two innovative approaches based on local fatigue methods, submodelling techniques and 

modal superposition principles are proposed. However, the implementation of such calculation 

strategies to investigate dozens or hundreds of details of a certain bridge may not be efficient. Therefore, 
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an integrated methodology for fatigue life prediction of existing metallic railway bridges is suggested, 

foreseeing conservative global normative methods followed by advanced calculations based on the 

proposed innovative local fatigue approaches. 

The sequential implementation of such structural analyses was performed to investigate the Várzeas 

Bridge located in Portugal, classifying the respective details concerning the susceptibility to fatigue 

damage. Comprehensive experimental data were considered, increasing the reliability of the 

calculations. Firstly, different normative global assessment methods associated with nominal stresses 

were applied to identify the fatigue-critical riveted connections. Afterwards, a detail with high damage 

index related to a diagonal of the trussed bridge was investigated by implementing one of the innovative 

fatigue approaches proposed in the present work. A submodelling relation based on the modal 

superposition of boundary conditions was established, allowing to calculate local stresses and strains at 

the identified hot-spots. Considering the characteristics of the mechanism of loading transference of the 

riveted length and the associated nonlinearities, a fatigue life prediction depending on the assumed 

traffic scenario was performed, applying a local assessment method. From an unsatisfactory safety 

estimate based on the concept of nominal stress, a theoretically infinite life associated with the initiation 

of cracks was computed. In order to evaluate the susceptibility to non-detected initial defects, a 

preliminary evaluation of the respective propagation life was performed. The stable growth of the 

admitted fatigue cracks was found to be associated with reasonably long periods of time, which should 

allow detecting eventual damage during regular maintenance tasks and subsequently apply the necessary 

remedial measures. In general, the implementation of fatigue approaches based on local parameters 

reduced the uncertainties and conservatism inherent to the global methods, leading to a fatigue 

assessment in accordance with the nature of the local phenomenon. 
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RESUMO 

Desde as últimas décadas do século XIX, a ferrovia tem assumido um papel relevante na circulação de 

pessoas e bens, apresentando inegáveis vantagens relacionadas com sua eficiência, aspetos económicos 

e ambientais. Na Europa, o desenvolvimento do sistema de transportes é a base da livre circulação 

através das fronteiras nacionais, aumentando as interconexões políticas e sociais. Nos próximos anos 

estão previstas políticas de mobilidade sustentável, assumindo o comboio com um meio de transporte 

fulcral. Esta importância tem-se refletido nos programas de investigação que têm vindo a ser realizados 

na União Europeia, precedendo investimentos relevantes planeados em infraestruturas. 

Uma parte importante da viabilidade económica dos projetos ferroviários está relacionada com a 

manutenção das pontes existentes ou a construção de novas. Neste contexto, a fadiga surge como um 

fenómeno crítico que pode colocar em risco a integridade das estruturas em serviço, concebidas com 

base em normas ultrapassadas, que não contemplavam os requisitos de segurança atuais ou cobriam a 

complexidade das respostas estruturais originados pelo tráfego ferroviário presente e previsto. Tendo 

em conta as consequências de falhas por fadiga, a necessidade de substituição em larga escala destas 

pontes implicaria custos significativos e insustentáveis na ordem dos milhares de milhões de euros.  

O desenvolvimento de métodos de avaliação de fadiga tem-se centrado principalmente na conceção de 

novas pontes, conduzindo a limitações normativas relevantes em relação à investigação de estruturas 

em serviço. Além disso, os procedimentos previstos nas normas e diretrizes aplicáveis são geralmente 

sugeridos com base em métodos globais associados a tensões nominais, que podem não ser capazes de 

reproduzir adequadamente o comportamento local de ligações relevantes, implementando estratégias 

para análises de fadiga independentemente dos mecanismos de transferência de carga, propriedades dos 

materiais e assumindo aproximações grosseiras às características geométricas locais. No entanto, 

avanços nas capacidades computacionais têm permitido a aplicação de abordagens baseadas em métodos 

locais e na Mecânica da Fratura para investigar a vida à fadiga relacionada com a iniciação e propagação 

de fendas em estruturas de Engenharia Civil, algo que é uma prática corrente em diversas indústrias. 

A análise da fadiga em pontes é inerentemente um problema de multi-escala associado à diferença de 

tamanho entre a natureza local do dano e a escala global, o que leva a dificuldades no desenvolvimento 

de modelações numéricas capazes de reproduzir adequada e simultaneamente as características das 

respostas globais e locais. A implementação de técnicas de submodelação tem permitido superar tais 

limitações, conciliando modelos globais precisos com representações numéricas detalhadas de ligações 

críticas. Além disso, a eficiência computacional dos processos de cálculo necessários pode ser 

aumentada aplicando a sobreposição modal a parâmetros de interesse. Combinando os conceitos 

referidos, são propostas duas abordagens inovadoras baseadas em métodos locais de fadiga, técnicas de 

submodelação e princípios de sobreposição modal. No entanto, a implementação de tais estratégias de 
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cálculo para investigar dezenas ou centenas de detalhes de uma determinada ponte pode não ser 

eficiente. Assim sendo, é sugerida uma metodologia integrada para a previsão da vida à fadiga de pontes 

ferroviárias metálicas existentes, prevendo métodos normativos globais conservativos seguidos de 

cálculos avançados com base nas abordagens inovadoras de fadiga propostas. 

A implementação sequencial destas análises estruturais foi levada a cabo para investigar a Ponte das 

Várzeas localizada em Portugal, classificando os respetivos detalhes quanto à suscetibilidade a danos 

de fadiga. De forma a aumentar a fiabilidade dos cálculos, foi considerada informação experimental 

detalhada. Inicialmente, diferentes métodos globais normativos associados a tensões nominais foram 

aplicados para identificar as ligações rebitadas críticas à fadiga. De seguida, um detalhe com elevado 

índice de dano associado a uma diagonal da ponte treliçada foi investigado através da implementação 

de uma das abordagens inovadoras de fadiga propostas no presente trabalho. O estabelecimento de uma 

relação de submodelação com base na sobreposição modal das condições de fronteira permitiu calcular 

as tensões e extensões locais nos pontos críticos identificados. Considerando as características do 

mecanismo de transferência de carga ao longo do comprimento rebitado e as não linearidades 

associadas, foi realizada uma previsão da vida de fadiga em função do tráfego assumido, aplicando um 

método local de avaliação. Após uma estimativa de segurança insatisfatória baseada no conceito de 

tensão nominal, foi calculada uma vida teoricamente infinita associada à iniciação de fendas. De forma 

a avaliar a suscetibilidade a efeitos iniciais não detetados, foi realizada uma avaliação preliminar da 

respetiva vida de propagação. O crescimento estável das fendas de fadiga admitidas foi associado a 

períodos de tempo razoavelmente longos, o que deve permitir a deteção de eventuais danos durante 

operações regulares de manutenção e aplicar subsequentemente as medidas corretivas necessárias. Em 

geral, a implementação de abordagens de fadiga baseadas em parâmetros locais reduziu as incertezas e 

o conservadorismo inerentes aos métodos globais, conduzindo a uma avaliação de fadiga de acordo com 

a natureza local do fenómeno. 
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1 
1. INTRODUCTION 

 

 

1.1. CONTEXT 

The evolution of Europe as a space of free circulation of people and goods that overcomes the borders 

of different countries has been requiring a fundamental role for railways in the overall growth of the 

transport system. Inherently, the circulation by train presents several advantages, but in the first part of 

the 20th century it lost competitiveness when compared with the airway and roadway systems. 

Nevertheless, the possibility of travelling at higher speeds by trains with higher loadings per axle has 

reversed this trend and relaunched this mean of transport as competitive for given distances. Certainly, 

railways have been important for the sustainable development of several countries when significantly 

implemented, presenting economic, environmental and social advantages, namely: 

i. Lower costs of transport for passengers and goods; 

ii. Inferior energy consumption and CO2 emissions; 

iii. Decrease in the number of accidents and increase in the comfort of circulation; 

iv. Fast and easy movement of passengers and goods between regions or countries. 

In the past two decades, several European countries have made considerable efforts in order to improve 

the existing railway infrastructures and plan new lines on which trains can operate safely at higher 

speeds. In the context of the European Union, the railway interoperability based on a functional network 

has been defined as critical to achieve a perfect physical connection between countries, increasing 

political cohesion. In 2019, the European Commission defined the European Green Deal with the aim 

of achieving climate neutrality by 2050, defining that a substantial part of the 75% of inland freight 

carried currently by road should shift onto rail and inland waterways (European Commission, 2019, 

2020). The improvement and modernization of the European railway network is foreseen to be based on 

thousands of millions of euros of investments in the enhancement of infrastructures. Also, the 

development of relevant research programmes, e.g. Shift2Rail (European Union, 2015), has been carried 

out to maximise the economic and environmental sustainability of such financial efforts. 



Chapter 1: Introduction 
 

2 

The expected growth of the traffic demands in the next decade has been taken into account in the railway 

projects in development and in those planned for the next years. In European Union, the growth of the 

economic and social interconnection across the national borders is expected to be achieved through 

several network corridors (see Figure 1.1) (European Commission, 2010). 

 

Figure 1.1 – Trans-European Transport Network (European Commission, 2013) 

 

The planned railway network demands the existence of a considerable number of infrastructures, such 

as bridges and tunnels. Naturally, with the increase in loads per axle and speed of circulation, the 

requirements for a safe operation on railway lines are more restrict, leading to the necessity of building 

new structures or verify the integrity of the existing ones. In Europe, 300000 railway bridges and 3500 

km of railway tunnels are estimated to be close to or over the end of their planned service life, 

approximately. The replacement on a large scale of such a number of infrastructures would not be 

economically and financially feasible or realistic. Consequently, an extension of the respective service 

life was defined as a major priority (European Union, 2015). In this context, the development of 

integrated methodologies involving advanced tools for structural analysis has been assumed as critical, 

in order to properly evaluate the safety requirements for the current and future service conditions. 
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As shown in Figure 1.1, Portugal is also part of the Trans-European Transport Network plan that is 

going to connect the country to the rest of Europe through the Atlantic corridor (label in yellow). In the 

last few years, the Portuguese railway network has been progressively reformulated by investing in the 

maintenance and modernization of some of the existing railway lines. Also, the construction of new 

lines are planned, including high-speed ones connecting the Portuguese major cities internally and 

Portugal to Spain internationally (Figure 1.2). 

 

Figure 1.2 – Planned railways for the Trans-European Transport Network (European Commission, 2013) 

 

Railway structures are subjected to complex dynamic loadings, which are responsible for structural 

problems that must be considered when designing new bridges and assessing the safety and integrity of 

existing ones. Among the mentioned structural issues, progressive damage due to fatigue phenomena 

should be highlighted as a major concern, as it may lead to the development of severe propagating cracks 

in metallic elements. 

Fatigue is a local structural degradation process that consists of the damage accumulation due to cyclic 

loadings, which are not high enough to cause the global or local collapse in a single application. 

Generally, the magnitude of each cycle is considerably lower than the static resistance capacity of the 

loaded structure and the analysis of the classic ultimate limit states is not able to identify any critical 

structural issue for the respective long-term regular service. Therefore, fatigue is a major problem 

concerning the maintenance of the safety of metallic and composite bridges repeatedly submitted to 
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multiple variable cyclic loadings that may lead to local failures or global catastrophic events when not 

properly investigated and predicted. 

The awareness of fatigue phenomena only arose some decades ago, which means that when the first 

metallic riveted bridges were designed this damage process was not taken into account. Consequently, 

a vast number of such railway structures that are planned to be kept in service were conceived without 

performing accurate structural verifications regarding cyclic loadings. In addition, the expected growth 

of the traffic demands may lead to the degradation of the structural integrity, which must be predicted 

by implementing systematised approaches to estimate the residual life of existing structural components 

and evaluate the necessity of maintenance, repairing or strengthening works. 

Different procedures may be used to assess the fatigue damage, namely global and local stress-life 

methods, notch strain methods and Fracture Mechanics based methods. For a certain structural detail, 

global S-N methods have been proposed to establish a relation between the applied nominal stress range 

and the fatigue resistance, with this approach as the most considered in the applicable standards and 

guidelines, including Eurocode 3, Part 1-9 (CEN, 2010c). Nonetheless, relevant drawbacks may be 

highlighted, with the following being the most important: i) a limited number of structural details and 

simple loading conditions are covered, as contemplated in the standards and guidelines; ii) the influence 

of the material properties is not taken into account, since the S-N curves are generally applicable to a 

broad range of materials; and iii) the possibility of existing cracks is not considered, as no distinction is 

made between the crack initiation and the crack propagation. Thus, local stress-life methods, notch strain 

methods and Fracture Mechanics based methods, isolated or combined, may be used as more precise 

alternatives to the global S-N methods. In fact, in the study of large metallic structures, the applicability 

of those local approaches has been gaining importance to evaluate fatigue issues, with the aim of 

performing the fatigue assessment of details not covered by the available catalogues of S-N curves, 

distinguishing the development of damage related to the crack initiation and respective progression 

(Radaj et al., 2006; Albuquerque et al., 2015; Silva, 2015; Teixeira, 2015). 

The necessary number of cycles to initiate a fatigue crack from the nanoscale to the macroscale may be 

computed using a local notch method that establishes a correlation between a local parameter (e.g. stress, 

strain, energy) and the number of cycles required to initiate a crack, considering the localised nature of 

the early stage of fatigue damage. The most well-known and implemented relations are the Basquin 

(1910), Coffin-Manson (1954), Basquin-Coffin-Manson (Manson and Hirschberg, 1964) and Morrow 

(1965, 1968) proposals. For the latter three, the respective application involves elastoplastic analyses, 

since plasticity may develop in the vicinity of notches. Alternatively to the numerical implementation 

of nonlinear material models, analytical tools as those provided by the combination of the proposals of 

Ramberg and Osgood (1943) and Neuber (1961) or Glinka (1985a, 1985b, 1988), can be applied to 
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establish the necessary relation between the local elastic stress and strain ranges and the corresponding 

elastoplastic quantities of interest. 

After investigating the structural phenomenon underlying the formation of a certain fatigue crack, the 

remaining fatigue life associated with the respective propagation may be predicted. The Fracture 

Mechanics has been developed in order to understand the occurrence of low stress fracture in high 

strength materials under cyclic loads (Broek, 1982). The development of cracks until the occurrence of 

a certain failure mode may be evaluated considering fatigue crack propagation laws based on Fracture 

Mechanics models. Several advanced rules are available in the literature (de Castro and Meggiolaro, 

2009), but the most used to evaluate the progression of a crack has been the so-called Paris law (Paris 

et al., 1961), even taking into account some identified limitations. For this purpose, the latter is grounded 

on the characterisation of the elastic stress and strain fields considering the geometrical singularity at 

the crack tip. The determination of these local quantities is the basis of the concepts of Linear Elastic 

Fracture Mechanics (LEFM), which has been successfully adopted in different engineering areas due to 

the advances in the available computational capabilities. 

The Finite Element Method (FEM) has been widely used in numerical applications for the investigation 

of global and local structural issues. The development of detailed numerical models has been allowing 

to evaluate local stress and strain fields, required to apply local notch methods and LEFM based 

approaches in several industries. In Civil Engineering, the magnitude of structural systems may lead to 

relevant computational demands. The implementation of direct time-integration algorithms for solving 

the dynamic numerical problem, such as the Newmark (Bathe, 1996) or Hilber-Hughes-Taylor (HHT) 

(Chung and Hulbert, 1993), generally requires the calculation of thousands of load steps leading to 

unsustainable computational times when local analyses based on detailed finite element models are 

mandatory. In order to overcome those limitations, Albuquerque et al. (2012, 2015) proposed the modal 

superposition technique to define time histories of stress intensity factors related to a propagating fatigue 

crack. Also, the same fundamentals may be extensible to the calculations of elastic stress and strain 

values at hot-spot locations for the crack initiation, with elastoplastic post-processing being 

subsequently implemented based on analytical relations, if required. In this regard, for a certain 

structural system with N degrees of freedom, the application of the modal superposition allows 

converting the system of NxN simultaneous equations into N decoupled equations, which may lead to 

significant gains in terms of computational time. Furthermore, in the structural analysis of large 

structures, the fatigue assessment may be optimised considering submodelling techniques to account for 

the differences between the scale of structures and the local nature of fatigue damage. 

Frequently, the size of Civil Engineering structures is of the order of metres or kilometres and the fatigue 

damage areas are of the order of millimetres or below, which clearly imply a multiscale problem that 
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may be relevant due to the complexity of the required numerical models, calculation processes and 

determination of the applied load history. Due to such issues, high computational costs are expected in 

particular as a result of the mesh refinement at hot-spots for the crack initiation or already cracked areas, 

even when such detailing is not expanded to remote locations. In the past few years, important progress 

in modelling techniques based on the development of computational capabilities has been made. 

Submodelling approaches integrated into calculation procedures have been implemented, accounting for 

the interaction between global and local data, allowing to consider global modelling simplifications 

without neglecting the accurate assessment of local stress and strain fields (Kiss and Dunai, 2000, 2002; 

Li et al., 2007; Albuquerque et al., 2015; Silva, 2015; Marques, 2016). The combination of the 

implementation of submodelling techniques with modal superposition concepts may allow efficient 

fatigue evaluations based on local notch methods and Fracture Mechanics based approaches. 

In addition to the drawbacks underlying the normative fatigue proposals, the applicable Eurocodes only 

suggest methods for fatigue assessment of new bridges, not providing guidance to investigate existing 

structural systems. Taking into account the expected growth of the traffic demands and the relevance of 

fatigue in ageing metallic bridges, the development of an integrated methodology for fatigue life 

prediction including innovative local methods is considered critical to evaluate the structural integrity. 

Nonetheless, the implementation of local approaches to investigate structures with dozens or hundreds 

of eventual fatigue-critical locations may not be a reasonable primary option. Consequently, a stepwise 

methodology is required to progressively classify the existing details concerning the proneness to 

fatigue. In initial phases and when applicable, the implementation of normative global methods may be 

admissible assuming a certain conservatism, allowing to classify details as fatigue-safe and others as 

critical. Subsequently, the connections for which the fatigue safety cannot be guaranteed must be 

investigated considering local approaches to evaluate the remaining fatigue life under past, present and 

assumed future traffic scenarios. When unsatisfactory predictions for the level of safety are achieved, a 

multicriteria analysis must be performed according to the relevance for the structural system of the 

identified critical details. Based on the results achieved, maintenance, repairing and strengthening works 

may be planned. Remedial measures focused on very local interventions or more comprehensive 

improvements of the fatigue capacity may be designed. 

For a certain bridge, the implementation of several phases of fatigue analysis requires the assessment of 

a broad range of geometrical and material properties of the real structure thru experimental techniques. 

Such information is important to increase the reliability of the fatigue evaluation, in particular of the 

calculations associated with local methods due to the absence of appropriate semi-deterministic 

normative approaches (Leander and Al-Emrani, 2016). When short or long-term monitoring campaigns 

are performed, experimental stress and strain values may be used to establish the relation between the 
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railway traffic and local fatigue damage. Also, derived from the results obtained and the data gathered, 

multiple outputs and useful numerical and analytical tools should be achieved, allowing the bridge 

management authority to progressively follow the structural integrity of the structure. Standard 

inspections, maintenance and strengthening plans may be defined. The development of calibrated 

advanced numerical models integrated into efficient fatigue approaches may be used to establish the 

concept of digital twinning applied to Civil Engineering. The validation of multiple virtual sensors may 

periodically allow fatigue analyses to be performed to evaluate the structural safety under different and 

evolutionary scenarios. 

After the implementation of the multiphase fatigue analysis procedure, the structural integrity of the 

bridge should be guaranteed for the required remaining service life. Several of the above-mentioned 

research fields related to fatigue in metallic railway bridges require further investigation and advances 

to minimise the current drawbacks. In general, the present thesis aims to develop fatigue approaches 

based on local methods, submodelling techniques and modal superposition concepts for advanced 

structural analyses of existing bridges. Also, the implementation of these calculation strategies as part 

of a multiphase procedure is defined as a relevant goal, in order to articulate normative methods with 

local approaches as a comprehensive and widely applicable workflow for fatigue assessment of different 

types of connections. An integrated methodology for fatigue life prediction of existing metallic railway 

bridges is proposed as critical to address the foreseen increasing traffic demands, underlying the 

expected economic growth and sustainable green policies. 

 

1.2. OBJECTIVES 

As said, the main goal of the present work is to provide a stepwise procedure for fatigue analysis of 

existing bridges in order to overcome the normative limitations, including innovative and efficient 

approaches for local fatigue calculations, generalisable to all types of details and materials. This 

comprehensive objective was achieved after several intermediate goals, such as: 

 Present a historical context for the relevance of fatigue in metallic bridges associated with 

the awareness of this structural issue, characterising the respective investigation in the last 

decades, in particular for riveted connections given their minor importance for new bridges 

but being extensively present in older ones; 

 Review the methods for fatigue assessment suggested in the Eurocodes, describing 

additional contributions of other important existing standards and guidelines; 

 Characterise the theoretical basis of common and available global and local methods for 

fatigue analysis and develop new numerical approaches based on local notch methods and 
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Linear Elastic Fracture Mechanics concepts, combined with submodelling techniques and 

modal superposition principles; 

 Design and explore calculation algorithms focused on increasing the computational 

efficiency and overcoming the multiscale problem; 

 Propose an integrated methodology for fatigue life prediction of existing metallic railway 

bridges, including normative procedures and innovative fatigue approaches grounded on 

local methods, supported by comprehensive experimental data; 

 Implement the suggested procedure divided into sequential phases of fatigue analysis to a 

real case study of an existing metallic riveted bridge; 

 Develop global and local numerical models, integrated into a submodelling relation when 

required, properly validated and calibrated by experimental information evaluated after in 

situ experimental campaigns; 

 Define fatigue life predictions for the existing details, in particular for those classified as 

critical, using experimental data obtained in the laboratory to defined material properties 

and fatigue models. 

The proposed innovative fatigue approaches are validated through the respective application to case 

studies derived from an idealised simply supported beam and to a bowstring steel bridge characterised 

in the literature. The relevance of combining such calculation strategies with normative procedures, both 

properly integrated into a multiphase methodology for fatigue life prediction of existing metallic railway 

bridges, is demonstrated after the respective implementation to a real case study with complex geometry 

to explore the boundaries of the applicability to current structures. 

 

1.3. RESEARCH CONTRIBUTIONS 

The experimental and numerical works developed in the scope of the present thesis originated some 

scientific contributions that are worth mentioning, namely: 

 New approaches based on local fatigue methods to assess the initiation and propagation of 

cracks, including well-defined workflows for the respective implementation; 

 Proposal of an integrated methodology that overcomes relevant limitations of the 

applicable standards and guidelines to investigate fatigue in existing bridges, defining for 

each phase the admissible calculation algorithms, required inputs and expected outcomes; 

 Implementation of a two-phase optimisation procedure to a large metallic bridge based on 

a genetic algorithm, taking into account the global behaviour and modal responses 

associated with a structural subsystem; 
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 Routines to increase the applicability of different submodelling techniques (shell-to-solid, 

beam-to-solid and beam-to-beam), considering modal superposition concepts; 

 Development of several algorithms and workflows for numerical modelling and structural 

analyses accounting for eventual geometrical, material and contact nonlinearities, which 

may be the basis of future implementations of digital twinning to railway bridges; 

 Sensitivity studies concerning relevant sources of conservatism such as those related to the 

redundancy of the mechanism of loading transference underlying riveted connections, 

normative proposals for the dynamic amplification factors and existing S-N curves for 

nominal stresses; 

 Comparison of fatigue life predictions obtained from global and local fatigue assessment 

methods, evaluating the conservatism related to the former when no relevant secondary 

effects influence the structural response. 

In general, comprehensive procedures and approaches that may be widely implemented to perform 

fatigue analyses of existing bridges are defined, aiming to address fatigue safety concerns, taking into 

account increasing traffic demands as part of a comprehensive and ecological mobility philosophy. 

 

1.4. OUTLINE OF THE THESIS 

The current work is organised in nine chapters that progressively answer the different objectives 

previously defined, presenting relevant advances for the state-of-the-art. 

In Chapter 1, an important background and motivations for the present work are described, properly 

justified by the prevailing European political strategies for the system of transports. The main objectives 

of the thesis are presented, as well as the principal contributions associated with the research. Also, the 

organisation of the document is outlined. 

A historical context of global or local fatigue failures recorded in metallic bridges, which combined with 

other extreme events in several industries led to a progressive awareness concerning this phenomenon 

of structural degradation, is presented in Chapter 2. Milestone works related to the currently most 

implemented fatigue approaches are briefly introduced. Also, a comprehensive review of investigations 

performed on the fatigue behaviour of riveted connections is carried out, taking into account the 

respective lack of guidance in international standards and guidelines and the predominance of such 

details in old structures designed without fatigue safety checks. In addition, important works focussed 

on existing bridges, involving submodelling techniques and fatigue issues, are reviewed. As a 

complement for the subjects directly investigated in this thesis, admissible repairing and strengthening 

techniques for connections with unsatisfactory fatigue life predictions are presented and characterised. 
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The fatigue assessment methods suggested in the main international standards and guidelines are 

approached in Chapter 3. A special focus is given to the Eurocodes considering that these documents 

are the applicable and reference ones in the context of the European Union, highlighting additional 

contributions and differences on procedures proposed in other relevant codes, such as BS5400-10 (BSI, 

1980), IIW Recommendations (Hobbacher, 2008), AASHTO (2012) and AREMA (2013). 

In Chapter 4, aiming to overcome the identified drawbacks concerning the investigation of fatigue in 

existing bridges, advanced approaches based on local notch methods and Linear Elastic Fracture 

Mechanics concepts, submodelling techniques and modal superposition principles are proposed, after 

presenting the theoretical bases underlying common fatigue methods. Two alternative approaches are 

suggested with differences in the implementation of the modal superposition concepts, being validated 

by comparing the respective results with reference calculations based on a direct time-integration 

algorithm (approach 1). Firstly, a base strategy considering the modal superposition of local quantities 

is suggested (approach 2). After, to overcome the limitations of the latter for details involving nonlinear 

contacts and clamping stresses, an alternative approach is proposed with a basis on the modal 

superposition of boundary displacements associated with established submodelling relations between 

global and local models (approach 3). With the appropriate range of application, both calculation 

strategies combined or isolated are foreseen to address the influence of local geometrical and material 

characteristics on the fatigue assessment related to the initiation and propagation of cracks. The 

evaluation of the structural integrity is then admissible without major limitations. 

As said, the implementation of local fatigue methods to dozens or hundreds of details of a certain bridge 

may not be the most efficient approach in terms of calculations times. When possible, the application of 

global normative procedures based on the nominal stress method, associated with a certain conservatism, 

is assumed as a reasonable calculation strategy to identify the fatigue-critical details that must be locally 

investigated. Consequently, in Chapter 5, an integrated methodology for fatigue life prediction of 

existing metallic railway bridges is proposed. The application of global normative assessment methods 

preceding the innovative local approaches suggested in Chapter 4, both properly supported by 

comprehensive information about the existing and investigated structure, is foreseen. The full 

characterisation of the four phases of analysis proposed is performed. 

The fatigue assessment of the Várzeas Bridge, a metallic riveted structure located in Portugal, by 

implementing the multiphase methodology proposed in Chapter 5 is presented in the three following 

chapters. Firstly, the tasks associated with gathering information, as well as the numerical works to 

conceive the required global beam model, are described in Chapter 6. Subsequently, aiming to identify 

the fatigue-prone details that must be further investigated, the application of the equivalent constant 

amplitude stress range method, as suggested in EN1993-1-9 (CEN, 2010c), is comprehensively detailed 
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and discussed. Reasonable conservative assumptions are assumed as a reference, taking into account the 

preliminary characteristics of this stage of analysis. 

In Chapter 7, the fatigue calculations associated with the linear damage accumulation method are 

presented, assuming as a basis the results previously achieved. The information about the structure is 

updated and a two-phase iterative methodology required for the optimisation of the global numerical 

model is described, considering modal data related to the global behaviour and responses of the 

structural subsystem associated with the ballastless railway track. The results of sensitivity analyses 

performed by implementing dynamic calculations based mainly on a moving load approach combined 

with modal superposition are discussed, concerning the conservatism underlying the amplification 

factors proposed in EN1991-2 (CEN, 2017) for quasi-static analyses. Also, the relevance of several lines 

of rivets for the loading transference mechanism is parametrically investigated, in order to evaluate the 

redundancy of this type of connection. For normative traffic scenarios, the details with fatigue life 

predictions lower than the required service life are identified. 

Afterwards, a nodal connection representative of a type of riveted detail classified as fatigue-critical in 

the first two phases of the fatigue assessment methodology is analysed in Chapter 8. Additional 

information concerning the local structural response is presented after the respective in situ evaluation. 

A set of laboratory tests is described and the results achieved properly detailed to define the material 

properties and fatigue models. Once a local shell refinement of the global model was performed, the 

required submodelling relation is characterised with a basis on the geometry of the conceived local 

model. The results obtained by implementing the so-called approach 3 proposed in Chapter 4, combining 

a local notch method and the modal superposition of boundary displacement fields to investigate the 

crack initiation at the identified hot-spots, accounting for the existing relevant friction and normal 

contacts and applied clamping forces, are discussed. Forty-four rivet holes are investigated and the 

respective fatigue life predictions presented. Taking into account the results achieved, a preliminary 

analysis concerning the relevance of the crack propagation for the investigated detail is characterised, 

in order to have a measure of the impact of possible non-detected defects. 

Finally, in Chapter 9, the most important conclusions reached after the current work are presented. 

Further developments considered as relevant are suggested to increase the capabilities of the proposed 

integrated methodology for fatigue life prediction of existing metallic railway bridges. Additional 

improvements related to philosophies for data management are suggested based on the proposed 

innovative local fatigue approaches. 
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2 
2. FATIGUE PHENOMENON IN METALLIC BRIDGES 

 

 

2.1. INTRODUCTION 

Aiming for better and more comfortable living conditions, humankind has had to overcome physical 

obstacles imposed by nature. This challenge has been accomplished through outstanding endeavours in 

the construction of infrastructures, such as buildings, skyscrapers, dams, roads, bridges, among others. 

Historically, the first bridges were built using simple materials abundant in the surroundings, but the 

boldness and increasing needs of an organised transport system led to the development of the first stone 

ones. The Roman bridges were a core infrastructure for an effective mobility system and may be 

assumed as an important milestone for Civil Engineering. Between the middle ages and the end of the 

Renaissance period, the arches and columns shapes were transformed to increase the spans and to 

transmit a sense of lightness and aesthetics. During the industrial revolution, the scale production of 

puddle iron and the appearance of steel as structural material allowed breakthrough developments 

regarding structural systems and construction processes. A vast number of metallic bridges built at that 

time, mainly composed of riveted details, may be found still in full operation. The emergence of the 

concrete and the evolution of metallic construction techniques, involving welded and bolted 

connections, allied to the development of knowledge about the behaviour of structures have allowed the 

design and construction of bridges that progressively overcome considerable natural obstacles. A good 

example of such practices and engineering achievements is the Akashi-Kaikyo suspension bridge in 

Japan with a central span of 1991 m. 

Metallic bridges, which are important structures from an economic and social point of view, are 

vulnerable to fatigue phenomenon due to the acting dynamic loadings during their service life. Such 

load cases are mainly dependent on the traffic scenario characterised by numerous vehicles in circulation 

at different speeds, giving origin to variable stress time histories with multiple applied load cycles. 

Naturally, the fatigue damage is more severe in railway bridges than in highway ones due to the 

magnitude of the loads, which may be particularly relevant when freight traffic is common. Regarding 
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the local structural details in which fatigue problems are expected, metallic bridges can be broadly 

classed into riveted, welded and bolted bridges. 

According to Oehme (1989), the fatigue phenomenon is a common cause for the progressive loss of 

structural integrity or ultimate total collapse, being such an issue the main source for severe damage in 

several types of steel structures (Table 2.1).  

Table 2.1 – Damage causes in several steel structural typologies (Kühn et al., 2008) 

Damage cause 
Total Buildings Bridges Conveyors 

Nº % Nº % Nº % Nº % 

Static strength 161 29.7 102 33.6 19 14.8 40 36.0 

Stability (local or global) 87 16.0 62 20.4 11 8.6 14 12.6 

Fatigue 92 16.9 8 2.6 49 38.3 35 31.5 

Rigid body movement 44 8.1 25 8.2 2 1.6 17 15.3 

Elastic deformation 15 2.8 14 4.6 1 0.8 0 0 

Brittle fracture 15 2.8 9 3.0 5 3.9 1 0.9 

Environment 101 18.6 59 19.4 41 32.0 1 0.9 

Thermal loads 23 4.2 23 7.6 0 0 0 0 

Others 5 0.9 2 0.7 0 0 3 2.7 

Sum 543 100 304 100 128 100 111 100 

 

As shown in Table 2.1, fatigue arises as the third main cause of damage and a considerable proneness 

for the occurrence of this phenomenon has been noticed among bridges. An extrapolation for older 

metallic materials may be performed and poor fatigue responses are expected. Throughout the late 19th 

century until the present day, it has been observed that several bridges suffered from loss of structural 

integrity or complete structural collapse during their operating life, without showing prior and relevant 

signals of degradation. The understanding of the reasons for part of such accidents has been associated 

with the awareness of the fatigue phenomenon and its origins. One of the firsts major accidents related 

to severe fatigue damage occurred when the Ashtabula bridge collapsed in 1876 (Figure 2.1). 

  

a) years before the collapse b) drawing of the scene after the collapse 

Figure 2.1 – Total failure of the Ashtabula railway Bridge (Åkesson, 2008) 
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Constructed in 1865, such a railway bridge had an all-iron structural system following the Howe truss 

concept, considered as extremely robust at the time, which had been statically proved by loading tests. 

Nonetheless, on the evening of the 29th of December 1876, the Ashtabula Bridge unexpectedly collapsed 

during the passage of the west bound train to Cleveland (Bianculli, 2003) (Figure 2.2). 

 

Figure 2.2 – The day after the global collapse of the Ashtabula railway Bridge (Åkesson, 2008) 

 

The conducted investigation concluded that the bridge had been badly maintained, poorly inspected and 

not properly designed, as the entire load-carrying capacity rested upon small cast-iron lugs at the truss 

joint angle blocks, without redundancy. Eleven years after the construction of the bridge, being 

repeatedly subjected to cyclic loadings, one of these lugs suffered a brittle fracture due to fatigue 

cracking. The brittleness of the rupture was motivated not only by the cast-iron characteristic low 

ductility but also by the considerable low temperature verified on that evening and prior days, a factor 

that reduced the fracture toughness of the structural material (Bianculli, 2003; Åkesson, 2008). 

On a cold morning in March 1938 and less than two years after its construction, the Hasselt Road Bridge 

in Belgium, materialised by a Vierendeel type structural system with a span of 74.50 m, globally 

collapsed in a brittle way (Figure 2.3). 

 

Figure 2.3 – Brittle global collapse of Hasselt road Bridge (Åkesson, 2008) 
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The main steel elements were composed of all-welded box girder configurations, as depicted in Figure 

2.3. The collapse event started with the brittle fracture of the lower chord that instantaneously led to a 

chain of failure events of other structural members. Most certainly, the primary cracking had its origin 

in a small fatigue crack in a butt weld. The respective propagation phase occurred until the critical length 

was achieved, influenced by the ambient temperature. More small cracks were found in other elements, 

which indicates an inappropriate design and fatigue behaviour due to the unfamiliarity about the roots 

and consequences of the fatigue phenomenon (Åkesson, 2008; Espion, 2012). 

In two other Vierendeel bridges over the Albert Canal, the Herenthals-Oolen Bridge and the Kaulille 

Bridge, extensive cracks were found that put at risk structural safety (Figure 2.4). 

  

a) cracks in Herenthals‑Oolen Bridge b) cracks in Kaulille Bridge 

Figure 2.4 – Fatigue damage in Belgium bridges (Espion, 2012) 

 

Two years before the collapse of the Hasselt Bridge, a brittle fracture of the main girders in a metallic 

viaduct in Germany was observed. Also, over the Hardenberg Strasse in Berlin, a welded I-girder 

railway bridge was replaced due to longitudinal fatigue cracks. As in the past, the described structural 

failures in German and Belgian bridges occurred during cold weather, which increased the severity of 

the fatigue phenomena originated by poor designs or defective constructions due to the influence on the 

material toughness. Such temperature conditions were found common to several fatigue failures in 

different fields of engineering, such as the fracture of USA docked ships during World War II (Hayes, 

1996a, 1996b). The phenomenon underlying the brittle fracture of metallic structures was only 

understood with the development of the modern concepts of Fracture Mechanics since the 1960s. Only 

recently the failure of the Hasselt Bridge was properly analysed (Åkesson, 2008; Espion, 2012). 

In the 25 years separating the collapses of the Hasselt Bridge and the one of the Kings Bridge in 

Melbourne, Australia, several types of research and studies to understand the fatigue behaviour of 

metallic bridges were conducted. However, the gained expertise was not disseminated enough to prevent 

a new important failure of a welded bridge (Hayes, 1996a). On the 10th July 1962, only 15 months after 
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the inauguration, the steel girders of a span of the Kings Bridge cracked and the complete collapse was 

only avoided due to an unexpected redundancy with origin in the deformation of the concrete deck 

(Barber et al., 1963). It was verified that all four girders fractured in a brittle manner, after the initiation 

of cracks occurred at the extremity of cover plates (Åkesson, 2008) (Figure 2.5). 

  

a) crack in steel girder (1) b) crack in steel girder (2) 

Figure 2.5 – Local failure of a steel girder in the Kings Bridge (Barber et al., 1963) 

 

Constituted to investigate the failure of the Kings Bridge, the Royal commission criticised the welding 

process due to the inexperience of the constructor in the welding of low-alloy steel and pointed out the 

high variability of the quality of the structural material. Also, it was concluded that the steel supplied 

was not adequately tested and the toe cracks were not detected by either the constructor or the Country 

Roads Board inspectors. Therefore, it was proved that the lack of clear and precise specifications for the 

manufacture, testing and monitoring, as well as the absence of proper testing of the steel before the 

construction, contributed to the occurrence of the failure event (Barber et al., 1963). 

In 1967, the Silver Bridge, a suspension structure located in Ohio, USA, inaugurated in 1928, suddenly 

collapsed during the evening rush hour (Figure 2.6). 

  

a) before the collapse b) after the collapse 

Figure 2.6 – Global collapse of the Silver Bridge (Herald-Dispatch, 2016) 
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According to the National Transportation Safety Board (1970), after almost forty years in service, the 

bridge collapsed due to the propagation of a crack at one of the eyebars of the suspension system on the 

northern side. The localised fracture occurred due to a combination of stress corrosion and corrosion 

fatigue (Figure 2.7).  

  

a) sketch of the eyebar arrangement b) fractured eyebar from the Silver Bridge 

Figure 2.7 – Collapse of the Silver Bridge: local fracture (NTSB, 2007; FHWA, 2013) 

 

Due to the constant dynamic loadings, a crack propagated through the fatigue-critical detail leading to 

an ultimate failure mode, as shown in Figure 2.7 by comparing the fractured eyebar with a schematic 

representation of the undamaged connection. Once the local failure occurred, the existing load-carrying 

path was interrupted and the structural equilibrium could not be achieved as the main structural system 

was designed without any redundancy. Inevitably, in a quick sequence of events, the chains, towers and 

deck of the bridge collapsed killing forty-six persons. After the investigation performed by the National 

Transportation of Safety Board, it was proved that the structure had not been properly monitored and 

maintained. Such a conclusion was a milestone concerning the approach of the management authorities 

regarding regular maintenance, inspection and monitoring tasks during the operating life of bridges, 

which started to change progressively (NTSB, 2007; Åkesson, 2008). Since 1975, the Minnesota 

Department of Transportation (Mn/DOT), U.S.A., has conducted several fatigue studies on seven state 

bridges, defined as non-load-path-redundant, in which local failures due to fatigue cracking can lead to 

catastrophic failures (Astaneh-Asl, 2008). In each of the investigated structures, fatigue cracks were 

found during inspection works, which have demanded continuous monitoring and maintenance tasks to 

avoid the progression of the structural damage (NTSB, 2007; Hao, 2010). 

In the early 1980s, a similar incident took place in Sweden. The propagation of several fatigue cracks at 

the vertical hangers of a bowstring metallic railway bridge with a span of 61 m, over the river Skellefte, 

was detected (Figure 2.8). 
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Figure 2.8 – Fatigue damage in the bridge over the river Skellefte (adapted from Al-Emrani and Kliger (2009)) 

 

The constant oscillation of the cables combined with the local structural stiffness led to systematic and 

variable cycles of secondary bending stresses at the connections between the hangers and the arch. The 

accumulation of the damage associated with such stress ranges gave origin to several fatigue cracks, 

followed by the respective propagation until multiple hangers were severely damaged at the respective 

connection to the arch (Al-Emrani and Kliger, 2009). 

Located in Seoul, South Korea, the Sungsoo Bridge, a Gerber-type truss bridge with continuous spans 

of 120 m, collapsed partially on the 21st of October 1994 (Figure 2.9). 

 

 

a) elevation of the collapsed suspended truss (m) b) after the collapse event 

Figure 2.9 – Partial collapse of the Sungsoo Bridge (Cho et al., 2001; Schultz and Gastineau, 2016) 

 

The investigation carried out after the incident proved that the cause of the failure was the fracture of a 

vertical hanger that pinned-connected the suspended truss to an anchor one, after the development of 

fatigue cracks. Before the partial collapse, the bridge was strengthened in order to repair the detected 

excessive deflection in the expansion joints at the pin-connected ends of several suspended trusses. 
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Nevertheless, those strengthening measures gave origin to higher stress concentrations in the welded 

details that had not been properly designed for such local behaviour. The inappropriate strengthening 

led to accelerated propagation of cracks with origin in the poor welding works performed during the 

construction stage, which detection was not possible mostly due to the inadequate maintenance practices 

implemented (Cho et al., 2001). 

In September 2001, imperfections on the welding work of the River Mardle Viaduct, inaugurated in 

1977 and located near the town of Buckfastleigh, were detected (Figure 2.10). 

 
 

a) general overview b) cross-section 

Figure 2.10 – River Mardle Viaduct (Clubley and Winter, 2003) 

 

Four continuous spans are materialised by a cross-section compose of two longitudinal steel box girders 

that support the cross and cantilever beams, as partially shown in Figure 2.10. During inspections, 

imperfections on the butt welded splices joining the box girders were found. Such weld defects were 

confirmed and characterised through conventional A-scan and Phased Array ultrasonic tests. 

Subsequently, mitigation measures were applied to the critical details. Depending on the severity of the 

imperfections, the welded connections were submitted to repairing or monitoring operations to keep the 

structure in regular and safe operation. 

In 2003, in Canada, the Sgt. Aubrey Cosens VC Memorial roadway Bridge partially collapsed due to a 

sequence of fatigue failures in its vertical hangers, similar to those detected in the bridge over the river 

Skellefte, Sweden. Built in 1960, the structure is composed of two steel arches with 106.70 m connected 

to a stringer-to-floor-beam deck system by twenty-four doubled-pinned vertical hangers. These latter 

joints were designed considering only the transmission of purely vertical loads, accounting for the free 

rotation in the longitudinal plane of the bridge. Nonetheless, through the years, the pinned details 

become rusted stuck due to poor inspection and maintenance works. Consequently, the increasing 
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bending constraints gave origin to relevant secondary moments due to the flexibility of the hangers, 

unsymmetrical loadings and global bending of the arch. The continuous and regular operation of the 

bridge led to the development of fatigue damage in one hanger close to the northwest abutment, which 

ended up suffering a fracture and lost its load-carrying capacity. A vertical displacement of 75 mm not 

detectable by the naked eye occurred in this member. After, the bending deformation of both arches and 

deck system allowed a global redundancy, which led to higher internal forces in the hanger close to the 

fractured one. Also due to the blocked hinges, a new fatigue crack was initiated in this highly stressed 

structural element. Like the first one, the second affected hanger fractured after a certain time and lost 

its load-carrying capacity, but no relevant deformation was detected by the performed inspections. 

However, the same global redundancy allowed again supporting the regular circulation on the structure 

and a third crack was initiated in the next closest hanger. Finally, this last member ended up suffering a 

brittle fracture on a cold day in January with -25 ºC of temperature. The successive fatigue failures of 

three vertical hangers gave origin to the collapse of the deck. The poor inspections did not allow the 

timely detection of the progression of the damage during years. A higher loading with a magnitude of a 

railway one could have led to a sooner major failure event. The structure was further repaired using four 

cables in each hanger position, establishing a local redundancy (Bagnariol, 2003; Åkesson, 2008). 

As demonstrated by the case of the Sgt. Aubrey Cosens VC Memorial, the development of fatigue issues 

may be influenced by structural redundancies, which naturally have implications on the remaining 

fatigue life. On the other hand, catastrophic events may occur when non-redundant load-carrying paths 

are affected. An inherent relation between the structural redundancy and the implications of the 

progression of fatigue damage may be established. For older bridges, it may be reasonable to say that 

less robust structural systems were designed, e.g. metallic trussed systems. Over the last decades, with 

the awareness of the fatigue phenomenon, concerns about the safety and operability of existing metallic 

bridges have been arising and become more urgent. In order to avoid major consequences for structural 

integrity, progressively comprehensive standard maintenance procedures have been implemented as 

critical tasks to detect and follow the damage progression (Figure 2.11).  

  

a) at an I-shaped longitudinal girder b) at the fillet weld toe of a cover plate 
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c) at the web gap of a plate-to-floor-beam connection  d) at a truss I-shaped central girder 

  

e) at a cross-girder riveted connection angle f) at a plate-to-girder web connection 

 

 

g) at a rivet head, shank and connection angle h) at a riveted tie plate 

Figure 2.11 – Fatigue crack damage in metallic bridges (Dexter and Fisher, 2000; Fisher et al., 2001; Haghani 

et al., 2012; FHWA, 2015) 

 

As shown in Figure 2.11, several types of damage have been detected in different types of metallic 

connections, confirming the existence of progressive fatigue issues in existing bridges that may threaten 

the safe operation with eventual implications of losses of human lives, in addition to major economic 

impacts. Comprehensive works have been presented concerning numerous case studies in which 

relevant fatigue damage were found, e.g. Fisher (1984) and Haghani et al. (2012).  
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Due to economic and cultural reasons, a substantial number of ageing metallic bridges is expected to 

remain in service and must safely accommodate the evolution of the traffic demands exploring the 

existing safety margins, despite not having been designed considering appropriate fatigue checks. 

During the last decades, relevant developments have been achieved in the investigation of fatigue, 

mainly for welded and bolted details that are currently the most used techniques to materialise 

connections in Civil Engineering structures. Nonetheless, riveting was widely used in several types of 

constructions between 1860 and the middle of the 20th century (Collette et al., 2011), resulting in a 

considerable number of riveted bridges still in full operation, about which less research has been carried 

out on fatigue behaviour. In general, the temporal gap between the period associated with the massive 

construction of riveted structures and the awareness of fatigue may lead to increased problems for this 

type of detail. The riveting technique may be defined as a relevant advance in structural engineering that 

allowed optimising design, manufacturing and construction stages, in order to explore innovative formal 

and conceptual ideas to answer the social, economic and cultural mutations of that time. 

The Forth Bridge, inaugurated in 1890 in Edimburg, U.K., and the Quebec Bridge, whose construction 

was completed in 1919 in Canada, both railway structures in operation, are outstanding achievements 

in terms of metallic bridges using riveting (Figure 2.12 and Figure 2.13).  

 

a) global overview 

  

b) arch continuous connections c) inferior node 

Figure 2.12 – Forth Bridge (Peet and Oglethorpe, 2015) 



Chapter 2: Fatigue Phenomenon in Metallic Bridges 
 

24 

In order to have some figures, in the Forth Bridge, with a central span of 520 m, seven million rivets 

were used, while in the Quebec Bridge, with a central span of 549 m, were necessary six million rivets. 

 

a) global overview 

  

b) k-truss diagonal member c) connections at the top chord 

Figure 2.13 – Quebec Bridge (Holth et al., 2012) 

 

Despite the delayed economic development, relevant riveted bridges were also built in Portugal until the 

middle of the 20th century. Inaugurated in 1876, the D. Maria Pia Bridge was a world record at the time 

for the metallic arch with the biggest span. A single arch with 160 m and lateral viaducts of 169.87 m 

(south side) and 132.50 m (north side) compose the total length of the bridge (Figure 2.14). Loading 

tests were performed using a train with 358 tons circulating at 22 km/h and a lighter one with 90 tons 

moving at 31km/h assumed as high-speed (Cordeiro and Vasconcelos, 2005).  
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a) global overview, 15th of August 1877 (adapted from Cordeiro and Vasconcelos (2005)) 

  

b) arch support c) arch detail 

Figure 2.14 – D. Maria Pia Bridge: riveted bridge in Portugal 

 

Due to the increasing demands of the railway loadings, the bridge was decommissioned in 1991. 

Nonetheless, the structure was maintained due to the historical value as a landmark of Oporto. Other 

relevant bridges that were constructed in Portugal at the end of the 19th century and beginning of the 20th 

century are still in operation, such as the Eiffel Bridge (1878), the D. Luiz I Bridge (1886), the Fão 

Bridge (1892) or the Pinhão Bridge (1903-1906). Economic restrictions and neutrality during the Second 

World War kept this type of structure safe from destruction, which has allowed a considerable number 

of riveted metallic bridges operating over the years. Even after the war period, some riveted bridges 

built at the end of the 19th century were replaced by new ones, as part of the plan to boost the European 

economy and considering the necessity of supporting higher railway loadings. A good example of such 

a practice is the still operating Várzeas Bridge, located at km +59.478 of the international railway line 

of Beira Alta, built under the design of the Krupp House, which replaced in 1958 the original structure 

that was constructed in 1882 according to the project of the Eiffel House. On the same line, the Trezói 

and Melijoso Bridges were built at the same period, also according to the design of the Krupp House, 

presenting similar structural systems composed of identical materials. 
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The evolution of concrete as a structural material and the advent of new joining techniques, such as 

welding and bolting, led to a progressive decrease in the use of riveting as a preferential type of 

connection in metallic construction. The combination of rivets with bolts or welding was a current 

practice during the adjustment of the Civil Engineering industry to the welding and bolting techniques, 

resulting in the mixed detailing of connections (Figure 2.15). 

  

a) shop rivets and field bolts b) riveted bracing and welded lateral stiffener 

Figure 2.15 – Riveting combined with bolting or welding (Miki, 2000; FHWA, 2012) 

 

In the second half of the 20th century, the development of welding allowed the dissemination of this 

joining technique, becoming dominant in several industries, including in Civil Engineering structures. 

Also, the development of structural bolts replaced rivets due to the low cost and higher strength. In 

general, despite the destruction caused by the world wars in some countries, the characteristics of 

metallic construction are expected to be similar all over the world, mostly influenced by the evolution 

of technological solutions. Thus, the concerns about the structural integrity of ageing metallic bridges 

are common to European countries. Within such types of structures, the railway ones represent a special 

case of concern as the magnitude and frequency of the current and foreseen loads may be relevant for 

structures with decades of operation without a proper fatigue design.  

Nowadays, the European policy to address the growing demands on railways is based on developing 

new tools that contribute to maintenance rather than replacing existing bridges. This management 

strategy is well established in the objectives of the Shift2Rail, a European rail initiative focused on 

research and innovation (R&I) and commercial products by increasing the integration of innovative and 

advanced technologies into new solutions for railways (European Union, 2015). As part of the respective 

masterplan, in particular in the R&I programme IP3 Cost-Efficient and Reliable High-Capacity 

Infrastructure, the research projects In2track (European Union, 2016) and In2track2 (European Union, 

2018) were carried out, approaching the concerns regarding fatigue issues in existing metallic railway 

bridges. Currently, the successor research project, In2track3 (European Union, 2020), is ongoing. In the 
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presented context, the development of advanced approaches for fatigue life prediction of existing 

metallic bridges may be assumed as critical for the timely detection of damage and the application of 

appropriate remedial measures, allowing to improve the safety of railway structures.  

Independently of the structural complexity associated in general with metallic bridges, a full 

understanding of the principles and roots underlying the regimes of progression of fatigue cracks is 

relevant to properly approach all stages of damage. 

 

2.2. FATIGUE PHENOMENON 

In the 1950s, the technological developments related to laboratory tests, in particular concerning 

electronic microscopy, firstly invented in 1931 (Egerton, 2005), allowed increasing the detail of the 

investigations concerning the initiation and propagation of cracks under cyclic loadings. Also, the 

analysis of the cracked surfaces (fractography) has been implemented to understand the progression of 

fatigue damage and corresponding structural failures. 

A metallic specimen when subjected to persistent cyclic loadings may nucleate fatigue cracks followed 

by crack growth until the final structural failure. Such a process is developed according to several scales, 

from the atomic level to the scale of typical engineering applications in the order of tens and even 

hundreds of metres (Figure 2.16). 

 

Figure 2.16 – The broad field of application of Fracture Mechanics (Broek, 1982) 

 

The phenomenon of material degradation underlying fatigue may be understood as a crack initiation 

followed by a crack progression process, which can be divided into two different stages, stable and 

unstable propagation. The initiation stage is developed at the microscopic scale, including the 

appearance of microcracks and respective propagation, but not enough for the cracks to become visible 

to the naked eye. In the second phase, the dominant crack starts to grow in a stable way until the 

propagation becomes unstable leading to the total failure (Schijve, 2001) (Figure 2.17). 
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Figure 2.17 – Different phases of the fatigue damage (adapted from Radaj et al. (2006)) 

 

The degradation of the material is typically initiated by atomic dislocations when a certain metallic 

component is submitted to dynamic loadings. Under stress ranges considered elastic at the macroscopic 

scale, cycle movements are induced in existing microscopic misalignments, leading to micro-plasticity 

in a small number of material grains. Due to the material matrix, this process tends to occur on the 

surface due to the existence of supporting material only on one side, which means that the plastic 

deformation in that area is less constrained than in the interior grains. At a certain point, depending on 

the elastic anisotropy of the material and on the size, shape and crystallographic orientation of the grains, 

the cyclic slipping of some grains over others occurs, forming a slip step on the material surface at the 

grain with higher shear stress concentration. 

After the formation of the first slip step, the process continues with the next slipping steps occurring in 

close grains, which leads to the development of slip bands formed by intrusions and extrusions on the 

material surface. Subsequently, due to the non-homogeneous stress distribution at a microscopic level, 

increased by the formation of the first slip bands, new slip bands appear. The cyclic movement between 

slip bands occurs continuously under local cyclic shear stress ranges until one of the sleep bands 

becomes dominant and concentrates the majority of large deformations. Above a certain level of 

plasticity, a microcrack appears and progressively propagates with a varying inclination nearly parallel 

to the maximum local shear stress, which depends on the proximity to the surface (Figure 2.18). 

  

a) specimen submitted to cyclic loading  b) detail of the slip bands formation 

Figure 2.18 – Crack initiation (stage I) and crack propagation (stage II) (Almar-Naess, 1985; NDTRC, 2014) 
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Using microscopic observations, the process of the formation of a microcrack from the dominant slip 

band can be detected and comprehensively followed (Figure 2.19). 

 

a) visible slip lines  b) initiation of a microcrack 

Figure 2.19 – Development of cyclic slip bands and microcracks (Schijve, 2001)  

 

As an example, in Figure 2.19, the development of cyclic slip bands and the initiation of a microcrack 

from the dominant one in a pure copper specimen is shown. The process of microcracks propagation is 

defined by the local stress range magnitude, which is directly related to the stress concentration factor, 

𝐾𝑡. The initiation stage is considered completed when the microcrack growth is no longer dependent on 

the free surface condition, which means when the orientation of the crack is perpendicular to the loading 

direction. The size of the microcrack at the beginning of the crack growth phase depends on the 

characteristics of materials (Schijve, 2001). After the initiation process, the propagation is no longer 

controlled by the local stress magnitude but defined by the stress intensity factor, 𝐾. During the stable 

propagation, regular spacing between the crack length increments may be observed (Figure 2.20). 

 

Figure 2.20 – Cyclic loading and the corresponding fatigue crack growth striation (Schijve, 2003) 
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In 1960, Forsyth and Ryder demonstrated for the first time the correlation between the spacing of 

adjacent striations and the crack propagation rate, 𝑑𝑎/𝑑𝑁. Disregarding other types of limit states, when 

a fatigue crack in a load-carrying member is allowed to progress, the collapse is certainly going to take 

place at some stage of the crack growth, after being reached the material toughness, 𝐾𝐶. Depending on 

this value, combined with other factors such as ambient temperature, loading rate, thickness of the 

specimen and constraints, the critical event may occur essentially by three mechanisms: i) brittle 

fracture; ii) ductile fracture; and iii) plastic collapse (see Figure 2.21) (Almar-Naess, 1985).  

   

a) cast iron, brittle fracture 

휀 ≈ 0% 

b) puddle steel, ductile fracture 

휀 ≈ 5 − 20% 

c) mild steel, plastic collapse 

휀 ≈ 20% 

Figure 2.21 – Failure mechanisms of old irons and steels (Kühn et al., 2008) 

 

A ductile fracture occurs due to cavitation and coalescence of internal micropores or microvoids, from 

particles embedded in the material matrix. Naturally, a rupture of this type consists in the development 

of a region of significant plasticity that is responsible for an important energy absorption. High plastic 

deformations are allowed, leading to structural displacements which may be a visible warning for global 

or local structural failures. Regarding the plastic collapse, the dissipation of energy is even higher and 

the admissible failure modes are characterised by extreme ductile characteristics. On the other hand, the 

absorbed energy in a brittle fracture is much lower. The absence of any significant plasticity deformation 

may lead to an unstable and sudden failure. 

Even without the full awareness of the fatigue phenomenon and associated regimes, the successive 

failures involving metallic components in several industries triggered relevant investigations concerning 

the roots of such unexpected collapses. 

 

2.3. AN OVERVIEW OF FATIGUE HISTORY 

The technological improvements achieved during the industrial revolution, mainly in the second half of 

the 19th century, potentiated the generalised use of metals in several types of structures, putting fatigue 
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as a relevant structural problem. In the decade of 1860-70, several railway accidents were reported due 

to derailment caused by fatigue fracture of wheels, axles and rails (Broek, 1982). 

The first reference to fatigue tests dates back to 1837 when Wilhelm August Julius Albert published his 

first fatigue results obtained from a test machine for conveyor chains (Albert, 1837). Such research was 

motivated by previous service failures of similar elements in the Clausthal mines. In 1842, Rankine 

discussed the fatigue strength of railway axles and York conducted the respective experimental tests. 

The first approach to the safe life concept was debated in 1853 by Morin, who proposed maintenance 

operations for fatigue, including repairing of cracks. In 1854, the term fatigue was introduced by 

Braithwaite when the author described several service failures of some equipment such as railway axles, 

water pumps, propeller shafts or crankshafts. The period between 1837 and 1858 may be described as 

the early stage of research concerning the fatigue phenomenon (Schütz, 1996; Toyosada, 2004). 

The interval of time between 1858 and 1870 was marked by the contribution of Wöhler who performed 

important tests on railway train axles to characterise the fatigue strength. The conclusions which resulted 

from this work are relevant marks in the historical background of the fatigue investigation. Several 

hypotheses were proved: 

 The strength of structural components under cyclic loading is lower than the respective 

static strength; 

 The stress range is determinant to the process of evolution of the fatigue damage; 

 For each cycle, the mean stress is relevant, but not as the stress range; 

 Notched details have stress concentrations and present shorter fatigue lives than those 

without notches; 

 Definition of the maximum allowable stress concept as the limit value below which the 

fatigue damage may be neglected. 

The results obtained by Wöhler were firstly presented in form of tables, but Spangenberg plotted them 

as curves using linear abscissas and ordinates. Such representation, firstly named as S-N curves, has 

been called as Wöhler curves since 1936. In 1910, Basquin represented the S-N relations in double 

logarithmic scale, demonstrating the validity of the following power relation: 

 𝑁𝑖 . Δ𝜎𝑖
𝑚 = 𝐶 (2.1) 

In equation (2.1), 𝑁𝑖 is the number of loading cycles with stress range Δ𝜎𝑖 until the fatigue failure. The 

constants 𝑚 and 𝐶 are dependent on the characteristics of the detail and material properties, defining the 

fatigue resistance boundary for the relation Δ𝜎-𝑁. Basquin presented a large table of values for these 

parameters based essentially on the results obtained by Wöhler approximately half a century before 

(Schütz, 1996; Correia, 2014). 
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Between 1870 and 1905, the pioneer studies regarding the effects of the stress level and the contribution 

of Bauschinger were important achievements. The influence of the mean stress was approached by H. 

Gerber, in 1874, and Goodman, in 1899, who proposed two different empirical models to represent the 

fatigue resistance data presented by Wöhler. Bauschinger, in 1886, reported the variation of the elastic 

limit of metals due to the application of plastic cyclic loadings. Such a contribution was essential to 

understand the cyclic plasticity of metals, later the basis for the hypothesis proposed by Coffin (1954) 

and Manson (1954), underlying the Low Cycle Fatigue regime (LCF), which has been used for fatigue 

life prediction in the context of local notch methods. Ewing and Rosenhain, in 1900, and Ewing and 

Humphrey, in 1903, identified slip bands on metallic elements subjected to cyclic loading, probably the 

first metallurgical description of the fatigue process (Correia, 2014; Schütz, 1996). 

In the 1905 to 1920 period, the first full-scale fatigue tests were performed at the Royal Aircraft 

Establishment, U.K., investigating a large aircraft component. The term notch effect appeared in the 

literature, although it has previously been implicitly mentioned by Rankine and Wöhler. Basquin (1910) 

proposed a local approach establishing a relation between the stress range, ∆𝜎, and the necessary number 

of cycles for the crack initiation, 𝑁𝑓: 

 ∆𝜎 

2
= 𝜎𝑓

′(2𝑁𝑓)
𝑏
 (2.2) 

where, 𝜎𝑓′ and 𝑏 are, respectively, the cyclic fatigue strength coefficient and exponent, both parameters 

dependent on the material. During this period, the work of Inglis (1913), who analysed the stresses in a 

plate due to the presence of cracks and sharp corners, should be highlighted. 

In the period between 1920 and 1945 were developed two fundamental theories to evaluate the evolution 

of the fatigue phenomenon in metallic structures. Griffith (1920) presented his work establishing the 

foundations of Fracture Mechanics, namely suggesting the relation between the strain energy release 

rate and the material fracture. Palmgren (1924) and Miner (1945) proposed the linear damage 

accumulation hypothesis for fatigue life prediction in metallic specimens under variable cyclic loading. 

The work of these two authors gave origin to the well-known Palmgren-Miner rule: 

 𝐷 = ∑
𝑛𝑖
𝑁𝑖

= 𝛿
𝑖

 (2.3) 

In equation (2.3), 𝐷 is the accumulate fatigue damage considering a certain cyclic loading, 𝑛𝑖 the number 

of load cycles characterised by Δ𝜎𝑖, 𝑁𝑖 the fatigue life of the detail expressed in cycles when submitted 

exclusively to the same stress range and 𝛿 is a constant value that can be less than one, depending on 

the material properties that can be evaluated through laboratory tests (Almar-Naess, 1985; Branco et al., 

1999). Considering the limitations of such a hypothesis, Richart and Newmark (1948) proposed the 

concept of damage curve. From this principle, Marco and Starkey (1954) suggested the first nonlinear 

loading-dependent damage rule, generically represented by: 
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 𝐷 = ∑ (
𝑛𝑖
𝑁𝑖

)
𝛼𝑖

𝑖
 (2.4) 

where, 𝛼𝑖 is a parameter greater than one that depends on the magnitude and sequence of the stress 

amplitudes. According to this theory, results of damage higher or lower than the unity can be obtained 

as a function of the loading sequence, which makes it difficult to establish failure criteria. A limited use 

has been verified due to the problems in defining the value of the exponent 𝛼𝑖, as well as its dependency 

for complex loading events (Aslam et al., 1978). After, several alternative theories for damage 

accumulation have been proposed, namely: i) damage theories based on endurance limit reduction; ii) 

theories accounting for the loading interaction effects; iii) two-stage linear damage theories; and iv) 

damage theories based on the crack growth concept. Fatemi and Yang (1998) performed a wide review 

of the fatigue damage hypotheses and respective adjustments to the original Palmgren-Miner rule that 

have been suggested by different authors, e.g. Cortan and Dolan (1956), Freudenthal and Robert A. 

Heller (1959), Miller and Zachariah (1977), Manson and Halford (1981) and J. Morrow (1986), among 

others. More recently, other authors have been proposing additional alternatives for the accumulation of 

fatigue damage, such as Duyi and Zhenlin (2001) or Gao et al. (2014).  

In 1954, the fundamentals of the Low Cycle Fatigue were established by Coffin and Manson in different 

works. The authors proposed a relation between the plastic strain range, Δε𝑃, and the fatigue life related 

to the crack initiation, expressed in terms of the number of cycles, 𝑁𝑓 (Coffin, 1954; Manson, 1954). 

 
Δε𝑃

2
= 휀𝑓

′(2𝑁𝑓)
𝑐
 (2.5) 

Equation (2.5) was designated as the Coffin-Manson relation and it was the first contribution to 

understand the cyclic plasticity of metals after the discovery of the Bauschinger effect. In the relation 

presented, 휀𝑓
′ and 𝑐 are, respectively, the fatigue ductility coefficient and exponent, material-dependent 

parameters. Among the Δε-𝑁𝑓 relations, other authors suggested local notch approaches, such as the 

models of Basquin-Coffin-Manson (resulting from the combination of the proposals of Basquin, Coffin 

and Mason (Manson and Hirschberg, 1964)), Morrow (including the effect of the mean stress on the 

previous combined Basquin-Coffin-Manson relation (Morrow, 1965, 1968)), Smith-Watson-Topper 

(Smith et al., 1970) and Walker (1970). Also, concerning the models for Δε-Δσ cyclic curves, relevant 

for notch analyses, those proposed by Ramberg and Osgood (1943), Neuber (1961) and Glinka (1985a, 

1985b, 1988) are important contributions. 

In 1957, the research conducted by Irwin decisively boosted the development of Linear Elastic Fracture 

Mechanics (LEFM). Based on the previous works presented by Inglis and Griffith, the author established 

the concept of stress intensity factor, 𝐾, showing that the magnitude of the stress field around the crack 

tip can be described using one scalar parameter (Irwin, 1957): 

 𝐾 = 𝑌. 𝜎. √𝜋𝑎 (2.6) 
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where, 𝑌 is a factor that depends on the geometry of the structure, crack dimensions and loading, 𝜎 the 

nominal stress, also commonly denoted as 𝜎𝑛, and 𝑎 is the crack semi-length (hereinafter referred as 

crack length according to the nomenclature established for Fracture Mechanics). 

Paris, Gomez and Anderson, in 1961, proposed a link between fatigue and Fracture Mechanics concepts 

suggesting that, on the elastic domain and for constant amplitude loading, the fatigue crack propagation 

rate, which means the crack growth for each stress cycle, 𝑑𝑎 𝑑𝑁⁄ , in a stable regime of propagation, may 

be related to the corresponding stress intensity factor range, Δ𝐾 (Paris et al., 1961). 

 
𝑑𝑎

𝑑𝑁
= 𝐶. Δ𝐾𝑚 (2.7) 

In equation (2.7), 𝐶 and 𝑚 are material-dependent parameters that characterise the propagation law as a 

function of the material properties. In 1963, through a wide range of experimental test data, Paris and 

Erdogan validated equation (2.7) that became known as the Paris law (Paris and Erdogan, 1963). 

Therefore, considering the work developed by Irwin, Paris, Gomez, Anderson and Erdogan the fatigue 

crack propagation law may be expressed as a function of the stress range, Δ𝜎: 

 
𝑑𝑎

𝑑𝑁
= 𝐶. (𝑌. Δ𝜎. √𝜋𝑎)

𝑚
 (2.8) 

Despite general acceptance, such a propagation law presents several limitations, e.g. it takes into account 

neither the influence of the mean stress on the crack propagation, nor the static fracture on approaching 

the fracture toughness, 𝐾𝑐, nor the fatigue threshold, Δ𝐾𝑡ℎ, which is defined as the stress intensity factor 

range below which no fatigue crack propagation occurs. Several authors have been proposing 

modifications to the Paris law to overcome these drawbacks (Broek, 1982; Beden et al., 2009). 

In 1968, Elber contributed in an important way to the comprehension of the fatigue crack growth under 

variable amplitude cyclic loading introducing the concept of crack closure. The author postulated that 

the crack closure is caused by plasticity in the crack tip area, which reduces the crack opening and results 

in crack closure during unloading (Elber, 1968, 1970, 1971). Elber established the difference between 

the crack opening stress, 𝜎𝑜𝑝 , and the crack closure stress, 𝜎𝑐𝑙, respectively, for the loading and 

unloading half cycles, with 𝜎𝑐𝑙 always greater than 𝜎𝑜𝑝. Considering the crack closure effect due to local 

plasticity, it was introduced the effective stress intensity ratio, 𝑈, which affects the stress intensity factor 

range allowing to compute the respective effective value, Δ𝐾𝑒𝑓𝑓: 

 𝑈 =
Δ𝐾𝑒𝑓𝑓

Δ𝐾
=

𝐾𝑚𝑎𝑥 − 𝐾𝑜𝑝

𝐾𝑚𝑎𝑥 − 𝐾𝑚𝑖𝑛

 (2.9) 

In equation (2.9), 𝐾𝑚𝑎𝑥, 𝐾𝑚𝑖𝑛, 𝐾𝑜𝑝, are, respectively, the maximum, the minimum and the opening stress 

intensity factor, which allows rewriting the crack propagation law: 

 𝑑𝑎

𝑑𝑁
= 𝐶. (Δ𝐾𝑒𝑓𝑓)

𝑚
= 𝐶. (𝑈. 𝛥𝐾)𝑚 (2.10) 
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where, Δ𝐾𝑒𝑓𝑓  is the effective stress intensity factor range, a reduced value of the stress intensity factor 

that results in a smaller crack propagation rate due to the crack closure effect influenced by the local 

plasticity. Afterwards, at the beginning of the 1980s, several authors demonstrated the existence of other 

crack closure mechanisms, originated by oxidation and roughness of the crack faces, corrosion and 

hydrostatic pressure (Kemp, 1990; Schütz, 1996; Correia, 2014).  

Matsuishi and Tatsuo Endo (1968) gave an important contribution to the practical implementation of 

the Palmgren-Miner rule, proposing a rainflow cycle counting algorithm that allows decomposing a 

varying stress time history into a set of simple stress reversals. Downing and Socie (1982) developed 

two computational algorithms to implement the rainflow counting, which were adopted as one of the 

principal counting processes suggested in ASTM E 1049-85 (2017). For complex variable loadings, 

such as those associated with the circulation of railway trains with multiple axles, the determination of 

the relations Δ𝜎𝑖-𝑛𝑖 or Δ휀𝑖-𝑛𝑖 is critical to evaluate the respective fatigue endurance expressed in terms 

of cycles, 𝑁𝑖, considering the nominal stress method or local fatigue approaches. 

Following the development of the fundamental concepts of fatigue, standards and codes start to provide 

methods for damage assessment. In the 1950s, the Standards and Specifications of West Germany (Din 

50100) addressed fatigue issues. Also, the equivalent East Germany codes (TGL) were an example of 

early guidelines for such a structural phenomenon (Schütz, 1996). In 1965, fatigue design approaches 

were introduced in the ninth edition of the AASHO Standard Specification for Highway Bridges. 

Extensive design provisions and fatigue categories were suggested, mainly based on the Goodman 

diagram. The subsequent tenth edition introduced the requirement of performing Charpy V-notch (CVN) 

tests to obtain information concerning toughness, in 1969. Overall, the basis for the modern fatigue 

design of bridges had its origin in the NCHRP Project 12-7 developed between 1966 and 1972. The 

early concept of S-N curves for nominal stresses and detail categories was proposed based on the known 

relation proposed by Wöhler and represented in the bi-log scale by Basquin (equation (2.1)). The concept 

of threshold stress range (cut-off limit), ∆𝜎𝑙, below which no cracking occurs, was proposed by Fisher 

et al. (1983). In 1974, the design principles still used today were introduced in the AASHTO Standard 

Specification for Highway Bridges (AASHTO succeeded to AASHO). The nominal stress range concept 

was adopted as the only parameter required for fatigue assessment, being related to six detail categories 

designated from 𝐴 to 𝐹, assuming a decreasing fatigue resistance (FHWA, 2016). Such fatigue 

specifications were also adopted by AREA (American Railway Engineering Association, predecessor 

of AREMA) in that year (Fisher, 1977). After, BS5400-10 (BSI, 1980) established comprehensive 

procedures for fatigue analysis based on similar general principles. In 1985, the Recommendations for 

the fatigue design of steel structures (ECCS, 1985) also proposed guidelines for fatigue calculations that 

may be defined as the early basis of the Eurocodes. S-N curves based on the nominal stress method were 
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suggested and characterised by different detail categories related to a given stress range, ∆𝜎𝑐. The fatigue 

strength was also defined by the concept of constant amplitude fatigue limit, ∆𝜎𝐷, cut-off limit, ∆𝜎𝑙, and 

certain slopes, 𝑚. Differences between the several standards may be found concerning the way how they 

address the parameters that define each detail category, which is reflected in the configuration of the 

respective S-N curves, but parallelisms may be established. In the 1990s, the first experimental 

Eurocodes were published, after a work that began in 1975. In 2005, part 1-9 of Eurocode 3, which 

addresses fatigue of steel structures, was designated EN1993-1-9 (Lukić, 2019) and adopted by several 

European countries, such as Portugal that replaced NP ENV 1993-1-1:1998. In the current version of 

EN1993-1-9 (CEN, 2010c), the nominal stress method is still the dominating approach suggested to 

evaluate fatigue issues in steel structures, but the concept of structural stress (geometric or hot-spot 

stress) is also proposed for welded connections. The current fundamentals related to the applicable 

standard procedures are comprehensively addressed in Chapter 3. 

In the last decades, the technological developments associated with computational and experimental 

issues have been allowing to multiply the performed investigations and respective depth. Concerning 

Civil Engineering structures, fatigue research focused on relevant local parameters has been increasing. 

Numerical models based on Finite Element Methods (Bathe, 1996) have become widely used. The 

initiation of cracks has been investigated by implementing local notch methods based on the early works 

of Basquin (1910), Coffin (1954) and Manson (1954), considering local numerical stress and strain 

fields, e.g. Silva et al. (2012) and Teixeira (2015). For the crack propagation, numerical approaches 

related to Fracture Mechanics concepts have been proposed, for example: i) the displacement 

extrapolation (Guinea et al., 2000) and the virtual crack closure technique (Krueger, 2004) to compute 

the stress intensity factor; and ii) crack branching criteria to simulate the propagation of fatigue cracks 

under mixed-modes (I+II+III) (Liu, 2008). Also, the Extended Finite Element Method (Melenk and 

Babuška, 1996) has been considered for simple applications, such as the propagation of cracks in simple 

specimens (Levén and Rickert, 2012). In metallic bridges, the investigation of fatigue issues has been 

requiring the implementation of submodelling techniques to carry out local analysis (Kiss and Dunai, 

2000, 2002; Li et al., 2007; Albuquerque et al., 2015; Teixeira, 2015; Marques, 2016). 

In the case of metallic bridges, the investigations performed have been mostly focused on the fatigue 

assessment of welded connections, taking into account the wide implementation of these details in the 

respective structural systems. Regarding bolted connections, research in the scope of such structures has 

been less significant, mainly because this type of detail is largely applied in Civil Engineering, but has 

been losing relevance in important structural systems currently considered in bridge design. For 

example, in box girder or orthotropic decks, welding is naturally dominant. On the other hand, bolting 

directly replaced rivets in trussed and beam systems, being particularly used in connections between 
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floor-beams and main load-carrying members, stringer-to-floor-beam details (web plates connected to 

double-angles), diaphragms and cross-bracing connections (Lukić et al., 2013). Historically, such details 

are worrying in terms of fatigue damage, but the respective structural systems are presently less 

considered in metallic bridges due to limitations in terms of span lengths, in particular for railway 

loadings. In general, although early applications of bolts may lead to concerns similar to those related 

to rivets (low clamping forces), it can be said that bolting is a well-established technique in the respective 

range of application, following extensive research carried out in several engineering fields, including 

normalisation specifications, e.g. Bickford (1990), BS3580 (BSI, 1964), BS7608 (BSI, 2014). Due to 

the implementation coincident with the emergence of fatigue awareness, the state-of-the-art related to 

the structural performance and fatigue behaviour of welded and bolted connections has been 

progressively integrated into applicable standards, codes and other guidelines, such as EN1993-1-9 

(CEN, 2010c), BS5400-10 (BSI, 1980), IIW Recommendations (Hobbacher, 2008), AASHTO (2012) 

and AREMA (2013). Considering this background, addressing all investigations related to welding and 

bolting would make the present work unnecessarily extensive. Therefore, a summary of works related 

to some subjects of interest is presented. 

Concerning welding, fatigue issues in orthotropic decks have deserved a particular concern due to the 

susceptibility of the associated geometries to the appearance of cracks as a source of severe damage. 

Different assessment methods have been considered (Frýba and Gajdoš, 1999; Song et al., 2016; Cheng 

et al., 2017; Luo et al., 2018; J. Li et al., 2019; Wang et al., 2019). Zhang et al. (2017) reviewed several 

fatigue works on welded details related to orthotropic decks. Other geometries in which relevant damage 

were detected have been investigated, such as welded box girders (Clubley and Winter (2003), see 

Figure 2.10) or K-joints composed of welded circular hollow sections (Schumacher and Nussbaumer, 

2006). The assessment based on the concept of hot-spot stress has been suggested as an accurate 

alternative or a complement to the widely implemented nominal stress method (Liu et al., 2015; Ding 

et al., 2016; Pasquier et al., 2016; Alencar et al., 2018; Viana et al., 2019). Also, probabilistic 

approaches have been proposed for fatigue life predictions (Szerszen et al., 1999; Chryssanthopoulos 

and Righiniotis, 2006; Guo et al., 2012; Tochaei et al., 2021). Ye et al. (2014) performed a review of 

the state-of-the-art concerning the fatigue life assessment of steel bridges, approaching different types 

of semi-deterministic and probabilistic methods to estimate the fatigue damage in critical details. Also, 

Alencar et al. (2019) reviewed case studies of several typologies of damaged welded railway bridges, 

in which relevant fatigue cracks were detected. 

Regarding bolting, Kulak et al. (2001) presented guidelines to design bolted details, addressing the 

respective fatigue behaviour. A set of S-N curves for nominal stresses were compared with available 

experimental tests. Also, Zampieri et al. (2019) performed a general review of the investigations on the 
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fatigue strength of shear bolted connections, including contributions of several engineering fields. In 

general, the appearance of high strength bolts may be defined as a major breakthrough with regard to 

details involving other types of bolts or relatable mechanical fasteners such as rivets. Taking into account 

the dissemination of this type of connection in several industries, the influence of high applied clamping 

forces on the fatigue behaviour has been investigated, as well as the associated phenomenon of fretting 

fatigue, e.g. Chakherlou et al. (2008, 2009), Benhaddou et al. (2014), Juoksukangas et al. (2016), 

Jiménez-Peña et al. (2017). In addition, probabilistic approaches for fatigue assessment have been 

extended to the investigation of bolted details of metallic bridges, e.g. Saberi et al. (2016). Recently, the 

implementation of remedial measures based on bolts to repair riveted connections has been gaining 

importance, with this type of approach being analysed in more detail in subsection 2.3.3 due the 

respective relevance for the present work. 

As described in the current chapter through the appropriate historical context, the implementation of 

riveting was common when the fatigue phenomenon was not fully understood. The design of such 

structures was performed without proper fatigue safety checking and the ageing of those metallic bridges 

has been concerning the management authorities. In this regard, the railway ones should be investigated 

in particular detail due to the expected growth of the traffic demands. Nonetheless, in the applicable 

standards and guidelines, very limited guidance is provided to verify the fatigue safety of riveted 

connections. As a consequence, relevant research has been conducted on this type of detail since the 

1980s and should deserve a comprehensive review. 

 

2.3.1. RIVETED CONNECTIONS 

The structural assessment of riveted bridges during their lifetime is an important field of scientific 

investigation, with the aim of fully evaluating the current and future safety. These structures are mainly 

ancient constructions composed of materials that may have uncertain properties and designed according 

to superseded standards, which emphasises the importance of the associated research. The evaluation of 

damage and the prediction of respective fatigue lives have been found of paramount importance. 

Fisher (1984) identified a large number of local and global failures developed in components of metallic 

bridges due to fatigue and brittle fracture. The author provided a summary of structural details, identified 

by member or connection type, in which cracking issues were found. Several cases of damaged riveted 

details were reported. The out-of-plane distortion was identified as the main cause of fatigue damage. 

Also, displacement-induced fatigue and propagation of cracks from initial defects were reported as 

relevant roots of fatigue events. Several cases of deficient detailing practices, lack of proper design 

specifications, poor maintenance processes and inadequate strengthening measures were identified. 
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In the same year, Baker and Kulak (1984) evaluated the existing data on fatigue strength of riveted 

connections and established a comparison between such results and the S-N curves suggested in 

AASHTO (1977). Regarding the fatigue assessment using nominal stresses, it was possible to verify 

that the S-N curve for the category 𝐷 represents a lower bound for riveted details. The authors carried 

out additional experimental tests, concluding that the hypothesis of filling empty rivet holes with high 

strength bolts considerably increases the fatigue life. 

Taking into account the common state of conservation of old bridges, Out et al. (1984) investigated the 

fatigue and fracture resistance of corroded and deteriorated riveted members. Fatigue tests were 

performed on six-stringers of 80-years-old steel bridges composed of riveted built-up cross-sections, 

significantly corroded along the compression flanges and locally on the tension flanges. The specimens 

were subjected to dynamic loadings characterised by stress ranges between the fatigue limits provided 

by the S-N curves for the categories 𝐶 and 𝐷 proposed in AASHTO (1983) and AREA (1984). For high 

cycle regime, the fatigue resistance showed to be close to the fatigue limit related to the S-N curve for 

the category 𝐷. The corroded region of the tension flange proved to be the most severe detail, with the 

strength varying between the limits of the categories 𝐶 and 𝐸, depending on the severity of corrosion 

and the respective loss of cross-sectional area. The fatigue cracks initiated at the corroded legs of the 

compression flange were observed to arrest near the respective angle, showing no effect on the fatigue 

performance of the member. A frictional bond between the angles and the web plates due to the corroded 

condition revealed a beneficial effect on the fatigue life. Also, a series of reduced temperature tests on 

cracked stringers did not induce sudden fracture of the investigated details. In all the specimens tested, 

significant numbers of cyclic stresses were resisted after the failure of one of the riveted components, 

being the internal forces distributed to other rivets. Such results together with the behaviour observed 

during the fatigue tests confirmed the redundancy of riveted built-up sections fabricated from mild steel. 

Fisher et al. (1987) did an extensive review of the existing fatigue data on small-scale riveted shear 

splices and tensile specimens, as well as tests performed on full-scale members and connections, 

comparing such information with the S-N curves for nominal stresses suggested in AASHTO (1983) 

and AREA (1984). In general, the category 𝐷 was found to be a lower bound for crack detection in steel 

members. On the other hand, wrought iron riveted connections showed a lower fatigue strength 

compatible with the category 𝐸. Also, the category 𝐶 revealed to provide a reasonable conservative 

estimate for the ultimate failure of the cross-section and loss of load-carrying capacity. Additionally, the 

authors performed a set of pure bending fatigue tests on full-scale girders, all removed from riveted steel 

bridges, with the aim of complementing the information available in the literature. Fourteen specimens 

were tested, each with one or more types of fatigue-prone details. Eight of the test girders developed the 

respective failure sections at the riveted web-flange angle connections with continuous coverplate(s). 
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On the other hand, although seven tested members had coverplate terminations, cracks were found in 

only four. Three of the girders developed fatigue cracks at corrosion notches. Similar results based on 

the net-section were obtained for different riveted geometries. Also, reduced temperatures until -73 ºC 

were considered in some compact tension tests for which lower levels of fracture resistance were found. 

Overall, the values achieved supported the conclusions from the data review, showing that the fatigue 

strength corresponding to the category 𝐷 may be considered for localised crack detection in individual 

components, but the ultimate failure showed to be consistent with the category 𝐶 due to the existing 

redundancy. Cracks in one riveted component did not immediately propagate into another, which means 

that a relatively long load-carrying capacity may be maintained after the detection of the first cracks. 

After, Brühwiler et al. (1990) performed fatigue research on three kinds of full-scale riveted bridge 

girders: i) one type was part of a stock of riveted mild steel girders for temporary bridges, never loaded; 

and ii) the remaining two were taken from dismantled wrought iron bridges. Fatigue tests under constant 

amplitude loading up to 20x106 cycles were carried out and the respective results compared with existing 

test data. Stresses were calculated using net-section values considering methods of analysis typically 

applied by design engineers, allowing to confirm that, as partially stated by Baker and Kulak (1984) and 

Fisher et al. (1987), the S-N curve for the category 𝐷 of AASHTO (1983) and the equivalent category 

71 proposed in ECCS (1985) represent a lower limit for the fatigue strength (Figure 2.22). 

 

Figure 2.22 – Comparison of the results obtained for full-scale riveted connections (Brühwiler et al., 1990) 

 

The experimental outcomes provided an unusual opportunity to compare full-scale mild steel and 

wrought iron riveted connections with and without damage caused by service conditions. Wrought iron 

elements, even after more than 100 years of loading and corrosion, presented fatigue strengths similar 

to the mild steel riveted girders that had never been put into service. Thus, the fatigue strength 

compatible with the category 𝐸 for riveted connections composed of wrought iron defined by Fisher et 

al. (1987) may be assumed as conservative in this case. Among the tested specimens, there were truss 
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girders in which the failure occurred always due to shear stresses within rivets. According to the authors, 

this critical damage was probably caused by the design of the riveted connections defined by the 

dimensions of the components, rather than considering the allowable stresses method applicable at the 

time. For such a failure mode, no design curve was established and the evaluation of the fatigue 

resistance using a constant amplitude fatigue limit (100 MPa) was suggested as conservative. If safety 

cannot be ensured, the replacing of rivets by preload bolts was advised. Also, taking into account that 

the fracture toughness of wrought iron is lower than typical values for mild steel, the critical crack length 

is smaller for the former type of material. Consequently, Brühwiler et al. (1990) proposed a conservative 

approach to estimate the critical length based on the lowest value obtained between that related to the 

yielding of the net-section and another associated with the brittle fracture. 

Following the results published by Fisher et al. (1987) and Brühwiler et al. (1990), Fisher et al. (1990) 

confirmed the conclusions of these authors regarding the applicability of the considered S-N curves for 

fatigue assessment of riveted connections. The importance of the out-of-plane distortions was also 

highlighted as an important root of fatigue damage. Additionally, regular inspections were advised to 

timely find small cracks, assuming that after such detection a significant remaining life should be 

verified due to the inherent redundancy. The necessity of developing procedures to repair and retrofit 

cracked components or corrosion-notched elements was noted. 

Adamson and Kulak (1995) performed a detailed review of research focused on the characterisation of 

the fatigue phenomenon in riveted connections. In order to accurately calculate the railway loading, field 

strain measurements were assessed on a riveted bridge, built at the beginning of the 20th century, while 

it was still in service. Afterwards, the bridge was dismantled and six of the stringers were tested in a 

laboratory. The results from the field strain measurements and those related to the performed full-scale 

fatigue tests were used to calculate predictions for the remaining fatigue life. Such fatigue calculations 

were carried out aiming to evaluate the relevance of different assumptions on the results, namely: i) 

influence lines to estimate the railway loading; ii) S-N curves for nominal stresses; and iii) methods of 

damage accumulation, as the Miner rule and the one proposed by Kunz (1992). The S-N curves for the 

categories 𝐶 and 𝐷 suggested in AREA (1994) were assumed as a reference. Also, taking into account 

that no S-N curve is proposed for riveted connections in ECCS (1985), a detail category equal to 69 

MPa was derived from the category 𝐷 suggested in AREA (1994), defining the remaining characteristics 

of the fatigue limit according to the specifications provided in ECCS (1985). When such curves were 

used, the Miner rule summation was implemented. On the other hand, when the Kunz method (Kunz, 

1992) was applied, Fracture Mechanics concepts were considered to derive a S-N relation from the one 

defined as category 𝐷 in AREA (1994), assuming an accumulation procedure that progressively reduces 

the fatigue threshold, ∆𝜎𝐿 (initially taken as 48 MPa, as for the constant amplitude limit, ∆𝜎𝐷), with the 
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damage increasing. No constant cut-off limit is assumed by the Kunz method. Also, in some 

calculations, a transition fatigue resistance was considered to account for the region between the 

threshold stress intensity factor and the stable crack propagation. Firstly, the stress range value showed 

to be of paramount importance in the calculation of the fatigue strength. An extra effort was advised to 

evaluate the actual service loadings. Secondly, the fatigue resistance of all details confirmed the category 

𝐷 proposed in AREA (1994) as conservative, being this S-N curve equivalent to the category 𝐷 

suggested in AASHTO (1990) until 100x106 cycles. Also, only one result did not support the category 

𝐶 proposed in AREA (1994) for modified normal clamping forces, but the fatigue resistances obtained 

were more in line with such an S-N curve. These conclusions showed to be consistent with those reached 

by previous authors. Also, for variable amplitude stress ranges, the S-N curve defined according to 

ECCS (1985) specifications led to higher remaining fatigue lives than those obtained using the category 

𝐷 suggested in AREA (1994) due to the slope variation allowed by the former, which reflect the concept 

that not all stress ranges immediately contribute to the propagation of fatigue cracks, i.e. progressive 

decrease of the fatigue limit. Similarly, the estimated remaining fatigue life increased when the transition 

region proposed by Kunz (1992) was assumed instead of a knee as suggested in AREA (1994). Overall, 

the remaining fatigue lives calculated using AREA (1994) and ECCS (1985) were lower than those 

obtained by the Kunz method. Lastly, when several stress cycles exceed the constant amplitude fatigue 

limit, ∆𝜎𝐷, the results achieved by the Miner rule or the Kunz method were comparable. Otherwise, 

when only a few cycles exceeded ∆𝜎𝐷, the latter gave significantly higher remaining lives. 

In the investigation of existing bridges, experimental data may be of paramount importance to obtain 

additional information regarding the structural behaviour, but also to calibrate numerical approaches. 

DiBattista and Kulak (1995) and DiBattista et al. (1998) considered service strain measurements 

evaluated on a tensioned diagonal and on a stringer of the Miette River Bridge, the same one studied by 

Adamson and Kulak (1995), in order to validate numerical results obtained using two different structural 

models, one with pin-ended member connections and other with full continuity of moments. An analysis 

using the pinned model proved to be accurate in terms of stress range values in the truss members, being 

assumed that such a type of modelling may also give satisfactory predictions for other similar riveted 

truss configurations. On the other hand, the stresses in the stringers of the floor system were best 

predicted considering the full continuity of bending moments between the connected elements. The 

authors performed fatigue tests on seven full-scale specimens taken from the diagonals of the bridge. 

The fatigue results obtained, combined with the fatigue data available in the literature, were compared 

with the S-N curve for the category 𝐷 suggested in AREA (1996) and with the resistance given by the 

method proposed by Kunz (1992). As mentioned above, the latter considers a variable fatigue limit with 

the increase of the damage and provides a gradual variation in the knee of the bilinear curve, taking into 

account the transition between the propagation regimes (Figure 2.23). 
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Figure 2.23 – Experimental results, S-N curves as in AREA and Kunz method (DiBattista et al., 1998) 

 

The fatigue strength predictions showed that these members would have had a considerable remaining 

fatigue life (more than 50 years) if the bridge had remained in service. The Kunz method allowed 

computing substantially higher remaining fatigue lives when stress ranges were close to the fatigue limit, 

as previously stated by Adamson and Kulak (1995). Comparing the results obtained in the laboratory 

tests with the predictions provided by the AREA and by the Kunz method, it was concluded that both 

approaches give good conservative estimates of the remaining fatigue life for the tested specimens, 

considering the uncertainties attributed to fatigue calculations. 

Zhou et al. (1995) studied the relevance of hole preparation methods on the development of fatigue 

cracks. Also, investigations regarding the fatigue limit were carried out considering stress ranges from 

44.10 MPa to 54.40 MPa. Twenty laboratory tests were performed, twelve at constant amplitude and 

eight taking into account variable spectra. In general, the rivet holes were found as frequent hot-spots 

for the crack initiation and the specimens with punched holes presented lower fatigue strength than the 

drilled or sub-punched and reamed ones. The fatigue limit for which no damage occurred was defined 

as equal to 41 MPa. As previously stated, the S-N curve for the category 𝐷 suggested in AREA (1984), 

such as the detail category 71 proposed in ECCS (1985), showed to provide a lower bound for riveted 

girders. In addition, a comparison between the results obtained for wrought iron and mild steel 

specimens allowed concluding that the second ones presented higher fatigue strength.  

Later, Helmerich et al. (1997) carried out site testing and experimental fatigue tests in nine full-scale 

members taken from three riveted bridges made of mild steel and wrought iron. Tension tests, chemical 

analyses, crack growth tests and microstructure analyses were also performed. Non-destructive methods 

and localised destructive techniques were considered. The crack propagation in non-visible components 

was only detected by implementing the former approaches (Figure 2.24).  
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a) concealed within the structure b) after disassembly 

Figure 2.24 – Local photos of a cracked coverplate (Helmerich et al., 1997)  

 

The results achieved showed to be in accordance with the S-N curve for the detail category 71 proposed 

in ECCS (1985) for crack detection, but a single slope, 𝑚, equal to 5 was suggested as more appropriate. 

For the fatigue cracks initiated at old corroded impact damage or structural defects, a constant amplitude 

limit of 71 MPa revealed to cover the respective test results. Also, the authors stated that the fatigue 

behaviour of wrought iron elements during the experimental tests was not worse than the one presented 

by mild steel members. Nonetheless, it must be noted that such a conclusion are in agreement with those 

achieved by Zhou et al. (1995) and Brühwiler et al. (1990) but diverges from the one stated by Fisher 

et al. (1987). In this regard, it is worth mentioning that the fatigue resistance of details composed of this 

type of material may be more influenced by factors such as built-in stresses, geometry and loading 

conditions than the steel ones, which may explain the different conclusions. 

In the early decades of fatigue research concerning riveted geometries, experimental fatigue tests on full 

and small-scale geometries were widely performed. The data obtained, combined with similar 

information available in the literature, allowed evaluating the fatigue resistance of several riveted 

geometries in the context of the categories of S-N curves already suggested in the applicable standards 

and guidelines. Independently of the geometrical characteristics and local responses of each type of 

riveted connection, reference fatigue strengths were advised. Overall, for steel members, the category 𝐷 

proposed in AASHTO (1994) and AREA (1996) or the detail category 71 suggested in ECCS (1985), 

showed to be a lower bound for the fatigue crack detection. Also, the category 𝐶 of the American 

standards, equivalent to the detail category 90 of the European guidelines, was found to provide a 

reasonable conservative prediction concerning the ultimate failure. For wrought iron, scattered data were 

obtained and the category 𝐸 was advised as conservative. Nonetheless, the awareness that certain types 

of geometries may have specific local responses in service has led to particular investigations. 
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Taking into account the relevance of double-angle riveted connections in metallic bridges, Abouelmaaty 

et al. (1999) conducted studies to evaluate the fatigue strength of such details when submitted to constant 

amplitude loading, considering two full-scale models intentionally constructed. The experimentally 

assessed nominal stresses were found higher than the fatigue limit related to the category 𝐷 suggested 

in AREA (1996), showing that this geometry is prone to fatigue damage. The failure of both specimens 

occurred at the web of the floor-beams (or cross-girders) with the initiation of fatigue cracks at the 

respective contact areas with the upper and lower flanges of the stringers (longitudinal elements) due to 

punching motivated by the absence of clearance, which highly influenced the local response. 

Nonetheless, according to the authors, such fatigue cracks occurred due to an artificial loading between 

-195.80 kN and +195.80 kN, when in real cases loading cycles between 0 kN and 391.60 kN should be 

verified, leading to the development of cracks only at the bottom-flange contact area. Additional cracks 

were found at the stringers web around the double-angle connection. In general, this type of detail has 

been assumed to be subjected only to shear stresses, but 8.5% of the bending moment was found to be 

transferred by the semi-rigid double-angle connection causing additional flexural stresses. Such 

supplementary effects may influence the design by exceeding the constant amplitude fatigue limit, ∆𝜎𝐷. 

Paasch and DePiero (1999) and DePiero et al. (2002) investigated the effects of loading and respective 

stress ranges on a connection detail of a typical steel deck truss system of the Winchester Bridge, after 

the detection of fatigue cracks. Three-dimensional beam elements were used to numerically simulate 

the floor-beams and stringers, while the reinforced concrete deck was modelled using orthotropic shell 

elements. The global model was loaded with one axle of the applicable standard fatigue load model and 

the results obtained were compared with field measurements evaluated through installed strain gauges. 

It was concluded that the numerical results were substantially higher than the measured stresses, being 

such a difference explained by difficulties in modelling the composite interaction between the deck and 

the stringers. The numerical values computed using the global model were considered in the loading of 

the local models of the details, conceived using 2D and 3D approaches (Figure 2.25). 

 

 

a) typical stringer-to-floor-beam connection b) maximum principal stress, model of an interior span 

Figure 2.25 – Stringer-to-floor-beam connection (DePiero et al., 2002)  
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In Figure 2.25 b), the stress field associated with the maximum principal direction, computed using the 

3D local model, is plotted. The area at the top of the stringer leg close to the root of the angle fillet was 

found as the most highly stressed region. Comparing the 2D with the 3D local model, the deflection 

predicted from the 2D model was about 16% smaller than the deflection predicted from the 3D version, 

which may be explained by the decrease of the local stiffness due to relative movements between the 

stringer and the clip angle allowed in the 3D model. Also, the three-dimensional stress analysis showed 

that the area of maximum principal stress was found fairly localised. The hot-spots numerically 

evaluated were in correspondence with the cracks found in the bridge. The performed numerical 

analyses indicated that the clip angles attached to the interior floor-beams should experience the highest 

maximum stress ranges and the shortest fatigue lives. Nonetheless, such results showed to be 

contradictory with damage found in the investigated bridge, which indicated the extreme floor-beams at 

the end of the spans as the most fatigue-prone details. No explanation for this fact was found by the 

authors, but the torsional properties attributed to the extreme floor-beams or the respective supporting 

conditions may be associated with that conclusions. 

Also, Al-Emrani (2002, 2005) analysed the fatigue phenomenon in three full-scale bridge members, 

under constant amplitude loading, which were extracted from an old mild steel railway bridge. The 

tested specimens consisted of four riveted built-up stringers connected through double-angles to three 

riveted built-up floor-beams (Figure 2.26).  

 

Figure 2.26 – Example of a tested specimen: stringer-to-floor-beam details (mm) (Al-Emrani, 2002) 

 

During prior inspections, some fatigue cracks were identified at the connection angles. The tested 

specimens exhibited two different failure modes: i) in the outstanding legs (floor-beam legs) of the 

connection angles; and ii) in the rivets of the outstanding legs of the connection angles. Concerning the 

first, the crack initiation location was always identified near the angle fillet at the upper row of rivets 

where the maximum of the out-of-plane distortion was reached. After the initiation, the propagation 
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occurred in the vertical direction, being influenced by the gradual reduction in the rotational stiffness of 

the connection. Regarding the second failure mode, the fracture of the rivets was found to be originated 

by the combined bending and axial forces induced by the out-of-plane flexure of the outstanding legs. 

In addition, the flexure stiffness of the outstanding legs of the connections angles allowed developing 

up to 67% of the moment associated with a fully continuous stringer, a result in accordance with the one 

achieved by Abouelmaaty et al. (1999) but on a much lower scale (8.5%). Such results are relevant 

considering that in general this type of detail is considered to be subjected only to shear forces, which 

highlights the relevance of correctly addressing the out-of-plane deformation. The development of 

fatigue damage in the double-angle riveted connections did not lead to an instantaneous reduction of the 

load-carrying capacity. The progression of a crack revealed to have small and gradually decreasing rates 

and the rivets with popped-off heads showed to be able to still carry part of the shear forces. This 

structural performance proves the redundancy associated with riveted connections. 

Comparing the investigation performed by Paasch and DePiero (1999) and DePiero et al. (2002) and 

Al-Emrani (2002, 2005), differences may be found in the location of the hot-spots. Despite an identified 

high stressed area in the outstanding leg (floor-beam side), the first authors evaluated the maximum 

stress values in the stringer leg. On the other hand, Al-Emrani (2002, 2005) estimated the critical 

location for the crack initiation in the outstanding leg. Such a difference may be related to the importance 

of the verified out-of-plane deformation and the relative relation between bending and torsion structural 

stiffnesses of the stringer and the floor-beam, respectively. Also, the number of rivets in each leg of the 

angles must be of paramount importance to define the local response of each geometry. Nonetheless, it 

should be noted that in both cases the hot-spots were found close to the root of the angle fillet. Regarding 

the work performed by Abouelmaaty et al. (1999), the fatigue phenomenon was highly influenced by 

the absence of clearance between the stringer and the floor-beam, leading to severe local punching. In 

this regard, as concluded by Fisher (1984) and Brühwiler et al. (1990), poor design practices influenced 

by the dimensions of the components of the connections rather than by engineering criteria may lead to 

the occurrence of important fatigue damage. 

In the same line of the research of Al-Emrani (2002, 2005), Al-Emrani and Kliger (2003) analysed the 

structural behaviour of a stringer-to-floor-beam connection through double-angles. A set of static and 

fatigue tests on three full-scale bridge members were carried out and a detailed numerical model was 

conceived. The geometrical and loading symmetry allowed to limit the modelling process to half of a 

stringer and one connection angle with its corresponding rivets. The contact between the back-face of 

the outstanding leg of the connection angle and the floor-beam web was simulated using a rigid contact 

surface, according to a classic Coulomb-friction model with an assumed friction coefficient, 𝜇=0.3. 

Three distinct clamping forces were taken into account for the rivets, namely, 30, 65 and 140 MPa. 
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a) stringer-to-floor-beam model b) double-angle connection detail 

Figure 2.27 – FE model adopted for the analysis of the tested specimens (Al-Emrani and Kliger, 2003) 

 

In Figure 2.27 a), the FE model considered to analyse the behaviour of the double-angle connection, 

illustrated in detail in Figure 2.27 b), is presented. Also, in Figure 2.27 b), the FE meshes adopted are 

described. Such mesh densities were found to be convergent in terms of computed stress and strain 

results. Numerical stresses computed in the stringer near the connection were compared with the 

measurements performed on the full-scale members (Figure 2.28). 

 

Figure 2.28 – Bending stresses in the stringer near the connection (Al-Emrani and Kliger, 2003) 

 

As demonstrated in Figure 2.28, the numerical model was able to accurately reproduce the stresses and 

rotational stiffness of the connection. A large part of the deformation applied by the rotation of the 
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stringer end was restraint by the stiffness of the connection. The results obtained proved that the gauge 

distance between the rivets and the fillet of the angle plays a dominant role in the behaviour of these 

details. Also, the flexibility of the outstanding leg showed to have a decisive effect on the amount of 

applied deformation that can be accommodated by the joint. Due to its locally higher stiffness, the 

outstanding leg along the gauge distance attracted a larger portion of the tensile forces, which resulted 

in a high stress concentration near the fillet of the angle. Regarding the clamping force, its increase led 

to a considerable reduction of the axial stress range in the rivets due to the external loads. Nevertheless, 

its magnitude showed to have only a reduced effect on the rotational stiffness of the connection. Lastly, 

the local stress range at the joining between the rivet shank and the head due to bending of the rivet was 

found to decrease with increasing clamping forces. 

After preliminary investigations, Al-Emrani et al. (2004) analysed the deformation-induced fatigue 

cracking related to secondary restraint forces generated by unintended or overlooked interaction 

between different members, as an important source of reduction of structural integrity of an existing 

bridge. The structural analysis of part of the floor system of a truss bridge, including a floor-beam, two 

pairs of stringers halves and bracings, was performed. A global beam model and a more refined local 

one were conceived based on finite elements. Regarding the submodel, beam elements were considered 

to model the bracings, while shell elements were used to numerically represent the floor-beam, stringers 

and double-angle connections (Figure 2.29). 

 

a) global beam model b) refined shell submodel 

Figure 2.29 – Numerical models of a truss structural system (Al-Emrani et al., 2004) 

 

The numerical models were statically loaded and secondary forces of considerable magnitude were 

found to be developed on different members and connections. In the stringers, secondary axial forces 

were evaluated and assumed to contribute to the initiation of fatigue cracks. Also, negative bending 

moments developed at the stringers ends due to the rotational stiffness of the connection were admitted 



Chapter 2: Fatigue Phenomenon in Metallic Bridges 
 

50 

as a root of poor fatigue performance. The calculations performed for the investigated structure showed 

that the structural response of the stringers was almost compatible with full continuity, in agreement 

with previous conclusions achieved by Al-Emrani (2002, 2005). In addition, relevant torsion and 

bending rotation of the floor-beam about the respective weak axis were found and admitted as a 

potentially critical issue that could lead to fatigue cracking of these members or adjacent riveted details. 

Imam (2006) and Imam et al. (2006) presented a generic methodology for fatigue life prediction of 

riveted railway bridges, developed with a basis on finite element analyses of a representative short-span 

wrought iron plate girder structure. In order to identify the fatigue-critical connections of the 

investigated bridge, quasi-static analyses were performed, considering the global model conceived with 

shell elements. A historical load model was assumed and combined with the medium traffic scenario 

suggested in BS5400-10 (BSI, 1980). The damage calculation was carried out taking into account the 

appropriate S-N curves for nominal stresses proposed in BS5400-10 (BSI, 1980) and the one suggested 

by Network Rail (Railtrack, 2001). Consequently, the stringer-to-floor-beam connections were 

classified as more fatigue-prone than those related to the floor-beam-to-main-girder details. After 

identifying the critical connection, a refined local model of the respective riveted geometry considering 

volumetric elements was incorporated into the global finite element model of the bridge, which was 

possible to achieve due to the reduced size of the numerical modelling. The interface shell-to-solid 

allowed the transition between 8-noded shell elements and 8-noded solid elements (Figure 2.30). 

 

 

a) global model with refined riveted connection b) detail of the riveted connection 

Figure 2.30 – Finite element model of a riveted bridge module (Imam, 2006) 

 

Several damage scenarios were investigated, such as loss of clamping force in a rivet, the presence of 

clearance between the rivet shank and the rivet hole, loss of rivets, reduction in the volume of the rivet 
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head and rivet head offset. Four magnitudes for the clamping stress were considered (50, 100, 150 and 

200 MPa). The hot-spots for the crack initiation were identified and ranked according to the respective 

relevance for the development of fatigue damage. Also, patterns for the fatigue crack initiation from 

such hot-spots were evaluated (Figure 2.31 and Figure 2.32) (Imam, 2006). 

 

 

Figure 2.31 – Principal stress maps from different perspectives (𝜎𝑐𝑙𝑚 = 100 MPa) (Imam, 2006) 

 

a) crack propagation pattern b) crack initiation point 
c) vector plot of the maximum 

principal stresses 

Figure 2.32 – Fatigue crack initiation patterns (𝜎𝑐𝑙𝑚 = 100 MPa) (Imam, 2006) 

 

After initial calculations based on the global model and S-N curves for nominal stresses, the fatigue 

damage was computed at the hot-spots using the stress values evaluated in the local model incorporated 

into the global one and a plain material S-N curve. The rivet clamping force was found to have a 

considerable effect on the fatigue damage associated with the hot-spots at the rivet holes, between rivets 

and at the rivets. For these locations, the increase in the clamping force was found to result in a decrease 
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in the fatigue damage of the connection. On the other hand, for the hot-spot identified at the root of the 

angle fillet, the increase in the clamping force led to a slight increase of the fatigue damage. In general, 

the most highly damaged regions of the detail were found to be the holes in the legs of the angles 

connected by rivets to the stringer leg, but the difference to the computed damage at the holes in the 

outstanding led (floor-beam side) may be attributed to the number of mechanical fasteners in each leg. 

Concerning the rivets, the values calculated for the fatigue damage at the identified hot-spots were found 

to be the smaller ones. In terms of the most damaging situations, the critical scenarios showed to be the 

presence of clearance between the rivet shank and the rivet hole and the loss of a rivet. The fatigue crack 

initiation patterns predicted by the finite element analyses were found to be in broad agreement with 

field observations. Additionally, the estimated numerical rotational stiffness of the connection was found 

to be only slightly influenced by the magnitude of the clamping force and in good agreement with 

simplified models available in the literature, a conclusion similar to the one achieved by Al-Emrani and 

Kliger (2003). Finally, the local approach for the fatigue calculation was found to give considerably 

higher damage estimates than the initial method based on the global model and S-N curves for nominal 

stresses. The global-local numerical model revealed to allow taking into account the realist flexibility 

of the connection and the local characteristics of the detail, such as the geometry, number of rivets and 

installed clamping stress. 

As a continuation of the investigation regarding the fatigue assessment of stringer-to-floor-beam details, 

Imam et al. (2008) proposed a methodology for probabilistic fatigue evaluation of riveted railway 

bridges, which was an extension of earlier deterministic studies carried out by Imam (2006) and Imam 

et al. (2006). On the loading side, uncertainties were considered concerning the train frequencies and 

respective dynamic amplification of the response. Also, on the resistance side, several applicable S-N 

curves for nominal stresses and the cumulative damage model expressed by the Miner summation were 

treated probabilistically. 

In order to consider the detail classification as a non-deterministic parameter, the authors evaluated the 

applicability of the S-N curves for riveted details suggested in the British and American standards or 

guidelines. The superseded BS5400-10 (BSI, 1980) proposes the S-N curve for the class 𝐷, although 

according to some tests on riveted girders performed by Xie et al. (2001), the class 𝐵 can also be used 

if divided by a stress concentration factor of 2.4, being nominated modified class 𝐵. Additionally, 

Railtrack (2001) suggests the S-N curve for the category 𝑊𝐼 specifically for wrought iron riveted details. 

On the other hand, in AREA (1996) a distinction is made between steel riveted connections with low or 

normal clamping force. For the former, the category 𝐷 is proposed and a combination of the categories 

𝐶 and 𝐷 is suggested for the latter. For normal clamping, an additional distinction is performed 

concerning the preparation method, establishing differences between punched and drilled holes. Also in 
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AREA (1996), the category 𝐸 is proposed for wrought iron riveted connections, as suggested 

conservatively by Fisher et al. (1987). The S-N curves proposed in the British standards and guidelines 

were compared with those suggested in AREA (1996), considering also full-scale experimental results 

available in the literature and obtained for old steel and wrought iron riveted connections (Figure 2.33). 

 

a) S-N curves (BSI, 1980; Railtrack, 2001) b) S-N curves (AREA, 1996) 

Figure 2.33 – Results of full-scale fatigue tests (old steel and wrought iron) (Imam et al., 2008) 

 

The comparison performed revealed that the modified category 𝐵 (mean and design) and the curves 

proposed in AREA (mean and design) for punched holes appear to be the most reasonable options for 

the fatigue assessment of riveted details. Also, the design curve related to the category 𝐷 proposed in 

AREA (1996) showed to be conservative, as previously stated by several authors. In addition, a similar 

comparison was performed for wrought iron details, considering full-scale and small-scale test results. 

In this regard, the design S-N curve for the class 𝑊𝐼 proposed in Railtrack (2001) revealed to capture 

the scattered data reasonably well, while the category 𝐸 suggested in AREA (1996) (mean and design) 

was found conservative. Nonetheless, according to the authors, the applicability of the S-N curves to 

estimate the fatigue life of riveted connections submitted to complex loadings has not been reliably 

verified, as these relations were developed for uniaxial stress conditions. Also, some geometries have 

inherent local responses that may not be fully accounted for when considering the S-N curves suggested 

for fatigue assessment. As concluded previously by Al-Emrani (2002, 2005), for stringer-to-floor-beam 

connections, the verified out-of-plane distortion and the development of secondary stresses may be hard 

to interpret based on the nominal stress method and associated normative catalogues established for 

detail categories and respective S-N curves. 

In a probabilistic approach, for the connection investigated by Imam (2006) and Imam et al. (2006), 

Imam et al. (2008) carried out a Monte Carlo simulation considering defined randomised parameters, in 

order to capture the uncertainty of the problem and estimate the fatigue life using the probabilistic 

assumptions underlying the adopted S-N curves (Figure 2.34). 
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a) S-N curves (BSI, 1980; Railtrack, 2001) b) S-N curves (AREA, 1996) 

Figure 2.34 – Probability of fatigue failure vs. time (Imam et al., 2008) 

 

The results obtained suggest that several connections of the bridge are approaching the end of the 

respective service life, requiring the development of methodologies to progressively evaluate the fatigue 

safety. The proposed probabilistic approach allowed considering the uncertainties related to the traffic 

demands, which may be useful to address the expected increase of traffic loadings. Also, the performed 

parametric studies revealed that fatigue life is more sensitive to the definition of the fatigue strength 

through the detail classification related to a certain S-N curve and numerical modelling uncertainties, 

which highlights the importance of field monitoring for old bridges, in order to increase the reliability 

related to the railway loading or associated with the geometrical and material properties. Regarding the 

latter, calibration and optimisation procedures may be implemented. Concerning the uncertainties 

related to the application of S-N curves for nominal stresses, the development of alternative 

methodologies involving local fatigue approaches was admitted as required, aiming to correctly address 

the local characteristics of fatigue-critical details. 

Righiniotis et al. (2008) continued the analysis of the stringer-to-floor-beam connection which were 

investigated by Imam (2006) and Imam et al. (2006, 2008), with the aim of evaluating the fatigue 

strength based on the principles underlying the Theory of the Critical Distances (TCD) according to the 

work developed and implemented by Taylor (1999, 2005, 2008). Such a theory may be used combined 

with linear elastic finite element analyses, applied to any type of stress concentration and has the main 

advantage of requiring only limited information from fatigue physical tests, e.g. plain material S-N curve 

or other fatigue models. According to the authors, the definition of the nominal stress value may be 

difficult due to the complex behaviour of connections such as the one investigated, highly dependent on 

different components such as rivets, angle connections and parts of the main bridge members like flanges 

and webs. Also, such a stress concept may not fully represent the local response. Therefore, instead of 

the fatigue assessment relying on a single remote stress or an unrealistic stress at the notch influenced 

by the finite element mesh, the Theory of the Critical Distances considers the entire stress field ahead 
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of the notch, i.e. the stress gradient. It should be noted that a similar concept underlies the hot-spot stress 

method. Naturally, a critical task is the definition of the critical distance, which is related to a certain 

volume where the physical process of crack initiation is expected to take place. Considering the fatigue 

damage limit of an unnotched specimen and the threshold stress intensity factor, respectively, ∆𝜎0 and 

∆𝐾𝑡ℎ, the critical distance may be defined following the proposal of Taylor (1999): 

 𝐿 =
1

𝜋
(
∆𝐾𝑡ℎ
∆𝜎0

)
2

 (2.11) 

Taking into account that ∆𝜎0 and ∆𝐾𝑡ℎ are material-dependent characteristics, the critical distance 𝐿 is 

also a property of the material. For wrought iron, a value for 𝐿 equal to 1.73 mm was calculated with a 

basis on the characterisation of the material obtained by Cullimore (1967), i.e. ∆𝐾𝑡ℎ=13.50 MPa.m0.5 and 

∆𝜎0=183 MPa. In order to have some figures for the modern S355 steel grade, taking into account the 

crack propagation threshold equal to 6.28 MPa.m0.5 and assuming a fatigue limit of 290 MPa, the critical 

distance may be estimated in the order of 0.15 mm (Souto et al., 2021), more than ten times lower. After 

defining 𝐿, the characteristic stress to be considered in the fatigue assessment should be evaluated. 

Several methods have been proposed to calculate such a stress measure considering results evaluated at 

single points at a distance of 0.5𝐿 from the hot-spot (Peterson approach), through lines (2𝐿), areas (1.32𝐿) 

or volumes (1.54𝐿). The constants 1.32 and 1.54 associated with area and volume approaches are related 

to the respective integration of the singular stress fields at the crack tip. Naturally, the methods based 

on values calculated at points, lines or areas are appropriate for 2D modelling. On the other hand, for 

3D applications, the volume approach proposed by Taylor (1999) considers the averaging of principal 

stresses over a hemisphere centred at the tip of the notch with a radius based on the already defined 

distance of 1.54𝐿 (Figure 2.35). 

  

a) around the rivet perimeter b) around the angle fillet 

Figure 2.35 – Definition of the critical volume in 3D modelling (Righiniotis et al., 2008) 

 

The analyses performed showed that with the refinement of the finite element mesh a reasonable 

convergence was obtained using the Theory of the Critical Distances. Otherwise, with increasing mesh 
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density, the singular values of stress at the notch becomes unbounded. Nonetheless, the fatigue damage 

computed using a plain material S-N curve were found to be relatively sensitive to the choice of the 

critical distance, 𝐿. In addition, the values of damage estimated using the described local approach were 

compared with those calculated using the S-N curve for the class 𝑊𝐼 proposed in Railtrack (2001) for 

wrought iron details. The latter tended to underestimate the fatigue damage of the most critical hot-spot 

of the connection (a rivet hole) by a maximum factor of 3.5 in the case of the lowest clamping stress 

considered (100 MPa). For a higher value equal to 200 MPa, the unsafety assessment based on the 

nominal stress method was found defined by a factor close to 2.5. 

Imam et al. (2009) and Imam et al. (2012), following the previous works of Righiniotis et al. (2008) 

and Imam et al. (2008), proposed and implemented a reliability system for fatigue assessment based on 

detailed numerical models and the Theory of the Critical Distances to evaluate local stress measures to 

calculate local fatigue damage using a plain material S-N curve. Uncertainties associated with loadings, 

resistance and modelling were accounted for. Reliability profiles and probabilistic values for the 

remaining fatigue life were obtained. The comparison with the results achieved from the nominal stress 

method showed that the predictions based on local stress values lied mainly between those related to the 

S-N curve suggested in AREA (1996) for punched holes (combining the categories 𝐶 and 𝐷) and the 

results associated with the class 𝑊𝐼 proposed in Railtrack (2001). A workflow for fatigue assessment 

was suggested as a useful tool to plan inspections or repairing works. 

The string-to-floor-beams double-angle connections were found as a common detail susceptible to 

relevant fatigue issues. Comprehensive investigations were performed considering experimental tests, 

but also detailed numerical analyses, enhanced by the development of numerical capabilities. The 

conceived local models allowed defining the hot-spots for the crack initiation and implementing local 

methods for fatigue analysis based on the Theory of Critical Distances and plain material S-N curves. 

The fatigue calculations performed were directly compared with the corresponding results obtained from 

the nominal stress method and relevant divergences were found. For ultimate failure of the cross-section 

and loss of load-carrying capacity, the category 𝐸 suggested in AREA (1996) for wrought iron was 

indirectly defined as conservative, but the class 𝑊𝐼 proposed in Railtrack (2001) was found unsafe for 

certain failure modes (Righiniotis et al., 2008; Imam et al., 2009). In general, the results achieved may 

lead to the following main conclusions: i) for a certain detail, the S-N curves should depend on the 

geometrical characteristics instead of considering a general assumption; and ii) the implementation of 

local methods opens new possibilities of fully addressing the fatigue behaviour of details, despite the 

relevant numerical work. Both aspects combined with the accurate estimate of reasonable future traffic 

scenarios may be of critical importance to evaluate the safety of existing metallic bridges. Other 

geometries of riveted connections should require further investigation on the same basis. 
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Partially addressing such necessities, Taras and Greiner (2010a) suggested a fatigue class catalogue for 

riveted connections based on the analysis of the most important fatigue test information available in the 

literature. Fatigue strength parameters that fit into the conventional assessment based on S-N curves for 

nominal stresses were defined, depending on the characteristics of details. 

 

Figure 2.36 – Fatigue results considered for statistical purposes (Taras and Greiner, 2010a) 

 

In Figure 2.36, the considered test data and respective comparison with the fatigue limits defined by two 

different S-N curves are plotted. For riveted connections made of steel fabricated after 1900 and stress 

ratio, 𝑅, equal to 0, the German RL805 suggests a S-N curve with characteristic strength of 100 MPa at 

2x106 cycles (Δ𝜎𝑐) and constant slope, 𝑚, equal to 5. As showed in Figure 2.36, several experimental 

test results lie below this S-N curve, which appears to be unsafe when using safety factors based on 

lower fractile considerations, at first sight. Concerning EN1993-1-9 (CEN, 2010c), no specific 

guidelines are provided for riveted details, but several research have been proposing the S-N curve 

associated with the detail category 71, derived for welded connections and assumed as equivalent to the 

category 𝐷 suggested in the American standards (ASHTO and AREMA) in terms of fatigue strength at 

2x106 cycles (Brühwiler et al., 1990). When compared with the experimental data, this S-N curve 

showed to be an appropriate lower boundary. Nonetheless, Taras and Greiner (2010a) pointed out 

several disadvantages of using one S-N curve for all riveted details, namely: i) a single fatigue strength 

implicitly leads to the unrealistic assumption that all geometries have similar local responses; ii) the 

non-consideration of the stress ratio, since in riveted connections the residual stresses are close to zero; 

and iii) in many cases, due to the high scattering of results, the detail category 71 is far from being 

representative of the actual behaviour of details. Regarding this latter aspect, several authors proposed 

the S-N curve for the category 𝐶 corresponding to the Eurocode detail category 90 as more representative 

of ultimate fatigue failures (e.g. Fisher et al. (1987)). Considering the listed limitations, the authors 
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suggested that grouping similar geometries and investigate them separately reduces the scattering of 

fatigue test data and increases the confidence of the fatigue life predictions obtained (Figure 2.37). 

 

Figure 2.37 – Classification of details and corresponding S-N curves (Taras and Greiner, 2010a) 
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In Figure 2.37, the proposed catalogue of S-N curves for nominal stresses associated with several riveted 

geometries is presented. As for welded details, the suggested classification allows distinguishing the 

connections according to the respective resistance to fatigue. The improvement of the proposed 

catalogue may be performed by considering more data related to non-represented categories and 

including information for details that have not been yet studied at all. 

In order to address the concerns about the fatigue safety of existing metallic railway bridges, Brühwiler 

(2012) investigated a 150-years-old riveted wrought iron structure composed of three continuous spans. 

During the inspections performed on the straight lattice-truss structure, cracks and loose rivets were 

detected, originated by unfavourable local bearing conditions and unplanned distortions not fully 

characterised by the structural analyses. Quasi-static calculations were carried out considering 

amplification factors dependent on the span and ductile behaviour of the material, as defined by the 

applicable Swiss standard SIA 269/1. Regarding the assumptions related to the material properties and 

details characteristics, an ultimate stress for the wrought iron of 220 MPa was assumed and a detail 

category of 71 MPa defined by the SIA 269/3 with slope, 𝑚, equal to 5 was taken into account. In this 

regard, it should be noted that this S-N curve assumes a higher fatigue resistance for high cycle fatigue 

than the double sloped one suggested in EN1993-1-9 (CEN, 2010c), corresponding to the lower category 

of the catalogue proposed by Taras and Greiner (2010a) and following the proposal of  Helmerich et al. 

(1997). The structural behaviour was evaluated from the measures obtained after load testing performed 

in 1999, which revealed relevant transverse out-of-plane bending of the cross-girders due to the global 

deformation of the girder structure. Regarding fatigue, assuming reasonable future railway scenarios 

defined by higher loadings, a remaining fatigue life above 80 years was computed, which may be 

assumed as a relevant reserve of safety. Despite the fatigue damage detected during inspections, the 

results obtained were largely explained by the original design of the structure considering two tracks, 

but only one has been used for railway traffic. Repairing, monitoring and maintenance operations were 

defined to keep the structure in service even considering a possible traffic increment. The preservation 

of the bridge was found much more cost-effective than the respective replacement. 

Correia (2014) developed a set of procedures for probabilistic modelling and assessment of the fatigue 

phenomenon in structural components. The prediction of probabilistic S-N fields (p-S-N fields) was 

proposed grounded on basic material fatigue data obtained from smooth specimens through elementary 

experimental tests. An existing probabilistic model proposed by Castillo and Fernández-Canteli (2009) 

for p-휀-N and p-S-N fields was generalised to investigate the fatigue behaviour of structural details that 

may present stress concentrations responsible for non-uniform stress and strain fields, which may lead 

to fatigue damage. Also, a set of experimental tests was performed to obtain essential information for 
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the implementation of the proposed probabilistic approach. Materials extracted from existing metallic 

bridges, namely from the Eiffel, Fão, D. Luiz I and Trezói Bridges, were tested (Figure 2.38). 

  

a) Eiffel Bridge b) D. Luiz I Bridge 

  

c) Fão Bridge d) Trezói Bridge 

Figure 2.38 – Typical fracture surfaces of the smooth specimens tested under strain control (Correia, 2014) 

 

The materials from the Eiffel, D. Luiz I and Fão Bridges were identified very likely as puddle iron, while 

the one from the Trezói Bridge was classified as low carbon mild steel. Also, crack propagation and 

fatigue tests were performed. Such data and similar information available in the literature were used to 

define material properties and fatigue models. Regarding the existing S-N curves for nominal stresses, 

the necessity of establishing a categorisation dependent on the characteristics of the riveted details was 

noted. For single or double shear geometries, a single slope 𝑚=5 was found to be more appropriate than 

the detail category 71 suggested in EN1993-1-9 (CEN, 2010c), assuming ∆𝜎𝑐=71 MPa or ∆𝜎𝑐=90 MPa, 

respectively. After, the proposed integrated probabilistic approach was fully defined. For the assessment 

of the initiation of cracks, p-SWT-𝑁 or p-휀-𝑁 models were considered to derive p-S-𝑁𝑖-R fields. Also, 

for the crack propagation phase, an extension of an existing fatigue crack growth model was suggested 

to obtain probabilistic propagation data, p-𝑑𝑎/𝑑𝑁-∆𝐾-R fields. The effects of the mean stress were 

properly accounted for. The integrated probabilistic fatigue model was demonstrated for the materials 

of the Eiffel and Fão Bridges and for two current steel materials, S355 and P355NL1 (Figure 2.39).  
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a) material from the Eiffel Bridge b) P355NL1 steel 

Figure 2.39 – p-𝑆-𝑁𝑓 fields for a notched detail, 𝑅=0 (Correia, 2014) 

 

In Figure 2.39, the probabilistic S-𝑁𝑓 fields obtained for the total life of a certain notch are presented for 

a stress ratio, 𝑅, equal to 0. Other stress ratios and an additional notched geometry were analysed. The 

results achieved were compared with available tests data, as shown. A good agreement was reached 

between the experimental information and the values obtained by implementing the proposed integrated 

probabilistic approach. The crack initiation was found the dominant damage phase. The procedures 

suggested to derive probabilistic S-N curves for structural details proved to be efficient and may be used 

to reduce the required extensive testing to obtain new fatigue strength boundaries. 

Aiming to investigate an existing metallic railway bridge, Marques et al. (2014, 2016) and Marques 

(2016) performed fatigue analyses to evaluate the effects on structural integrity. Finite element models 

were conceived and calibrated with experimental information, namely the results of a global ambient 

vibration test and the assessed stress and strain time histories under known loadings (Figure 2.40).  

  

a) riveted bridge located in Trezói, Portugal b) strain gauges at points of high stress concentration  

Figure 2.40 – Experimental assessment of the stresses and strains time histories (Marques et al., 2014) 
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With a basis on the original project, a global numerical model was developed, mainly conceived with 

beam finite elements and locally refined with shell ones. Also, a long-term monitoring system based on 

strain gauges was proposed and installed on the Trezói Bridge to improve the evaluation of traffic data 

for the fatigue assessment at the critical details. A Bridge Weigh-in-Motion system (B-WIM) was 

implemented to estimate the characteristics of the moving vehicles by analysing the dynamic forces 

originated by the wheels. For such a purpose, strain gauges were placed on some structural elements of 

the bridge and on the rails. Both the experimental plan and the developed and calibrated numerical model 

were considered as part of the monitoring system (Figure 2.41). 

 

a) strain gauges installed on the bridge b) global finite element model 

Figure 2.41 – Experimental campaign and numerical modelling (Marques et al., 2016) 

 

The comparison between the experimental strain data and the corresponding numerical values allowed 

assessing the imposed loads to the bridge, the speed and axle spacing of the rolling stock, after 

implementing a genetic algorithm. In addition to the evaluation of the train characteristics, a comparison 

was made between the experimental values, those provided by the management authority and the fatigue 

trains suggested in EN1991-2 (CEN, 2003), concluding that the estimated characteristics for the real 

trains were within the reference range of values. After, fatigue analyses based on the nominal stress 

method were performed considering the real traffic scenario evaluated and the heavy traffic mix 

proposed in EN1991-2 (CEN, 2003). Since no specific S-N curve for riveted details is suggested in 

EN1993-1-9 (CEN, 2010c), the detail category 71 proposed by several authors, which suitability had 

already been confirmed for this structure by Correia et al. (2008) and Jesus and Correia (2008), was 

considered. The type of riveted detail associated with the top flange of the cross-girders was found as 

the most critical, despite not being the most stressed one. The existence of a high number of acting stress 

cycles and the sensitivity of these elements to local effects was pointed out as the main cause for such 
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results. Among the type of detail with the highest damage, the most critical location was locally 

investigated and the submodel of the respective nodal riveted connection was developed (Figure 2.42). 

  

a) local view of an extreme node b) local numerical model of an extreme node 

Figure 2.42 – Critical riveted connection identified after fatigue analyses (Marques, 2016) 

 

The conceived modelling of the connection took into account the cross-girder, the diagonal, the superior 

flange of the Warren truss, one bracing and the rivets. Also, the contacts between the individual parts of 

the details, as well as the clamping forces of the rivets, were included. In contrast to the global model, 

the local one allowed investigating the fatigue damage of the individual components of the connection, 

considering the local stiffness and the secondary structural effects. Regarding the modelling techniques, 

the clamping force was simulated using a negative temperature variation to obtain a reduction of the 

length of the rivets. A thermal expansion coefficient was defined only in the axial direction of the rivets 

as 10-5 ºC-1. Additionally, a surface-to-surface contact algorithm was adopted to simulate the contacts 

between the components of the detail. The Coulomb friction model was used and several coefficients of 

friction were analysed. Concerning the submodelling technique, a beam-to-solid approach was 

considered. The displacement fields obtained from the global model at the master nodes were indirectly 

applied to the respective slave nodes (pairs master-slave nodes), adopting contact algorithms to avoid 

stress concentrations. The master nodes and respective finite elements of the local modelling that 

represent the areas of the cross-sections (which include the slave nodes) were defined as advanced 

contact pairs. Therefore, the area of a certain cross-section followed the displacement and rotation fields 

of the corresponding master node. Contact pairs were also used to model the bearing device. After, the 

author performed a structural analysis to evaluate the stress concentration factors and eventual crack 

initiation locations. The definition of the hot-spot allowed investigating the crack propagation problem 
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and the associated fatigue life, assuming an initial crack. The optimal approach would be the analysis of 

the global and local models, but this would not be feasible in terms of computational time using direct 

time-integration algorithms, mainly due to: i) the complexity of the local model which would imply 

nonlinear analyses associated with the contact algorithms; ii) the number of circulating trains; and iii) 

the necessity of computing 𝐾(𝑡) for each crack increment, for each loading. Consequently, Marques 

(2016) proposed a new methodology to define the admissible critical shape geometrical function that 

leads to the minimum remaining fatigue life, relating each crack length to the respective value of the 

stress intensity factor. Shape functions available in the literature and two resulting from different failure 

modes evaluated for the investigated geometry were considered (Figure 2.43). 

 

Figure 2.43 – von Mises stresses in a partial view of the model: complete crack path (Marques, 2016) 

 

After generating random shape geometrical functions associated with a fitted equation, a genetic 

algorithm was implemented to minimise the fatigue life by changing the respective sixth-degree 

polynomial. Once defined the critical solution, the fatigue life for the propagation phase was computed 

accounting for a future increase in the traffic demand (Marques, 2016). 

Silva (2015) performed an experimental and a numerical investigation about two Portuguese metallic 

railway bridges, analysing practical aspects related to fatigue phenomena, such as the material 

characterisation, the normative framework and the multiscale problem, which is especially important 

when one is dealing with complex structural details of large structures. A relevant experimental 

programme was performed on two steel grades that compose the Trezói and Alcácer do Sal Bridges, 

with the aim of characterising the fatigue behaviour of riveted and welded details, respectively, as well 

as the properties of the existing materials: i) the S235 steel grade in the secondary elements of the Trezói 

Bridge; and ii) the S355 steel grade in the principal members of both structures. Similar cyclic 

elastoplastic and fatigue properties were found for the investigated steels. Both characterised materials 

were compared with the S690 high strength structural steel. The fatigue resistance was found to increase 
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with the static strength. Additionally, the S690 showed better performance for high cycle fatigue, but 

worse for low cycle regime. The thickness effect on the crack propagation was investigated for the S355 

steel grade and similar crack growth rates were observed for the thicknesses between 4 and 30 mm. 

Also, pure mode I and mixed-mode (I+II) fatigue tests were performed for the S235, being assessed the 

evolution of the cracking path and respective 𝐾(𝑡). For such a purpose, a two-step methodology was 

proposed to compute 𝐾𝐼 and 𝐾𝐼𝐼, using displacements fields obtained from DIC data (Figure 2.44). 

  

a) crack paths: specimen 1 b) crack paths: specimen 2 

Figure 2.44 – Results of the applied methodologies to assess the fatigue crack path (Silva, 2015) 

 

For the S235 steel, mixed-mode fatigue crack propagation data were satisfactorily correlated with the 

pure mode I values using the ∆𝐾𝑒𝑞 concept as proposed by Tanaka (1974). Small-scale specimens of 

double-angle riveted connections were experimentally tested. The results achieved showed two distinct 

failure modes: some specimens collapsed due to a fatigue crack growing from the rivet hole; and other 

specimens failed due to a fatigue crack propagating at the angle corner. In the first case, mixed-mode 

crack propagation is likely to have occurred, while in the second failure events a pure mode I was 

observed. Also, double shear splices were tested. The analysis of the experimental information for the 

riveted specimens, combined with results available for other types of connections, including data 

gathered by Taras and Greiner (2010a), showed that the S-N curve suggested by those authors for double 

shear specimens (∆𝜎𝑐=90 MPa, 𝑚=5) is more consistent with the fatigue resistance than the one for the 

detail category 71 proposed in EN1993-1-9 (CEN, 2010c). The single slope 𝑚=5 was found more 

appropriate to describe the trend of the fatigue data. Numerical models were developed for the specimens 

tested in the laboratory in order to support the results achieved. In this regard, it should be noted that 

such conclusions are in the same line as those stated by Correia (2014). Considerations regarding the 

clamping stresses of rivets were made, concluding that this parameter is generally an unknown in the 

fatigue study, with a beneficial effect when a crack initiates at a rivet hole, as concluded by Imam (2006). 
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A global-local modelling approach as the one considered by Marques (2016) was implemented to 

analyse fatigue issues related to the crack initiation in riveted details of the Trezói Bridge, with a basis 

on local parameters, such as stress time histories. After preliminary fatigue studies, six nodal 

connections with the same geometry were classified as fatigue-critical. Consequently, a local model was 

conceived using volumetric finite elements to compute the local structural responses. All components 

of the detail were considered, as well as all the contacts between them. Global-local relations were 

defined and the displacement fields obtained from the global analysis of the bridge were applied to the 

local model using a beam-to-solid submodelling technique (master-slave nodes) (Figure 2.45). 

 

Figure 2.45 – Submodel, boundary sections and master-slave nodes (Silva, 2015) 

 

A representative dynamic analysis of the global model was performed, considering a locomotive-hauled 

passenger at 30 km/h. The results obtained in the global modelling, at the boundaries of the submodel, 

were then inputted into the local model. In general, a good agreement was observed between the 

numerical simulations and the available experimental results, which allowed validating the 

submodelling technique. The stress time histories computed showed that a local multiaxial response 

occurred. Thus, the necessity of developing multiaxial fatigue analyses in riveted details was pointed 

out as a possible area of research. The calculation of von Mises stress values was proposed to identify 

the critical locations for the crack initiation, taking into account the related conservatism when compared 

with those resulting from the implementation of the critical plane approach. The simulation of rivets 

using contact elements was found relevant to obtain reliable critical locations. According to the author, 

the complexity of riveted details may lead to the necessity of developing several local models to perform 

detailed fatigue analyses on critical mechanical fasteners. 
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The multiscale problem inherent to fatigue in metallic railway bridges was comprehensively addressed 

by Teixeira (2015), developing detailed investigations concerning several methodologies for modelling 

riveted connections from the global scale to the local one. Firstly, small-scale numerical models based 

on idealised case studies were conceived and the influence on the local behaviour of different parameters 

that characterise riveted details and the respective modelling was progressively investigated, namely: i) 

the type of finite elements and mesh density; ii) contact algorithms; iii) clamping stress and friction 

coefficient; iv) length of the propagating crack; v) mechanism of loading transference; and vi) modelled 

stiffness of the rivets. A simple riveted connection was geometrically defined and the respective finite 

element model was developed (Figure 2.46).  

 

Figure 2.46 – Geometry of the model of an idealised simple riveted connection (Teixeira, 2015) 

 

Parametric analyses were carried out based on the numerical model conceived with volumetric elements, 

admitting an existing crack at a rivet hole of the inferior plate. Different types of finite elements 

concerning the number of nodes were considered. Also, the influence of the mesh density on the 

computational efficiency and associated calculation times was evaluated (Figure 2.47). 

 

a) considering only 20-noded finite element 

 

b) considering 20-noded finite element at the crack front 
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c) refinement do the model a) 

 

d) refinement do the model b) 

Figure 2.47 – Numerical models of the inferior steel plate of the riveted connection (Teixeira, 2015) 

 

A significant reduction in terms of computational costs was achieved for the numerical models in which 

higher-order finite elements were considered only at the crack front, without relevant differences in the 

values computed for the stress intensity factors. Distinct mesh refinements led to differences in the stress 

fields, but with convergent results at the tip of the crack. Regarding the contact algorithms, a very limited 

influence was obtained after comparing the Augmented Method Lagrange and Penalty methods. On the 

other hand, the influence of the clamping stress and friction coefficient was found as relevant for the 

local stress fields near the rivet holes, mainly close to the surface. In this area, the value of the stress 

intensity factor associated with the admitted crack was found sensitive to the existing contacts between 

the components of the connection. For higher crack lengths, around the head of the rivet, the values of 

the stress intensity factor were also found sensitive to the stresses originated by friction. Thus, simplified 

modelling practices based on distributed pressures applied around the rivet holes to model the clamping 

stress were discouraged. Naturally, the relevance of the clamping forces and mobilised friction should 

progressively decrease with the increase of the crack length. Also, a non-uniform distribution of stresses 

associated with the clamping force through the thickness was verified. Consequently, for thicker plates, 

the clamping stress and mobilised friction may lose relevance. 

Concerning the mechanism of loading transference, even after the occurrence of internal slipping, the 

relation between the load transmitted by each rivet and the external loading was found constant. The 

existence of a small crack did not change this relation and such a local response should contribute to the 

redundancy of riveted details. The variation of the stiffness of the rivets led to comparable results in 

terms of transmitted loading by each fastener. Thus, the hypothesis of constant stiffness for rivets was 

validated, independently of the installed clamping stress. This local response allowed proposing 

simplified global modelling practices, representing each rivet by a discrete fastener if only the 

distribution of internal forces in the connection is required. The calibration of the stiffness of such 

elements was suggested and the consideration of rigid connectors was found unsatisfactory. Therefore, 
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when a large number of rivets define a certain detail, it was demonstrated that accurate stress fields at 

the scale of the connection may be efficiently obtained considering discrete fasteners (Figure 2.48). 

 

Figure 2.48 – von Mises stresses: comparison of two modelling approaches (Teixeira, 2015) 

 

After investigating the influence of local parameters in the response of riveted details, a modelling 

methodology divided into three steps was proposed. General procedures for solving problems involving 

the integration between global and local models were suggested. A set of tools was created to enable the 

interaction between the numerical models of different scales, allowing to apply local fatigue methods to 

evaluate existing and predicted damage (Figure 2.49). 

 

Figure 2.49 – Three-step methodology for modelling bridges with riveted connections (Teixeira, 2015) 
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As shown in Figure 2.49, in the first stage, the development of a global model was proposed to assess 

the internal distribution of nominal stresses and strains originated by structural responses related to the 

scale of the bridge. This initial global model should be developed considering simplified hypotheses for 

the modelling of the details and computationally light strategies were advised. Secondly, a more refined 

global model was suggested, assuming an increased detailing for certain connections to accurately 

evaluate the local force distribution. This refinement was proposed to be performed only on the details 

defined as fatigue-critical after the structural analysis of the first global model. In these areas of greater 

interest, shell or volumetric finite elements should be used, properly linked to beam elements considered 

at remote locations, according to a progressive reduction of the modelling detail. Discrete fasteners may 

be included to numerically represent the existing rivets. Lastly, a submodel should be developed 

considering the information obtained in the second stage of the structural analysis, namely the evaluated 

stress and strain fields. The local numerical modelling was proposed to accurately compute the local 

response in each component of the connection. For such a purpose, an explicit representation of the 

geometry of all members, plates and rivets must be considered. Also, high density meshes were advised 

to assess the stress gradients around singularity points such as rivet holes. The proposed methodology 

was implemented to investigate an existing railway bridge (Teixeira, 2015) (Figure 2.50). 

  

a) refined global numerical model with detailed connections (2nd step) 

  

b) refinement of the riveted connections considering volumetric FE (2nd step) 

Figure 2.50 – Numerical models developed for the proposed methodology (Teixeira, 2015) 
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Different S-N curves for nominal stresses were found to have a significant impact on the fatigue damage 

assessment, namely when low stress ranges were dominant, as generally happens when bridges are 

submitted to railway traffic characterised by long-distance between axles, according to the author. A 

fatigue damage sensitivity to the characteristics of the railway traffic was verified. Out-of-plane 

distortion and secondary bending were found relevant to the damage calculation, with such structural 

effects being detected in all the three modelling steps, but with higher accuracy after the modelling 

refinements. The results of the proposed methodology were validated by in situ data, proving that this 

procedure is capable of identifying the vulnerability of details to fatigue phenomena. On the other hand, 

the numerical response evaluated using only the global model did not allow obtaining precise results. 

Also, local methods were applied in order to assess the fatigue crack initiation (Figure 2.51). 

  

a) mesh refinement (1) b) mesh refinement (2) 

Figure 2.51 – Submodel developed for the 3rd stage of the methodology (Teixeira, 2015) 

 

Several stress and strain-life local models were implemented to evaluate the crack initiation process. 

The local elastoplastic responses were investigated, concluding that after the first unloading cycle the 

behaviour of the most critical connection tended to be linear, which is typical of a high cycle fatigue 

regime (HCF). The influence of the mean stress on the damage predictions was verified. For some 

details, the global fatigue analysis allowed computing a limited fatigue life, but lower damage were 

obtained using a local method. Also, it was concluded that the crack propagation phase of riveted 

connections has a limited effect on fatigue life, which was already stated by other authors, e.g. DiBattista 

and Kulak (1995), Fisher et al. (1990), Kulak and Adamson (1995) and Correia (2014). 

Gallegos Mayorga et al. (2017) performed a historical review of the wrought iron riveted bridges built 

in France since the beginning of the 19th century. Three scales to investigate the respective mechanical 

behaviour were also proposed: i) macroscale, corresponding to the structure; ii) mesoscale, related to 

the riveted details; and iii) microscale, associated with the material behaviour. With the aim of 

essentially investigating the so-called mesoscale, an experimental programme was defined and carried 
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out to characterise the response of double shear riveted connections, tested under different quasi-static 

and cyclic loadings. The several tested specimens were fabricated from the material that composed the 

demolished bridge over the Adour River (Figure 2.52). 

 

Figure 2.52 – Double shear riveted specimens experimentally tested (Gallegos Mayorga et al., 2017) 

 

The conceived geometrical configuration allowed evaluating the stresses on the plates, the shearing of 

the rivet and the local bearing induced by the rivet shank on the plates. The results of the monotonic 

tests showed a non-repeatable structural behaviour between the three tested connections. The variability 

associated with the mechanical properties of the wrought iron and the several parameters that may 

influence the performance of a riveted connection were both pointed out as the reason for the scattered 

results. In general, a large plastic deformation occurred around the middle plate until the respective 

fracture. Also, nine specimens were submitted to fatigue tests considering a mean stress ratio equal to 

zero, 𝑅=0. The results obtained were compared with S-N curves for nominal stresses proposed in the 

literature. Additionally, a statistical model including the definition of rectilinear confidence intervals 

was considered in the comparative analysis (Figure 2.53). 

 

Figure 2.53 – Fatigue results for the double shear single-rivet specimens (Gallegos Mayorga et al., 2017) 
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In Figure 2.53, the non-broken specimens are represented by a point with an arrow (run-outs). For a 

certain applied nominal stress, a variability was found in the number of cycles that led to fatigue failure, 

with relevant dispersion of the experimental data. For the higher values of stress range, the detail 

category 71 suggested in EN1993-1-9 (CEN, 2010c) did not show to be representative of a lower bound 

estimate of the fatigue behaviour of the tested specimens. It should be noted that for wrought iron 

specimens, lower fatigue resistances have been advised due to the variability of the material properties. 

On the other hand, the curve proposed by Taras and Greiner (2010a) was found more suitable for the 

tested geometries (∆𝜎𝑐=80 MPa, 𝑚=5). Correia (2014) and Silva (2015) also found the single slope 𝑚=5 

more appropriate for similar connections. Nonetheless, according to Gallegos Mayorga et al. (2017), 

this S-N curve may underestimate the resistance for a higher number of cycles when dealing with 

wrought iron. In order to validate such conclusions, the necessity of performing more experimental tests 

at lower loading amplitudes and considering other geometrical and material properties was highlighted. 

Leonetti et al. (2019) and Leonetti (2020) proposed fatigue resistance models and the statistical 

definition of the respective parameters to investigate connections, part of the main load-carrying 

members of steel bridges. For riveted details, notch strain approaches were investigated, rather than the 

widely implemented nominal stress method. According to the authors, the large variety of geometrical 

configurations leads to several local loading conditions and the respective grouping based on the 

mechanism of loading transference, geometrical properties and applied stress range may not be as 

effective as for welded details. Consequently, a reliability model with a basis on stresses and strains 

obtained from the numerical modelling was proposed to account for the sources of uncertainties, 

allowing to investigate the failure of connections by evaluating potential critical locations for fatigue 

damage, as the one presented by Imam et al. (2009) and Imam et al. (2012). The evaluation of numerical 

results was proposed in the elastic domain, followed by elastoplastic post-processing based on the 

assumption that the strain energy density distribution is the same in elastic and elastoplastic responses. 

The fatigue resistance of the plain material, the installed clamping force and the friction coefficient were 

proposed as stochastic parameters. Regarding the first, strain life quantities were taken into account and 

the fatigue life was suggested to be estimated using the relation proposed by Morrow (1965, 1968), 

defining the respective parameters through the works of Roessle and Fatemi (2000), Boller and Seeger 

(1987) and Mischke (1987), adopting the associated probabilistic distributions. Concerning the clamping 

force, a dependency on the steel grade and hot forming process, as well as on the hammering time and 

temperature, was said to be found. Nonetheless, the grip length was pointed out as the major influence 

on the value of the installed clamping stress. Theoretically, values close to the yielding stress may be 

reached for long grips (>100 mm). On the other hand, for shorter grip lengths, the mean of the clamping 

force decreases and becomes scattered. Unfortunately, few investigations have been performed to 

determine the clamping stress, despite the proven beneficial effects for fatigue phenomena close to the 
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surface at rivet holes. Combining the experimental results for carbon steel obtained by Wilson and 

Thomas (1938) and Zhou (1994), it was possible to defined values for the clamping force as a function 

of the grip length (Figure 2.54). 

 

Figure 2.54 – Clamping stress as a function of the grip length (adapted from Leonetti (2020)) 

 

As shown in Figure 2.54, for typical values of grip around 30 mm, an average value for the clamping 

stress equal to 84.10 MPa, with a standard deviation of 41.10 MPa, may be defined (Leonetti, 2020). 

Regarding the friction coefficient, a probabilistic distribution was assumed by Leonetti (2020) based on 

the work of Kulak et al. (2001). Associated with the stochastics parameters, eleven probabilistic 

distributions were adopted. Overall, the proposed model showed to be able to quantify the fatigue life 

of the analysed simple geometry with a good agreement with the available experimental data sets. 

Nonetheless, it should be noted that the suggested reliability system for riveted connections does not 

consider the crack propagation phase, which despite not being dominant as already noted may represent 

a valuable reserve of safety when one is dealing with existing bridges. 

Taking into account the context of the investigations that have been performed on riveted connections 

in metallic bridges, two strategies have been implemented to address fatigue issues, namely: i) the 

nominal stress method, which evaluates both the crack initiation and the crack propagation without 

allowing an independent fatigue assessment; and ii) local approaches, either to address the crack 

initiation or the crack propagation. Regarding the former, Taras and Greiner (2010a) proposed a 

catalogue for riveted details after concluding concerning the conservatism of the detail category 71 

suggested in EN1993-1-9 (CEN, 2010c) for the majority of the results achieved from experimental 

testing, which has already been stated by several authors taking into account the equivalence between 

this S-N curve and the category 𝐷 proposed in AASHTO (2012) and AREMA (2013). Additionally, 

after performing laboratory tests in several old metallic materials adopting shear splice geometries, 

Correia (2014) concluded that a single slope 𝑚=5 appears to be more suitable for riveted connections. 
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Silva (2015) achieved similar conclusions considering additional results from experimental tests on 

modern steel grades. For wrought iron, Gallegos Mayorga et al. (2017) assumed ∆𝜎𝑐=80 MPa and a 

single slope 𝑚=5 as more appropriate for double shear specimens. Nonetheless, the variability of 

properties associated with this material may considerably influence the respective fatigue strength. In 

general, the performed investigations have been progressively adjusting the detail category 71 proposed 

in EN1993-1-9 (CEN, 2010c), adopting higher fatigue strengths and different slopes. The inclusion of 

new categories in the catalogue suggested by Tara and Greiner (2010a) seems to be a dominant line of 

research regarding the implementation of the nominal method. In this regard, the work carried out by 

Correia (2014) must be highlighted, as an integrated probabilistic approach was proposed to derive S-N 

curves for nominal stresses considering elementary experimental data. On the other hand, as defined by 

Leonetti (2020), grouping riveted geometries may not be so efficient as for welding components due to 

the variety of geometries and material properties that may give origin to different and particular local 

responses. Consequently, the implementation of local approaches may be found as more appropriate for 

verifying the fatigue safety of existing bridges, allowing to address the crack initiation as performed by 

Silva (2015), to investigate the crack propagation as proposed by Marques (2016), or to combine both. 

As said, the development of the computational capabilities has been increasing the applicability of the 

local approaches in the context of Civil Engineering. Despite the advances achieved, an integrated 

methodology to fully addressed fatigue issues in railway bridges based on local parameters is not 

available and systematised, which has hindered the respective implementation in regular safety checks 

carried out by structural engineers. It should be noted that the local applications performed by Silva 

(2015) and Marques (2016) considered only representative analyses without addressing completely the 

characteristics of the railway traffic nor the respective implications on the progressive damage evolution 

underlying all stages of the fatigue process. On the other hand, the works of Leonetti (2020) and Imam 

et al. (2009) were developed based on simple riveted geometries that do not fully represent the 

complexity of details that may be found in metallic railway bridges. A relevant example of the fatigue 

assessment of existing structures is the one performed by Brühwiler (2012), implementing the nominal 

method assuming experimental measurements at the global scale, which allowed extending the service 

life. Nonetheless, as proposed by Teixeira (2015) and Gallegos Mayorga et al. (2017), different scales 

should be adopted to assess the fatigue safety of railway bridges, with the aim of correctly accounting 

for the characteristics of local responses and increasing the reliability of fatigue life predictions. 

In addition to the investigations concerning riveted connections, valuable research for the objectives of 

the present work may be found about other types of details or metallic bridges in general. Works focused 

on the definition of fatigue strength, evaluation of dynamic effects or advanced modelling techniques 

must deserve a particular review. Different structural analyses performed to address the multiscale 

problem in existing bridges should be approached. 
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2.3.2. FATIGUE ASSESSMENT OF RAILWAY BRIDGES 

In structures with the scale of railway bridges, the global numerical models are mostly conceived taking 

into account beam finite elements to achieve a reasonable computational efficiency. Despite allowing 

accurately capturing the global behaviour and associated nominal stresses, such modelling strategy do 

not allow evaluating local responses considering the geometrical and material characteristics of details. 

With the aim of exploring the application of fatigue approaches based on local parameters, advanced 

modelling techniques have been implemented. In general, three types of interactions between different 

scales of models may be adopted, namely: i) beam-to-shell; ii) shell-to-solid; and iii) beam-to-solid. 

Kiss and Dunai (2000) proposed a workflow based on multiscale numerical finite element models to 

compute stress time histories in a truss railway bridge due to the passage of trains. A simply supported 

structure, consisting of two main triangular trusses composed of horizontal upper and lower flanges and 

diagonals of nearly 59° inclination, was investigated. The respective global beam model and the shell 

submodel of a nodal connection of interest were conceived (Figure 2.55). 

 

Figure 2.55 – Numerical models of the Bánréve Bridge (adapted from Kiss and Dunai (2000)) 

 

The implementation of the submodelling was proposed based on the evaluation of local influence lines 

at the boundaries of the shell finite elements. Initially, the assessment of the stress distributions induced 

by imposed unit deformations to the degrees of freedom of the boundary nodes was suggested, 

representing such stress fields some elements of the stiffness matrix of the submodel. The sum of the 

multiplication of each of these values by actual deformations allows obtaining stress distributions caused 

by a real system of deformations related to a railway loading. Subsequently, the passage of two vertical 
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unit forces was proposed to define the numerical stress influence lines. The deflection computed in the 

global model can be associated with the stress fields previously evaluated in the submodel. Finally, local 

stress time histories may be obtained by multiplying train loads by the numerical stress influence lines. 

According to the authors, the proposed beam-to-shell submodelling strategy showed to take into account 

several effects that would not be considered if only the global model was conceived, such as the 

secondary moments due to the local stiffness of the connection, the interaction between the structural 

members (e.g. main girders, floor-beams and bracing system) and stress concentrations arising from 

notches in the detail. The calculated hot-spot stresses were proposed to evaluate the fatigue damage 

using the appropriate S-N curves. Also, reduced computational times were achieved, considering a 

reasonable processor and memory requirements compatible with personal computers. 

For more complex bridges, Li et al. (2007) developed an approach based on multiscale numerical 

analyses of nonlinear dynamic responses, focusing on the assessment of local damage parameters. In 

order to overcome the difference between the size of the structure and the local nature of issues related 

to fatigue damage, a workflow was suggested to implement the interaction between global and local 

models. As proposed by the authors, three different modelling scales may be defined, namely: i) the 

global or bridge scale, typically composed only of beam finite elements, in which all members of the 

structure are modelled using techniques that allow evaluating the global structural behaviour; ii) the 

component or member scale, which enable a local and detailed analysis of the stress and strain fields at 

a certain connection, usually composed of shell elements; and iii) the local or material scale, generally 

conceived based on shell and volumetric elements, in which the adoption of high refined meshes allows 

computing the critical parameters for accurate local damage assessment (Figure 2.56). 

 

Figure 2.56 – Workflow for a multiscale modelling approach (Li et al., 2007) 



Chapter 2: Fatigue Phenomenon in Metallic Bridges 
 

78 

In Figure 2.56, the computational algorithm underlying the proposed multiscale procedure is outlined, 

highlighting the three different modelling scales and inherent types of calculations. In the evaluation of 

large structures, uncoupled analyses between different modelling scales are usually carried out, 

considering only local calculations for certain steps based on displacements fields from higher scale 

models. Nonetheless, submodelling techniques may be used as an alternative for developing multiscale 

approaches, integrating different levels of modelling detail to meet the needs of several research 

purposes. Such a fully coupled analysis may be achieved considering multi-point constraint equations 

(master-slave nodes), which define the relation between sets of displacements related to the boundaries 

of different model scales. Concerning the methodology proposed by the authors to assess the fatigue 

damage in complex structures, different steps may be highlighted: i) in order to evaluate the critical 

details, the nominal stress method should be implemented based on linear analyses considering the 

global model; ii) after, the multiscale models of the identified fatigue-critical connections should be 

conceived and loaded through the defined constraint equations taking into account the displacements 

fields from the global model; and iii) under the loading of simulated traffic, applied to the local or 

material scale using submodelling techniques, local analyses to evaluate stress and strain fields should 

be carried out. Based on the latter, fatigue damage may be computed considering local methods and the 

respective damage accumulation at critical locations. When fatigue crack propagation is taken into 

account, fatigue damage evolution laws for the fully coupled analysis may be used, e.g. Miner rule. As 

shown in Figure 2.56, once the fatigue damage is evaluated, the respective structural effects may be 

considered at the component and global scales, which may be increasingly relevant for large bridges 

characterised by nonlinear dynamic responses, e.g. cable-stayed bridges. The application of such a 

methodology to the Tsing Ma Bridge (TMD) allowed computing the fatigue life of several critical details 

by implementing the hot-spot stress method (Figure 2.57). 

 

Figure 2.57 – Component and material scale models of the TMD deck section (Li et al., 2007) 
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For a certain detail, the fatigue life calculated using the fully coupled method was found smaller than 

the one assessed considering the uncoupled approach, allowing to prove that the interaction between the 

different model scales increases the accuracy of the calculations by accounting for the local 

characteristics of the structural behaviour. Therefore, the coupling between the global structural 

behaviour and the local effects at the component and material scales was found essential for nonlinear 

history-dependent systems, in order to evaluate possible local damage and respective effects on the 

internal forces of critical components (Li et al., 2007). Nonetheless, it should be noted that for linear 

structural systems, very localised fatigue damage is not expected to have relevant impacts on responses 

at the global or component scales.  

Albuquerque et al. (2015) proposed a workflow to compute local stress intensity factors in a cracked 

detail, in order to evaluate the remaining fatigue life. A global model of a bowstring bridge was 

conceived, considering the box girder deck modelled with shell finite elements. The displacement fields 

at the boundaries of the fatigue-critical detail were evaluated in the global model and inputted into the 

submodel built with volumetric finite elements (shell-to-solid). From the established relation between 

the global model and the submodel, the assessment of the remaining fatigue life of an assumed cracked 

connection was performed based on Linear Elastic Fracture Mechanics principles (LEFM) and modal 

superposition concepts. Additional details concerning this work are given in Chapter 4, subsection 4.5.3. 

Due to the geometrical characteristics, the implementation of multi-constraint equations has been found 

as an appropriate technique to model the interface between beam finite elements and shell or volumetric 

ones. For smaller bridges or a reduced number of critical details, the multiscale principles proposed by 

Li et al. (2007) may be implemented based on a single numerical model as implicitly suggested by 

Teixeira (2015) for the two first stages of analysis or by Yan et al. (2016, 2017) to investigate a single 

critical location in a large cable-stayed bridge. In the same type of application, Imam (2006) 

incorporated a volumetric local model into the shell global one. On the other hand, for a larger bridge, 

Albuquerque et al. (2015) conceived an independent submodel, establishing a relation with the global 

model based on displacements fields evaluated in the latter at the boundaries of the former and imposed 

on the local modelling assuming an interpolation of displacements. In general, for large bridges or 

multiple and complex critical details, it may be concluded that independent numerical models have been 

adopted by applying different submodelling techniques, e.g. beam-to-shell (Kiss and Dunai, 2000; Li et 

al., 2007), shell-to-solid (Albuquerque et al., 2015; Silva, 2015) or beam-to-solid (Silva, 2015; Marques, 

2016). In this regard, as suggested by Teixeira (2015) and Gallegos Mayorga et al. (2017), Li et al. 

(2007) also proposed three levels of analysis, including submodels. Following the development of the 

computational capabilities, the described works have been allowing to explore the assessment of local 

parameters to implement relevant fatigue investigations based on local approaches. 
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As for riveted connections, early welding bridges are approaching a relevant age concerning the 

expected service life. Therefore, some important investigations have been performed trying to properly 

address the characteristics of the local response of critical details and reduce eventual sources of 

uncertainty related to fatigue analysis. 

Kiss and Dunai (2002) suggested and implemented an alternative fatigue assessment method for 

orthotropic bridge decks based on Fracture Mechanics. Using stress intensity factor ranges, ∆𝐾, obtained 

from two scales of models of the bridge deck, a crack growth simulation was carried out through the 

numerical integration of the Paris law. Firstly, a 3D model conceived with shell finite elements of the 

uncracked bridge deck was loaded by unit wheels. Subsequently, the required cracked submodels of the 

fatigue-critical detail were conceived. Such modelling consisted of simple 2D plane strain or plane stress 

finite elements with extremely high mesh density around the crack tip to allow the numerical 

determination of the stress intensity factor, 𝐾 (Figure 2.58). 

 

Figure 2.58 – Plane strain submodel of the rib-to-deck plate weld (Kiss and Dunai, 2002) 

 

The displacements at the boundaries of the 3D model were evaluated and inputted into the 2D plane 

strain or plane stress finite element submodels of fatigue-sensitive areas (shell-to-shell). After 

introducing cracks in the local models, the stress intensity factor values were computed by numerical 

extrapolation. Parametric analyses were carried out in order to evaluate the influence on the crack 

propagation of some input values assumed as initial assumptions, such as the initial and critical crack 

lengths, respectively, 𝑎𝑖 and 𝑎𝑐, and the material-dependent parameters of the Paris law, 𝐶 and 𝑚. The 

variability of the crack growth rate, 𝑑𝑎/𝑑𝑁, affected by 𝐶 and 𝑚, revealed to have a significant influence 

on the remaining fatigue life. Naturally, the crack growth analysis based on the integration of 𝑑𝑎/𝑑𝑁 

was proved to be also very sensitive to the accurate calculation of 𝐾. Taking into account the results 

achieved in the parametric studies, a reliability assessment was performed by repeated crack growth 

analyses using histograms to generate input parameters by Monte Carlo simulations. According to the 
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authors, the proposed method and its implementation allowed introducing a valuable contribution to the 

application of the damage tolerant design philosophy in the fatigue design of Civil Engineering 

structures. It should be noted that a fairly simple submodelling strategy was implemented, probably 

taking into account the restrictions of the available computational capabilities. Presently, shell-to-solid 

techniques may be admissible for the same range of applications. 

Taking into account the concerns about the structural integrity of existing bridges, Leander et al. (2010), 

Leander and Karoumi (2012), Leander (2013), Leander and Karoumi (2013), Leander et al. (2013), 

Leander et al. (2015) and Leander and Al-Emrani (2016) carried out several works concerning aspects 

of fatigue analysis and mainly related to the Söderström Bridge, a structure constructed around the 

1950s, in the early days of the welding technique, located in Stockholm, Sweden. Several parameters 

that influence the prediction of the fatigue life of details were investigated, seeking the development of 

approaches that may allow extending the service life of metallic bridges. 

Leander et al. (2010) performed an experimental campaign on the Söderström Bridge after cracks were 

found in the web of the main steel beams during standard inspections. Such monitoring operation 

allowed acquiring a vast amount of data, given important information regarding the structural behaviour 

and the characteristics of the traffic. In previous studies performed by Andersson (2009), the details 

associated with stringers and floor-beams were identified as having already exceeded the respective 

service life. Nonetheless, no indication of damage was found in such structural elements during 

inspections. With a basis on the strain measures evaluated in the bridge, the nominal stress method was 

considered for the fatigue assessment. The magnitude of the calculated cumulative damage confirmed 

the previous results, showing that more detailed analyses and short inspection intervals should be 

considered. In order to explain the lack of fatigue cracks on the stringers and cross-beams, the authors 

concluded that the methods for fatigue evaluation and the inspection processes should be discussed. 

Considering the reliability of the measured experimental values, it seems reasonable to assume that the 

adopted fatigue strengths could be excessively conservative. Concerning the existing cracks in the main 

beams, the poor design of the connections was found as the respective origin, but the load-carrying 

capacity of the bridge was not found affected by such damage. As reported by Fisher (1984), the 

deficient detailing associated with old bridges have been found a relevant cause of fatigue problems. 

Excessive conservatism on the S-N curves assumed for nominal stresses may be particularly limiting 

for details of existing structures. In this regard, Leander et al. (2013) analysed the fatigue life of 

connections with welded in-plane gusset plates without any transition radius, commonly found in open 

deck structures such as the Söderström Bridge, as well as in the offshore industry. According to the 

authors, among the details treated in the most important standards and guidelines, such a type of 

connection has one of the lowest categories, which makes this geometry a critical one concerning the 
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occurrence of important fatigue damage. Consequently, the development of an appropriate detail 

category was found relevant. This task was carried out considering Linear Elastic Fracture Mechanics 

concepts (LEFM) combined with fictitious initial crack depths to estimate the fatigue life. Taking into 

account several geometries for the detail and crack configurations, the values for the stress intensity 

factor were computed using finite element analyses and contour integral evaluations (Figure 2.59). 

  

a) member scale model b) submodel 

Figure 2.59 – Numerical models conceived for a certain geometrical configuration (Leander et al., 2013) 

 

In Figure 2.59, the finite element models developed for a certain crack geometry are presented. Each 

geometry set was analysed in two steps corresponding to different scales. Firstly, a model at the member 

scale was conceived, considering uniform tension stress ranges, ∆𝜎, applied at the ends of the main plate. 

After, taking into account the displacements from the first model as boundary conditions, a small region 

surrounding the crack was extracted and analysed as a submodel (solid-to-solid). Regarding the latter 

modelling task, the Extended Finite Element Method (XFEM) was used in order to avoid the explicit 

definition of the crack front. 250 geometries were modelled and the respective stress intensity factors 

computed. Based on such results, a parametric formula for the stress intensity factor was proposed. From 

fictitious values defined by a lognormal distribution for the initial crack depth to account for the crack 

initiation phase, the bilinear propagation law proposed in BS7910 (BSI, 2013) was integrated until the 

critical length of the crack, 𝑎𝑐, was reached. The relation between the nominal stress range and the 

number of cycles for fatigue failure was defined for 500 simulations (∆𝜎-𝑁). The numerical results led 

to a characteristic value for the fatigue strength of 47 MPa at 2x106 cycles, a lower bound in relation to 

the 58 MPa evaluated for 292 available results of experimental tests. Adopting the fatigue strength 

derived numerically, the respective S-N curve would allow increasing the fatigue life in 62% at 2x106 

cycles in relation to the prediction obtained using the detail category 40 suggested in EN1993-1-9 (CEN, 

2010c), when applied to the Söderström Bridge. The work performed by Leander et al. (2013) may be 

defined as a combination of local methods with detailed numerical analysis to derive a new S-N curve 

for nominal stresses, establishing an alternative to the extensive experimental testing usually required. 
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Associated with the relevance of the accurate estimate of the loading and respective effects, the 

considered amplification factors may have a relevant influence on the fatigue life predictions. Leander 

and Karoumi (2013) studied an analytical model for moving load analysis derived based on the 

Timoshenko beam theory, which enables efficient and reliable calculations about the effects of dynamic 

loadings on the fatigue predictions for thick beams, typical of open deck railway bridges. A numerical 

model was considered to validate the suggested analytical approach, which was subsequently used to 

evaluate the applicability of the quasi-static method foreseen in EN1991-2 (CEN, 2003). Besides the 

Söderström Bridge, twenty-two beams from open deck bridges characterised in the literature were 

included in the study. The results achieved clearly showed a fundamental difference in the behaviour of 

simply supported and continuous beams, as dynamically expected. For the majority of the continuous 

beams, the dynamic response was lower than the static outcome resulting in no dynamic amplification, 

a phenomenon that is not considered in the quasi-static method. Obviously, such results may have a 

substantial influence on the remaining fatigue life predictions due to the exponential relation between 

the stress range and the fatigue strength. Also, for typical continuous beams in open deck bridges, the 

analytical model always gave considerably lower responses than the quasi-static method. On the other 

hand, higher values were obtained at resonance for simply supported elements and dynamic analyses 

are mandatory. Therefore, it seems rational to conclude that the dynamic amplification factors related 

to the quasi-static model suggested in EN1991-2 (CEN, 2003) may lead to inaccurate fatigue life 

predictions and excessive safety margins, especially for continuous bridges. 

As it well established, in the most important standards and guidelines, semi-deterministic approaches 

are usually proposed for structural analysis. Nonetheless, when one is dealing with existing structures, 

relevant sources of uncertainties may exist and should be evaluated. In the context of the fatigue 

assessment, Leander et al. (2015) investigated the possibility of considering experimental measurements 

to reduce the uncertainties related to the structural behaviour and loading effects. A reliability model 

was suggested, accounting for the uncertainties associated with bilinear S-N curves for nominal stresses 

and those related to the calculated or measured responses. Also, a parametric investigation regarding the 

modelling of the stress range time histories was carried out and the respective influence on the reliability 

was stated. Considering the stress spectra obtained from the Söderström Bridge, the suggested reliability 

model was used for the calibration of the partial safety factors to be adopted in a deterministic design 

equation. Such a procedure allowed obtaining a value of Ff.Mf=1.32 for a case without considering 

inspections data and Ff.Mf=1.14 taking into account the information acquired from the existing 

structure, in both cases lower values than the Ff.Mf=1.35 suggested in EN1993-1-9 (CEN, 2010c). 

Consequently, the accuracy of stresses measured in situ may be used to reach an acceptable reliability 

level in the verification of the fatigue assessment of existing bridges, using the suggested partial safety 

factors as part of the appropriate semi-deterministic approach. 
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The absence of a normative safety model addressing the application of Linear Elastic Fracture 

Mechanics principles (LEFM) for fatigue assessment of metallic bridges may be delaying the respective 

wide implementation. Leander and Al-Emrani (2016) developed research works aiming to establish 

foundations for future guidelines concerning a deterministic design approach. A probabilistic sensitivity 

investigation was performed to evaluate the influence of the uncertainties associated with the 

consideration of LEFM concepts on the estimated fatigue life. The reliability analyses were carried out 

by implementing the First Order Reliability Method (FORM) together with a model correction factor. 

The results achieved showed the importance of some calculation procedures, namely: i) the adequate 

modelling of the crack shape; ii) the proper definition of the material behaviour; and iii) the limitation 

of the uncertainties associated with the determination of the stress intensity factor. Other parameters 

such as the railway loading sequence, the option between a linear or bilinear crack growth law and the 

uncertainties concerning the initial crack depth and the crack growth threshold were found to have only 

a modest influence on the reliability. According to the authors, as the main conclusion, efforts should 

be spent on reducing the uncertainty related to the material-dependent parameters associated with the 

crack propagation law, which significantly affect the reliability of the analysis. 

Despite the lack of guidelines, relevant investigations have been performed in the domain of Linear 

Elastic Fracture Mechanics (LEFM) applied to Civil Engineering. Zhou et al. (2016) carried out a fatigue 

assessment of a steel-concrete composite railway bridge, considering principles of LEFM. After a 

preliminary fatigue analysis based on S-N curves for nominal stresses performed by Zhou et al. (2013), 

the critical connections of the structure were identified. According to such locations, simplified models 

with admissible crack geometries (through edge crack, semi-elliptical surface crack and central through 

crack) were assumed and empirical formulas for the stress intensity factor calculations were obtained. 

Subsequently, the local models of the cracked critical details, conceived with volumetric finite elements, 

were incorporated into the global model of the bridge (shell-to-solid) (Figure 2.60). 

 

Figure 2.60 – Refined global model of the second span of the Sesia Viaduct (Zhou et al., 2016) 
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The stress intensity factor time histories, 𝐾(𝑡), for the passage of the high-speed train ETR500Y were 

calculated from the local refinements of the global model, considering a direct time-integration 

algorithm. The results obtained were used to validate the applicability and the accuracy of the empirical 

formulae to calculate 𝐾 for the investigated details of the bridge. A workflow for the assessment of the 

fatigue life related to the crack propagation was proposed based on the concept of equivalent stress 

range, ∆𝜎𝑒, to define the progression of the crack according to the Paris law in mode I. For each critical 

connection, the relation between the crack growth and the number of train passages was obtained and 

the respective fatigue life was predicted. The results achieved were found higher than the previous ones 

evaluated by implementing the nominal stress method. Such difference was found admissible and 

derived from the total fatigue life inherently assumed by those S-N curves, including the initiation phase 

that was not properly considered by the proposed workflow. For cases in which eventual welding defects 

are admissible, the prediction associated with the LEFM based approach may be assumed as more 

reasonable. In general, the proposed computational algorithm provides an alternative and a more general 

method to evaluate the fatigue life of welded details, in particular when the nominal stress method is not 

clearly applicable. Nonetheless, it should be noted that the suggested methodology was demonstrated 

with a basis on a single train passage and for complex railway traffic scenarios the implementation of 

direct time-integration algorithms may lead to relevant computational costs.  

The research presented for riveted and welded bridges cover a relevant range of subjects associated with 

the fatigue assessment of existing bridges. The fatigue strength related to the nominal stress method was 

approached and different methods to derived new curves without typical full-scale experimental tests 

were presented, e.g. Correia (2014) and Leander et al. (2013). On the other hand, the implementation of 

local methods for the evaluation of crack initiation and crack propagation stages has been investigated 

based on advanced modelling techniques. For larger structures, submodelling approaches have been 

considered to evaluate local parameters at fatigue-critical details, e.g. stresses, strains and stress intensity 

factors. Calculations based on direct time-integration algorithms have been assumed as a reference, but 

are associated with relevant computational demands. In this regard, Albuquerque et al. (2015) proposed 

the modal superposition for the assessment of stress intensity factor time histories, increasing the 

efficiency of the calculations and allowing to address the complexity of the railway traffic. In addition 

to the definition of the fatigue strength, the accurate evaluation of the loading and the respective dynamic 

effects is relevant for the assessment of existing bridges. As stated by Leander and Karoumi (2013), the 

amplification factors proposed in EN1991-2 (CEN, 2017) applicable to quasi-static calculations may be 

excessively conservative for continuous bridges. As an alternative, dynamic analyses may be 

implemented considering moving loads or bridge-train interaction approaches. The former does not 

allow considering implicitly the enhancement factor related to the irregularities of the track and vehicle 

imperfections, while the latter takes into account the total amplification of the response. Nonetheless, 
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the application of the second is inherently associated with calculations involving direct time-integration 

algorithms, e.g. Xu et al. (2009), Ribeiro (2012), Melo (2016). 

For the analysis of existing bridges, the data evaluated in situ or in a laboratory may be critical to support 

and calibrate assessment methods. Measurements of nominal stress values may be used to relate the 

fatigue strength to the real railway loading and lower safety coefficients associated with the normative 

semi-deterministic methods proposed in EN1993-1-9 (CEN, 2010c) may be assumed in such cases, as 

proposed by Leander et al. (2015). The support of experimental data may be considered to increase the 

reliability of fatigue calculations, overcoming the lack of normative background pointed out by Leander 

and Al-Emrani (2016) for the implementation of LEFM concepts. Similar conclusions may be derived 

for the crack initiation assessment and related local notch methods. As it is well established, in addition 

to stress time histories evaluated in situ, information from ambient vibration tests may be considered to 

improve the quality of the modelling using calibration and optimisation methodologies, e.g. Brehm et 

al. (2010) and Ribeiro (2012). Also, the evaluation of the real traffic scenario by implementing WIM or 

B-WIM systems may be considered, e.g. Marques et al. (2016). Concerning the laboratory tests, the 

definition of the properties of the material that composes the investigated bridge may be relevant to 

establish fatigue models to compute the damage associated with the initiation and propagation of a given 

crack (Jesus et al., 2012; Correia, 2014; Silva, 2015). 

After applying improved strategies to perform the fatigue assessment of existing bridges, repairing or 

strengthening interventions may be required to increase the fatigue resistance of certain details that 

influence the remaining service life of structural systems. Thus, the review of some relevant works in 

this context is found rewarding for the goals of the present work. 

 

2.3.3. IMPROVING THE FATIGUE LIFE OF METALLIC BRIDGES 

The replacement of structural elements associated with critical details is not always possible or the most 

economical measure. The impacts on the regular service of a given bridge or the magnitude of the 

repairing or strengthening may not be admissible. Therefore, several strategies may be implemented to 

improve the fatigue capacity of members or subsystems identified as critical. 

In general, some typical repairing and strengthening measures applicable to metallic bridges have been 

implemented focused on local interventions and should be highlighted. 

i. Hole drilled at the crack front: the stress field at the critical area is modified, leading to 

smaller stress intensity factor ranges, Δ𝐾. Such a technique may be found efficient for 

induced fatigue distortion cracking due to the local reduction of stiffness caused by the hole 

at the crack front, which leads to a decrease in the secondary moments. Nonetheless, this 
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remedial measure must not be considered for highly stressed regions due to the reduction 

of the net-section by the hole drilled, which may origin structural issues related to the 

ultimate resistance. Also, this approach is not appropriate for large fatigue cracks, as a new 

crack may initiate from a defect at the circular hole. 

ii. Cover plates: to increase the area of the cross-section, plates of different materials may be 

placed over the crack reducing the stress range, Δ𝜎. The classical approach consists of 

attaching steel cover plates with prestressed high strength bolts to the cracked metallic 

element, leading to a local improvement of the net-section. The clamping stress induced by 

the bolts should reduce the relevance of eventual notches derived from the drilling process, 

but such a method should not be considered for high stressed areas. As an alternative, the 

efficiency of bounded CFRP patches has been investigated. In riveted or bolted 

connections, the cover plate can only be placed on flat surfaces free from fasteners. 

iii. Repairing cuts: as drilling holes at the crack front, cuts may be performed at a critical detail 

to reduce the local stress field. Depending on the orientation and location of the repairing 

cuts, the characteristics of the connections may be modified, which can affect the local 

structural behaviour. In particular, for highly stressed members, additional issues in terms 

of fatigue damage or ultimate resistance may arise, requiring proper assessment. 

iv. Replacement of rivets with high strength bolts: the clamping force increases, influencing 

the fatigue strength related to the hot-spots close to the holes. The bearing forces and stress 

intensity factor ranges may decrease due to the growth of the friction between the 

components of the connection. Possible notches originated in the drilling process of the 

rivet hole are mitigated or even eliminated. This method can be easily combined with other 

conventional remedial techniques. 

v. Removing rivets or loosening bolts: as the repairing cuts, rivets may be removed or bolts 

loosened at the respective critical details, modifying the local response of the related 

members. In the case of rivets, some mechanical fasteners may be removed and others 

replaced by high strength bolts to maintain the mechanism of loading transference. Also, 

loosening bolts may be found as effective in details associated with bracing systems 

connected to the main structural elements, for example. In service limit states, the elements 

working as bracing should be inactive, reducing the secondary effects on the main 

members, but the respective structural response can be mobilised at the ultimate limit state. 

Removing rivets and loosening bolts may be combined if required. 

vi. Cold expansion: the hole diameter of the rivet or bolt is increased after a cold work with a 

mandrel, which generates plastic deformations creating residual compressive stresses close 

to the hole that increases the fatigue resistance of the detail. This method allows increasing 
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the initial fatigue resistance and can be used to stop fatigue cracks already in propagation 

when combined with other approaches. Naturally, in the case of riveted connections, the 

mechanical fastener should be replaced by a bolt. 

As noted, the majority of the presented techniques may be combined to increase the effectiveness of the 

remedial measures, e.g. high strength bolts may be placed at holes drilled at the crack front. 

According to Bassetti et al. (1999), alternative repairing methods not suitable to be used in old metallic 

materials, such as wrought iron and old mild steel, may be used when defects are detected early. 

vii. Gas tungsten arc remelting (TIG): imperfections and small cracks with lengths inferior to 

3 mm can be eliminated by remelting the metal. This technique was developed for welded 

structures and modern steels. 

viii. Gouging of crack with air-arc, filling gouged area with weld metal: this approach may be 

implemented to control the crack dimensions and should be complemented by a remedial 

measure that reduces the stress field at the cracked area and the fatigue stress range.  

Analysing the described conventional repairing and strengthening techniques, it may be said that the 

main approach is related to the localised reduction of the magnitude of the stress fields close to the 

identified hot-spots, as well as of the stress intensity factor for cases of cracks in propagation. The 

effectiveness of those remedial measures is dependent on inspections works for timely detection of 

fatigue cracks and methods to predict admissible paths of propagation.  

The Federal Highway Administration of the United States published a Manual for Repair and Retrofit 

of Fatigue Cracks in Steel Bridges proposing and describing several repairing procedures (FHWA, 

2013), which principles and concepts may be extended to railway bridges (Figure 2.61). 

 

a) multiple drilled stop holes b) bolted cover plate 

Figure 2.61 – Repairing approaches for cracks in propagation (FHWA, 2013) 
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In such a manual, additional techniques to those described in the present work are suggested divided by 

type of connection and characteristics of structural systems.  

Several authors have been reviewing and testing the efficiency of the different remedial measures. In 

this regard, Bassetti et al. (1999) performed fatigue tests on riveted members. Four of the resulting 

cracked specimens were repaired to increase the respective fatigue life. One of the cross-girders was 

strengthened by placing a cover plate over the cracked area. Also, other applied techniques were 

investigated, including replacing the rivets by high strength bolts or drilling a hole at the crack front. In 

cases of small cracks, the results of the tests carried out on the repaired specimens showed that further 

propagation could be reduced or stopped by replacing the rivets with prestressed high strength bolts. 

However, the applied measures proved to be ineffective for large crack lengths. Such a conclusion 

emphasises the importance of crack detection in the early phases of the propagation process. 

Furthermore, the efficiency of a strengthening technique involving the application of CFRP-strips, 

bonded to members of a riveted bridge to stop the respective fatigue cracking, was investigated. Crack 

length and crack growth rate measurements were performed using the electric potential drop method. 

  

a) crack length, 𝑎, vs. number of cycles, 𝑁 b) crack growth rate, 𝑑𝑎/𝑑𝑁 

Figure 2.62 – Fatigue results for specimens with non-pretensioned CFRP-laminates (Bassetti et al., 1999) 

 

In Figure 2.62, as an example, it is shown that two strips of non-pretensioned CFRP-laminates with a 

low-modulus and 1.20 mm thick already significantly reduced the crack propagation rate and increased 

the remaining fatigue life. Additional numerical simulations were carried out considering steel members 

with pretensioned CFRP-strips, showing to be a very effective measure to face the structural damage 

caused by the development of fatigue cracks (Bassetti et al., 1999). Recently, Mohabeddine et al. (2021) 

proposed a model to estimate the growth of fatigue cracks in metallic specimens, strengthened with two 

strips of CFRP bonded on the two sides of a notch. The application of composite materials to improve 

the fatigue capacity of metallic specimens have been gaining relevance in the last few years (Moy, 2001; 

Colombi et al., 2003a, 2003b; Cadei et al., 2004; CNR, 2005; Moy and Lillistone, 2006; Ayatollahi and 
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Hashemi, 2007; Moy and Bloodworth, 2007; Schnerch et al., 2007; Zhao and Zhang, 2007; Deng and 

Lee, 2007; ACI, 2008; Pellegrino et al., 2009; Ghafoori et al., 2012; Emdad and Al-Mahaidi, 2015; 

Reddy et al., 2016). Nonetheless, implementations in real case studies are not common and further 

developments may be required in terms of design criteria. 

Focused on typical local remedial measures, Al-Emrani et al. (1999) evaluated the efficiency of drilling 

stop holes at the crack tip as a temporary measure to stop the propagation process. Six full-scale and 

undamaged stringers removed from an old railway bridge were initially tested until the appearance of 

fatigue cracks at the same location in five of them. In three of the tested built-up specimens, stop holes 

of 21 mm were drilled at the front of the propagating cracks that started at the flange-to-web connection. 

The extension of the fatigue life achieved with this remedial intervention was found relevant, even when 

a high stress range was considered. According to the authors, if the theoretical stress calculated at the 

hole does not exceed the yielding stress of the material, the crack arrest achieved by drilling a hole at 

the front of a propagating fatigue crack may be sufficiently large to be considered permanent. The 

relevance of the fatigue life extension reached with this method was said to be dependent on: i) the 

magnitude of the applied stress; ii) the stress ratio; iii) the reduction of the net-section caused by the 

crack; and iv) the material properties. 

Also, Roeder et al. (2001) tested several riveted steel beams with coped stringer connections and 

evaluated the efficiency of three local remedial measures (Figure 2.63). 

 

a) hole drilled                                  

at the crack front 

b) bolt inserted at a hole 

drilled at the crack front 

c) removal of rivets and replacement of 

others by high strength bolts 

Figure 2.63 – Remedial measures applied after the crack initiation (Roeder et al., 2001) 

 

Taking into account the tested geometry, the hole drilled at the crack front allowed extending the fatigue 

life for a short time, being less effective at stopping or delaying the crack growth than a new cope 

geometry with a good surface finishing. On the other hand, the hole drilled with inserted bolt was found 

to be considerably more effective at slowing the crack growth rate than the hole drilled without a bolt. 

According to the authors, the former method may delay the crack progression for a relevant period of 
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time, but it does not change the stiffness of the connection and another crack may quickly develop at an 

adjacent location. Consequently, the removal of the rivets and the replacement of some by high strength 

bolts was tested, resulting in the local reduction of the stiffness with a large effect on the stress 

distribution at the cope and respective decrease in the crack growth rate. The advantages of combining 

several of the remedial methods were demonstrated (Roeder et al., 2001). Also concerning applications 

involving bolts, the beneficial effects on the fatigue response of the injection of high strength ones have 

been investigated, e.g. Correia et al. (2017) and Pedrosa et al. (2020, 2021). 

After showing fatigue cracks induced by local distortion and vibration phenomena, the Panaro Bridge, 

in service since its construction in the 1970s, was investigated by Lippi et al. (2013). The structural 

effects of remedial measures mostly based on implementing repairing cuts at critical connections were 

investigated (Figure 2.64). 

  

Figure 2.64 – Fatigue cracks and repairing cuts to reduce the local stiffness (Lippi et al., 2013) 

 

Two finite element beam models were developed for the standard fatigue evaluation of the bridge. The 

first one considered the original structural system with the cross-girders of the track bracing fully fixed 

to the longitudinal girders (full-fixed FE model). On the other hand, the second numerical approach took 

into account the local repairing interventions, assuming the cross-girders of the track bracing linked by 

hinged joints to the longitudinal girders (hinge FE model). The fatigue trains suggested in EN1991-2 

(CEN, 2003) were considered and the associated normal and shear stress spectra were evaluated. 

Considering the rainflow counting method, the fatigue damage was calculated and accumulated adopting 

the Palmgren-Miner rule. The fatigue categories of welded built-up members were analysed according 

to EN1993-1-9 (CEN, 2010c), while for riveted components the classification proposed by Taras and 

Greiner (2010a) was assumed. The calculated damage for the hinged scheme of Panaro Bridge showed 

that the local modifications previously performed by the Italian authorities cancelled the local forces 
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induced by distortion without introducing significant variations in the global structural response of the 

bridge, allowing to increase the fatigue life of the identified critical connections. 

In addition to or to replace local remedial measures, interventions at the global scale may be foreseen, 

improving the structural response of a certain member or structural system. As noted for local 

interventions, since the 1990s, the development of carbon fibre reinforced polymers materials (CFRP) 

has been allowing relevant advances in repairing and strengthening Civil Engineering structures. The 

application of such materials to concrete constructions has been widely investigated, but some issues 

have been pointed out as a source of problems for metallic structures, namely the bonding between the 

CFRP elements and the metallic parental material (Hollaway and Cadei, 2002; Deng and Lee, 2007). 

Nonetheless, some methods to implement unbounded CFRP bands have been proposed. 

After investigating the Adige Bridge by implementing the nominal stress method, Pipinato et al. (2012) 

presented some strengthening techniques as possible guidelines for typical design situations. Among 

them, it is worth mentioning a post-tensioning approach based on a triangular shape given by a spacer 

located at the mid-span, separating a stressed element from the flexural structural member (Figure 2.65). 

 

a) (1) existing members, (2) spacer, (3) rounded edges on the bottom to prevent corner bearings,                     

(4) post-tensioning elements, (5) cross-section 

 

b) (1) existing members, (2) spacer, (3) post-tensioning elements, (4) cross-section 

Figure 2.65 – Post-tensioning approach to strengthen a flexural member (adapted from Pipinato et al. (2012)) 

 

In Figure 2.65, two alternatives are shown to implement a strengthening method based on post-tensioned 

elements and a certain eccentricity, which combined give origin to a negative bending moment in the 

structural member, opposing the internal forces derived from the acting loadings. Although the 

principles of this technique were based on post-tensioned strands or bars, the development of CFRP 

materials may allow implementing such types of bands as tensioned elements with relevant advantages 

related to the high strength-to-weight ratio, good corrosion resistance and excellent fatigue performance. 
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Following the same general principles, Ghafoori et al. (2014) numerically investigated an unbonded 

post-tensioning system using CFRP to increase the fatigue life of an existing riveted railway bridge 

located in Münchenstein, Switzerland. In this type of system, post-tensioned CFRP bands may be 

attached to clamps that are fixed to the flexural structural members associated with the fatigue-critical 

details using only friction. Also, spacers at the mid-span are foreseen with a typical geometrical 

configuration similar to the one depicted in Figure 2.65 b). No relevant permanent modifications are 

made to the existing structure (such as holes or welds). Regarding the study of the mentioned bridge, 

numerical models were used to define fatigue-critical locations and to investigate the relative effects of 

the post-tensioning strengthening on these connections. The global numerical model was built using 

shell finite elements in the areas of the nodal connections, while beam elements were considered at 

remote locations to reduce the computational demand (beam-to-shell) (Figure 2.66). 

 

Figure 2.66 – Global model of the Münchenstein Bridge (Ghafoori et al., 2014) 

 

The material which composes the bridge was characterised by elastic properties, more specifically, 

Young’s modulus, 𝐸, equal to 210 GPa and Poisson’s coefficient, 𝜐, of 0.3. In order to evaluate the 

accuracy of the conceived model, strain measurements were obtained at different locations and 

compared with the respective numerical dynamic results. A good agreement was found concerning the 

numerical model of the non-strengthened structural system. Also, a finite element model of the 

retrofitted bridge stage was built considering pultruded CFRP bands with a Young’s modulus, 𝐸, equal 

to 165 GPa and ultimate strength, 𝜎𝑢, of 2500 MPa. Regarding the modelling techniques, linear springs 

were used to simulate the stiffness of the CFRP plates, rigid nodal constraints considered to represent 

the connection of the bands to the bottom flange of the floor-beam and rigid connector elements were 

assumed to give the eccentricity between the CFRP plates and the structural element. Maintaining the 
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associated stiffness, the prestress applied to the CFRP bands was taken into account by a translation of 

the respective constitutive behaviour of the material until the required prestress level occurs at the null 

value of displacement (Figure 2.67). 

 

a) modelling the unbonded CFRP post-tensioning system 

 

b) unbonded CFRP post-tensioning system (schematic representation) 

Figure 2.67 – Prestressed unbonded CFRP post-tensioning strengthening system (Ghafoori et al., 2014) 

 

The efficiency of the system for improving the fatigue capacity was investigated numerically for six 

bottom flanges of the floor-beams and twelve stringer-to-floor-beam connections of the Münchenstein 

Bridge. For the strengthened structural elements, three CFRP plates with cross-sectional dimensions of 

50x1.20 mm were admitted. Two different prestress levels were taken into account (20% and 40% of 

the ultimate stress of the CFRP, 𝜎𝑢). After the dynamic loading, the fatigue damage was evaluated at the 

selected details and accumulated using the Palmgren-Miner rule, taking into account the retrofitted and 

non-retrofitted structural behaviour. Among the conclusions reached, it is worth noting that: i) the 

application of an initial compression using prestressed CFRP plates had a negligible effect on the stress 

range, being the delay in the initiation of cracks achieved through the reduction of the stress ratio (mean 

stress); ii) increasing the prestress of CFRP bands, a reduction in the fatigue damage was achieved at all 

locations of the bridge; and iii) for the higher prestress level equal to 40%.𝜎𝑢, it was achieved a decrease 

in fatigue damage between 85% and 87% in the investigated details. Overall, the improving capacity of 

the unbonded post-tensioning strengthening system showed to be dependent on the structural behaviour, 

but the benefits achieved concerning the fatigue damage were relevant for each connection analysed. 
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After the numerical evaluation of the efficiency of the strengthening approach, Ghafoori et al. (2015b) 

presented analytical formulations to estimate the minimum prestress level required to be implement in 

the unbounded CFRP system, in order to prevent the initiation of fatigue cracks. Two approaches based 

on the constant life diagram concept (CLD), the modified Johnson and the modified Goodman fatigue 

failure criteria, were considered and analysed regarding the accuracy of the results and the necessity of 

previous knowledge of the structure conditions, such as material properties and prior loading events. 

Experimental tests were performed and the results were compared, assuming the implementation of the 

modified Goodman criteria as a reference. A good agreement was achieved between the prestress level 

evaluated experimentally and numerically.  

Subsequently, the conceived prestressed unbounded system was designed to improve the fatigue 

capacity of the Münchenstein Bridge by Ghafoori et al. (2015a). A critical analysis allowed achieving 

some relevant conclusions about the parameters and calculation approaches involved in the proposed 

strengthening methodology. Firstly, based on the modified Johnson or the modified Goodman fatigue 

failure criteria, an analytical method was presented to define two related parameters: i) the required 

eccentricity between CFRP plates and bottom flange of the structural members; and ii) the initial CFRP 

prestress level. Also, as previously noted, the reduction of the mean stress was foreseen in order to 

increase the remaining fatigue life, in some cases shifting from the finite life regime to the theoretically 

infinite fatigue life. Unlike the nominal stress method proposed in the majority of the standards and 

guidelines, both the modified Johnson and the modified Goodman criteria reflect the combined effects 

of the stress range, mean stress level and material properties on fatigue calculations. Furthermore, the 

results obtained allowed concluding that, although the modified Goodman criterion requires 

comprehensive knowledge about the metallic materials of the structural members, a similar fatigue 

assessment to that determined by the modified Johnson formula was obtained, requiring this latter 

approach less information. Once the design process was fully completed, the prestressed unbounded 

strengthening system was implemented on the investigated structure (Figure 2.68). 

  

Figure 2.68 – Post-tensioning strengthening system applied to the floor-beams (Ghafoori et al., 2015a) 
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As shown in Figure 2.68, a wireless sensor network system was installed to permanently evaluate the 

prestress level in each CFRP band, as well as the on-site temperature and relative humidity. The 

collected data allowed concluding that the growth of the ambient temperature leads to an increase in the 

magnitude of the stress level, which may be explained by the low thermal expansion coefficient of the 

CFRP material in the fibre direction in relation to the metal that composes the bridge. On the other hand, 

the humidity did not show to have considerable effects on the CFRP prestress level. 

The proposed prestressed unbounded retrofit system was conceived to improve the fatigue capacity of 

floor-beams (cross-girders) or short longitudinal stringers, modifying the mean stress related to stress 

ranges derived from positive bending moments. The respective application to other structural members 

differently loaded must require further investigation. Overall, the existing local and global remedial 

measures allow a variety of solutions, which may be implemented when details with very limited fatigue 

life are found in a certain bridge. The application of remedial measures may be a cost-effective solution 

to minimise the impact of the ageing of the bridge stock in Portugal and other developed countries. 

 

2.4. CONCLUDING REMARKS 

In this chapter, the problem of fatigue involving metallic bridges was comprehensively characterised. 

Historically, several events related to local or global failures have been recorded, leading to a 

progressive awareness of the mechanisms of fatigue and respective assessment, mainly throughout the 

20th century. Relevant investigations have been carried out and progressively included in standards and 

guidelines for structural safety verification.  

Fatigue is inherently a local phenomenon developed from the nanoscale to the propagation of relevant 

cracks with centimetres in length. The analysis of the influence of such damage on the structural integrity 

of Civil Engineering structures, with dimensions in the scale of tens or hundreds of metres, includes a 

multiscale problem, which has been influencing the assessment methods considered by structural 

engineers for design and safety verifications. In general, global methods based on nominal stress values 

and S-N curves have been adopted due to the simple calculation of the required stress results in the 

elastic domain. Nonetheless, the development of the computational capabilities has been leading to the 

progressive implementation of local methods, in particular to evaluate the structural performance of 

critical details part of existing bridges. In these types of structural systems, the available catalogues of 

S-N curves for nominal stresses may not be applicable nor provide a fatigue assessment compatible with 

the local geometrical characteristics and material properties of connections. Thus, advanced fatigue 

approaches based on local parameters have been gaining importance, allowing analyses more consistent 

with the real structural response. 
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The historical context of the development of the metallic construction and progressive awareness of the 

relevance of fatigue influenced the late evolution of the state-of-art concerning the fatigue response of 

riveted connections. Consequently, a review of important works involving riveting was assumed as 

relevant to the objectives of the current work. Following the general trend underlying the fatigue 

research, the assessment of such connections was initially performed mainly in the context of existing 

S-N curves for nominal stresses, but the progressive relevance of the implementation of local methods 

based on multiscale numerical approaches was clearly verified. Also, important research works carried 

out in welded details concerning aspects related to the evaluation of existing bridges were analysed. 

After the fatigue assessment, the replacement of a certain damaged structure may not be a cost-effective 

solution. Therefore, the implementation of economical repairing and strengthening solutions should be 

evaluated to maximise the service life of the bridge stock. 

The development of a methodology for fatigue life prediction of existing metallic railway bridges, based 

on normative procedures and on the most advanced knowledge of the state-of-the-art, requires a more 

comprehensive analysis of the available guidelines in the literature. Such a review is performed in the 

next chapters. In particular, in Chapter 3, the normative procedures to address fatigue are presented with 

a special focus on the Eurocodes. 
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3 
3. FATIGUE ASSESSMENT OF RAILWAY BRIDGES 

ACCORDING TO STANDARD PROCEDURES 

 

 

3.1. INTRODUCTION 

Failure events in several industries due to fatigue led to the development of standard methods to provide 

guidelines for structural analysis in the design stage. In Civil Engineering, most of the available codes 

applicable to metallic railway bridges provide approaches for the assessment of fatigue capacity. In the 

European Union, the unification of the normative procedures was carried out with the proposal of several 

standards that address structural issues related to different types of materials, replacing the national 

guidelines of the member states. Presently, the available standards assumed as reference are the 

Eurocodes. The scope of those is considerably wide, including normative methods for the evaluation of 

fatigue damage in several types of structures. For bridges composed of modern steels, reinforced 

concrete and composite steel-concrete, the principles of fatigue analysis are provided by several 

documents, some interdependent. 

 Eurocode 0: EN1990 - Basis of structural design.  

Annex A2 - Bridges. 

 Eurocode 1: EN1991 - Actions in structures.  

Part 2 - Traffic loads in bridges. 

 Eurocode 2: EN1992 - Design of concrete structures.  

Part 2 - Concrete bridges. Design rules.  

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

 Eurocode 3: EN1993 - Design of steel structures.  

Part 1-9 - Fatigue.  

Part 2 - Steel bridges. 

 Eurocode 4: EN1994 - Design of concrete-steel composite structures.  

Part 2 - Composite bridges. 
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For fatigue analysis in metallic structures, Eurocode 3, Part 1-9 (CEN, 2010c) suggests procedures for 

the design of details subjected to cyclic loadings. Two different approaches for fatigue assessment are 

foreseen: i) the equivalent constant amplitude stress range method; and ii) the linear damage 

accumulation method. The former is a simplified approach based on load models and quasi-static 

analyses that shall be always considered, if applicable. On the other hand, the latter is associated with 

quasi-static or dynamic calculations taking into account railway loadings related to train configurations. 

Both methods are based on suggested S-N curves for certain geometries, mainly proposed for nominal 

stresses and related to welded and bolted connections, without any guidance concerning riveted details. 

Also, Eurocode 1, Part 2 (CEN, 2017) and Eurocode 3, Part 2 (CEN, 2006) provide relevant guidelines 

concerning dynamic amplification factors, admissible railway load models and fatigue train loadings. 

The normative procedures underlying the Eurocodes are described in the following sections. 

Additionally, other relevant international standards and recommendations for assessing fatigue 

phenomena in metallic structures deserve to be discussed, particularly BS5400-10 (BSI, 1980), IIW 

Recommendations (Hobbacher, 2008), AASHTO (2012) or AREMA (2013). Regarding some of the 

latter, normative procedures addressing riveted connections are particularly approached, taking into 

account the limitations of the Eurocodes regarding such geometries. 

 

3.2. FATIGUE ASSESSMENT ACCORDING TO THE EUROCODES 

In terms of railways, the unification of the applicable standards procedures was found as critical to 

achieve interoperability within the network of the European Union. The criteria related to the structural 

safety and comfort of passengers must be maintained in the planned railway lines. For fatigue, the 

characteristics of the required calculations, applicable amplification factors, catalogues for classification 

of details and mandatory fatigue assessment methods are suggested. 

 

3.2.1. RAILWAY LOADING EFFECTS 

In general, the type of calculations underlying the fatigue assessment is defined by the evaluation of the 

necessity of performing dynamic analyses, with this being a critical requirement dependent on the speed 

of the railway traffic and on the complexity of the investigated structural system. Such an initial 

decision-making process concerning the expected dynamic responses and eventual resonant effects shall 

be based on the typified diagram proposed in subsection 6.4.4 of EN1991-2 (CEN, 2017). Depending 

on the required quasi-static or dynamic calculations, as well as velocities of circulation of the trains, the 

dynamic effects of the railway loading shall be considered according to different approaches, influencing 

the admissible load models, train configurations and amplification factors. 
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In general, the dynamic amplification for each real train (RT) or standard fatigue train (SFT) may be 

obtained by multiplying the static effects by a combined enhancement factor given by: 

 1 + 0.5(𝜑′ + 0.5𝜑′′). (𝑅𝑇, 𝑆𝐹𝑇) (3.1) 

where, 𝜑′ is the amplification factor related to the dynamic effects of the loading and 𝜑′′ is the one 

associated with the track irregularities and vehicle imperfections. As defined in annex D of EN1991-2 

(CEN, 2017), the factor obtained by equation (3.1) is suggested to take into account the average of 

effects over an assumed service life of 100 years. 

For 𝑣 ≤ 200 km/h and when no dynamic analyses are mandatory, the parameter 𝜑′ is defined as follow: 

 𝜑′ =
𝐾

1 − 𝐾 + 𝐾4
 (3.2) 

in which, 𝐾 is expressed by: 

 

𝐾 =

{
 
 

 
 

𝑣

160
For 𝐿Φ ≤ 20m

𝑣

47.16𝐿Φ
0.408 For 𝐿Φ > 20m

 (3.3) 

where, 𝑣 is the maximum nominal train speed and 𝐿Φ is the determinant length. Also, for the same range 

of velocities, 𝜑′′ is defined by: 

 𝜑′′ = 0.56𝑒
−𝐿Φ

2

100
⁄

 (3.4) 

The amplification coefficients given by equations (3.2) and (3.4) are assumed as approximations for 

velocities up to 200 km/h and are not valid for higher speed values. 

For 𝑣 > 200 km/h, the definition of the dynamic enhancement factor depends on the necessity of 

performing mandatory dynamic analyses. When only quasi-static calculations are required according to 

subsection 6.4.4 of EN1991-2 (CEN, 2017), the applicable amplification coefficients may be obtained 

as defined in annex C. Therefore, the dynamic enhancement factor related to the effects of the railway 

loading shall be obtained by: 

 
𝜑′ = {

𝐾

1 − 𝐾 + 𝐾4
For 𝐾 < 0.76

1.325 For 𝐾 ≥ 0.76

 (3.5) 

where, 𝐾 is expressed by: 

 𝐾 =
𝑣

2. 𝐿Φ. 𝑛0
 (3.6) 

In equation (3.6), 𝑣 and 𝐿Φ have the meaning as in equation (3.3) and 𝑛0 is the first natural bending 

frequency of the bridge loaded by permanent actions. On the other hand, when dynamic analyses are 

mandatory, 𝜑′ is defined by the relation between the dynamic and static outcomes of interest: 
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 𝜑′
𝑑𝑦𝑛

= 𝑚𝑎𝑥 |
𝑦𝑑𝑦𝑛

𝑦𝑠𝑡𝑎𝑡
| − 1 (3.7) 

where, 𝑦𝑑𝑦𝑛 is the maximum dynamic response and 𝑦𝑠𝑡𝑎𝑡 is the corresponding maximum static value, 

both at a certain point of the analysed structural element (e.g. stress, displacement). For 𝑣 > 200km/h, 

either for quasi-static or dynamic analyses, 𝜑′′ may be obtained by: 

 𝜑′′ =
𝛼

100
[56𝑒−(

𝐿Φ
10

)
2

+ 50 (
𝐿Φ. 𝑛0
80

− 1) 𝑒−(
𝐿Φ
20

)
2

] with 𝜑′′ ≥ 0 (3.8) 

in which, 𝐿Φ is the determinant length, same as used in equations (3.4) and (3.6), and α is the coefficient 

of speed, defined as: 

 
𝛼 = {

𝑣

22
if 𝑣 ≤ 22 𝑚/𝑠

1 if 𝑣 > 22 𝑚/𝑠

 (3.9) 

Regarding equation (3.8), the respective validity is limited by the upper values admissible for 𝑛0. If such 

a parameter is not in the required range, 𝜑′′ shall be computed after implementing a bridge-train 

interaction methodology to perform dynamic analyses, including the profile of irregularities of the track. 

Also, according to EN1991-2 (CEN, 2017) the dynamic enhancement shall be allowed by multiplying 

the effects of the static loading of LM71 (and SW/0, if required) by the respective enhancement factor, 

. When dynamic analyses are required, the higher fatigue loading shall be considered in the necessary 

safety verifications. The former requirement is defined by: 

  × (𝐿𝑀71, 𝑆𝑊/0) (3.10) 

In general, the factor , which accounts for the dynamic amplification but not necessarily for the 

resonance effects, is taken as 2 or 3 depending on the quality of the track maintenance as follows: 

 
2 =

1.44

√𝐿𝛷 − 0.2
+ 0,82 with 1.00 ≤ 2 ≤ 1.67 (for carefully maintained track) (3.11) 

 3 =
2.16

√𝐿𝛷 − 0,2
+ 0,73 with 1.00 ≤ 3 ≤ 2.00 (for track with standard maintenance) (3.12) 

In order to define the fatigue loading associated with the load models, annex D of EN1991-2 (CEN, 

2017) suggests the amplification factor for careful maintenance as the one applicable to the equivalent 

stress range method. Despite not being clear, it seems logical to assume that the enhancement factor 2 

may represent the average of effects underlying the definition of equation (3.1), without assuming any 

dependency on the quality of the maintenance of the track. Nonetheless, according to the philosophy of 

the Eurocode, it may also be reasonable to adopt 3 under certain conditions of uncertainty, as those 

usually underlying the initial stages of structural verification of existing structures, which are not in the 

initial scope of EN1991-2 (CEN, 2017). Concerning the linear influence on the fatigue loading of 

assuming 2 or 3, further comments are addressed in Chapter 6. According to the same argument, a 
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conservative definition of the dynamic amplification factor applicable to real trains (RT) and standard 

fatigue trains (SFT) may also be assumed as in annex C of EN1991-2 (CEN, 2017):  

 (1 + 𝜑′ + 0.5𝜑′′). (𝑅𝑇, 𝑆𝐹𝑇) (for carefully maintained track)  (3.13) 

 (1 + 𝜑′ + 𝜑′′). (𝑅𝑇, 𝑆𝐹𝑇)          (for track with standard maintenance) (3.14) 

However, using appropriate information, the type of past, present and future traffic scenarios may be 

defined with good reliability in line with the real characteristics of the railway loading, which may justify 

the consideration of the average effects for fatigue during the service life, as defined in equation (3.1). 

When dynamic analyses are mandatory, the fatigue safety-check shall consider all additional effects, 

assuming the stress ranges of interest originated by the oscillation above and below the corresponding 

permanent loading due to: 

i. Additional free vibrations set up by impact effects from axle loads circulating at high speed; 

ii. The magnitude of the effects of the dynamic loading at resonance; 

iii. The additional stress cycles caused by the dynamic loading at resonance. 

Also, the assumed range of velocities shall take into account future increments of the operating speed 

due to modifications of the traffic demand. For structures carrying multiple tracks, the fatigue loading 

shall be applied to a maximum of two tracks in the most unfavourable positions. 

In order to account for the type of current and future railway traffic, EN1991-2 (CEN, 2017) provides 

three scenarios corresponding to an annual tonnage of approximately 25x106, representing the heavy, 

standard and light traffic. Such mixes are defined by different combinations of twelve normative fatigue 

trains. As an example, a load scheme corresponding to fatigue train type 5 is presented in Figure 3.1. 

 

Figure 3.1 – Example of a fatigue train model: type 5 – locomotive-hauled freight train (m) (CEN, 2017) 

 

In Table 3.1, the main characteristics of the twelve normative fatigue trains are detailed, while in Table 

3.2, Table 3.3 and Table 3.4, the combinations underlying the different traffic scenarios are presented. 
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Table 3.1 – Standard fatigue trains proposed in EN1991-2 (CEN, 2017) 

Train Type 
Speed 

(km/h) 

L 

(m) 

q 

(kN/m) 

Max. axle load 

(kN) 

Total weight 

(kN) 

1 Locomotive-hauled passenger train 200 262.10 25.30 225 6630 

2 Locomotive-hauled passenger train 160 281.10 18.90 225 5300 

3 High-speed passenger train 250 385.52 24.40 200 9400 

4 High-speed passenger train 250 237.60 21.50 170 5100 

5 Locomotive-hauled freight train 80 270.30 80 225 21600 

6 Locomotive-hauled freight train 100 333.10 43 225 14310 

7 Locomotive-hauled freight train 120 196.50 52.70 225 10350 

8 Locomotive-hauled freight train 100 212.50 48.70 225 10350 

9 Suburban multiple unit train 120 134.80 22.00 130 2960 

10 Underground 120 129.60 27.80 150 3600 

11 Locomotive-hauled freight train 120 198.50 57.20 250 11350 

12 Locomotive-hauled freight train 100 212.50 53.40 250 11350 

 

Table 3.2 – Standard traffic mix proposed in EN1991-2 (CEN, 2017) 

Train Type 
Total weight 

(kN) 
Number of trains/day 

Traffic volume 

(106 t/year) 

1 Locomotive-hauled passenger train 6630 12 2.90 

2 Locomotive-hauled passenger train 5300 12 2.32 

3 High-speed passenger train 9400 5 1.72 

4 High-speed passenger train 5100 5 0.93 

5 Locomotive-hauled freight train 21600 7 5.52 

6 Locomotive-hauled freight train 14310 12 6.27 

7 Locomotive-hauled freight train 10350 8 3.02 

8 Locomotive-hauled freight train 10350 6 2.27 

  Total 67 24.95 

 

Table 3.3 – Heavy traffic mix proposed in EN1991-2 (CEN, 2017) 

Train Type 
Total weight 

(kN) 
Number of trains/day 

Traffic volume 

(106 t/year) 

5 Locomotive-hauled freight train 21600 6 4.73 

6 Locomotive-hauled freight train 14310 13 6.79 

11 Locomotive-hauled freight train 11350 16 6.63 

12 Locomotive-hauled freight train 11350 16 6.63 

  Total 51 24.78 
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Table 3.4 – Light traffic mix proposed in EN1991-2 (CEN, 2017) 

Train Type 
Total weight 

(kN) 
Number of trains/day 

Traffic volume 

(106 t/year) 

1 Locomotive-hauled passenger train 6630 10 2.42 

2 Locomotive-hauled passenger train 5300 5 0.97 

5 Locomotive-hauled freight train 21600 2 1.58 

9 Suburban multiple unit train 2960 190 20.53 

  Total 207 25.79 

 

Alternatively, when the defined traffic scenarios do not represent the actual traffic, combinations of real 

trains that are part or are planned to be part of the rolling stock should be specified. Regarding the 

loading direction, vertical and centrifugal forces must be considered. On the other hand, the values of 

the nosing and longitudinal ones may be neglected. 

After defining the characteristics of the quasi-static or dynamic structural calculations and the 

configuration of the applicable railway loadings, several aspects related to the investigated structure 

shall be established to implement the workflow underlying the assessment methods (Figure 3.2). 

 

Figure 3.2 – Fatigue analysis according to the applicable Eurocodes 

 

As inputs to the calculation algorithm, the fatigue resistance of structural details, the philosophy of the 

fatigue assessment and the required service life for the investigated bridge shall be defined. 
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3.2.2. FATIGUE STRENGTH 

In EN1993-1-9 (CEN, 2010c), guidelines for the definition of the fatigue resistance of details are 

suggested. Several S-N relations represented in the classic bi-logarithmic scale, log(Δ𝜎𝑅)-log(𝑁) and 

log(Δ𝜏𝑅)-log(𝑁), are proposed to evaluate the fatigue strength of steel connections. Such curves are 

defined by three characteristic stress ranges: 

i. Constant amplitude fatigue limit, Δ𝜎𝐷, defined as the fatigue strength for direct stresses 

evaluated at 5x106 cycles with constant amplitude. When the amplitude of the loading is 

variable, no damage occurs if all stress ranges are below Δ𝜎𝐷; 

ii. Cut-off limit, Δ𝜎𝐿 or Δ𝜏𝐿, the value for direct or shear stress ranges below which cycles do 

not contribute to the accumulation of the fatigue damage, respectively; 

iii. Detail category, Δ𝜎𝐶 and Δ𝜏𝐶, defined as the fatigue strength at 2x106 cycles with constant 

amplitude, assumed to identify a certain S-N curve. 

Also, single or double slopes, 𝑚, are foreseen to define the boundaries of the fatigue resistance. The 

majority of the S-N curves suggested in EN1993-1-9 (CEN, 2010c) are related to nominal stress values, 

but some limited guidance is also given for structural stresses. 

 

3.2.2.1. S-N curves for direct stresses 

For the definition of the fatigue resistance considering direct stresses, Δ𝜎𝑖 , two distinct configurations 

dependent on the characteristics of the cyclic loading may be assumed. Fourteen categories are proposed 

in EN1993-1-9 (CEN, 2010c). In Figure 3.3, a generic configuration of the S-N curves is presented. 

 

Figure 3.3 – Fatigue strength curve configuration for direct stress ranges (CEN, 2010c) 
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For direct stresses composed of constant amplitude cycles, the curves are characterised by a single slope 

𝑚=3 until 5x106 cycles. After this point, according to the definition of Δ𝜎𝐷, it is considered that no 

damage occurs if cycles do not exceed the constant amplitude limit. This configuration is also applicable 

if the loading is composed of cycles of variable amplitude but none of them exceeding the value of Δ𝜎𝐷 

associated with the detail category. Such S-N curve may be defined as follows: 

 Δ𝜎𝑅
𝑚. 𝑁 = Δ𝜎𝐶

𝑚. 2x106 with m = 3 for N ≤ 5x106 (3.15) 

where, Δ𝜎𝑅 is the fatigue strength of the structural detail that is reached after 𝑁 acting cycles. The 

constant amplitude limit, Δ𝜎𝐷, is expressed by: 

 
Δ𝜎𝐷 = (

2

5
)

1
3
. Δ𝜎𝐶  (3.16) 

For nominal stress time histories with stress ranges above and below Δ𝜎𝐷, the fatigue resistance shall be 

based on the extended fatigue strength curves. These S-N configurations are then characterised by two 

slopes, 𝑚=3 until 5x106 cycles and 𝑚=5 for a higher number of cycles: 

 Δ𝜎𝑅
𝑚. 𝑁 = Δ𝜎𝐶

𝑚. 2x106 with m = 3 for N ≤ 5x106 

(3.17) 

 Δ𝜎𝑅
𝑚. 𝑁 = Δ𝜎𝐷

𝑚. 5x106 with m = 5 for 5x106 ≤ N ≤ 100x106 

The cut-off limit, Δ𝜎𝐿, is given by: 

 
Δ𝜎𝐿 = (

5

100
)

1
5

. Δ𝜎𝐷 (3.18) 

The fourteen S-N relations are associated with certain types of details. When a given geometry does not 

fit the proposed curves, it shall be carried out a conservative analysis consisting of categorising the 

investigated detail into a category below the one to which it can be related. The details that can be 

analysed according to such assumptions are identified with the Δ𝜎𝐶
∗ designation. An alternative 

assessment approach can also be performed assuming the related detail category but imposing at the 

same time the value of Δ𝜎𝐷 as the fatigue strength at 10x106 cycles (Figure 3.4).  

 

Figure 3.4 – Alternative strength Δ𝜎𝐶 for details classified as Δ𝜎𝐶
∗ (CEN, 2010c) 
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In the scope of the guidelines proposed in EN1993-1-9 (CEN, 2010c), the fatigue resistance of some 

details is strongly dependent on the dimensional characteristics. In such cases, it is foreseen a reduction 

coefficient for the fatigue strength, 𝑘𝑠: 

 Δ𝜎𝐶,𝑟𝑒𝑑 = 𝑘𝑠.Δ𝜎𝐶  (3.19) 

 

3.2.2.2. S-N curves for shear stresses 

In order to establish the fatigue resistance for shear stresses, Δ𝜏𝑖 , a single slope 𝑚=5 and a cut-off limit, 

Δ𝜏𝐿, defined at 100x106 cycles are assumed. Two categories are suggested in EN1993-1-9 (CEN, 2010c). 

In Figure 3.5, a generic configuration of the S-N curves is presented. 

 

Figure 3.5 – Fatigue strength curve configuration for shear stress ranges 

 

As the S-N curves for direct stresses, those to be considered for shear values are characterised by the 

fatigue strength at 2x106 cycles, Δ𝜏𝐶. Mathematically, such relation is defined as follows: 

 Δ𝜏𝑅
𝑚. 𝑁 = Δ𝜏𝐶

𝑚 . 2x106 with m = 5 for N ≤ 100x106 (3.20) 

The cut-off limit, Δ𝜏𝐿, is be expressed by: 

 
Δ𝜏𝐿 = (

2

100
)

1
5
. Δ𝜏𝐶  (3.21) 

 

3.2.3. DETERMINATION OF THE ACTING STRESSES 

As mentioned, the methods proposed in EN1993-1-9 (CEN, 2010c) for fatigue assessment are mainly 

based on nominal values, with some guidance concerning structural stresses. Three distinct types of 

stress concepts are addressed: i) nominal stress; ii) modified nominal stress; and iii) structural stress. 
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According to the appropriate approaches, each of the defined stresses may be used to evaluate fatigue 

life using the respective S-N relations. Such stress-life methods are described in more detail in Chapter 

4, in order to establish the grounds for the development of more advanced fatigue approaches. 

Concerning the characterisation of each stress concept, the nominal one may be defined as the stress 

value in the parent material close to a potential crack location, excluding local concentration effects and 

calculated in accordance with the elastic theory (Figure 3.6). 

 

Figure 3.6 – Nominal stress in parent material (schematic) (adapted from CEN (2007)) 

 

Based on the nominal stress, a modified value may be obtained through the multiplication by an 

appropriate stress concentration factor, 𝑘𝑔𝑡, in order to consider a geometrical discontinuity that has not 

been taken into account in the classification of a given structural detail (Figure 3.7). 

 

Figure 3.7 – Modified nominal stress close to a crack location (schematic) (adapted from CEN (2007)) 

 

The calculated modified nominal stress shall be used instead of the nominal value if the admissible 

location for initiation of a crack is adjacent to a stress concentration raiser, as represented in Figure 3.7 

by the circular hole. The S-N curves foreseen for nominal stresses are applicable. 

For welded details, the structural stress is the maximum principal stress at the parent material adjacent 

to the weld toe associated with a potential location for a fatigue crack (hot-spot), considering the 

concentration effects due to the local geometry of the respective structural detail (structural stress). This 

type of stress is usually called structural, geometric or hot-spot stress (Figure 3.8). 
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Figure 3.8 – Structural stress in a welded connection (hot-spot stress) 

 

Several proposals may be implemented to compute structural stresses depending on the linearisation 

method, with the surface extrapolation being the most common. Similarly, the Theory of Critical 

Distances may allow an alternative approach by implementing appropriate local notch methods to 

investigate welded and non-welded details but it is not covered by the Eurocodes. For local stress 

quantities, refined numerical models must be adopted, assuming relevant mesh densities that may have 

important computational costs, but addressing the local geometrical and material properties. On the other 

hand, the assessment of nominal values is usually associated with global numerical models, without 

considering the local detailing, not properly reproducing eventual distortions and secondary effects.  

 

3.2.4. FATIGUE SAFETY EVALUATION 

The classification of details depends on several aspects, such as their geometry and dimensions, the 

construction method and inspection conditions, the direction of the acting loading and the location where 

the crack initiation is expected to take place. 

According to EN1993-1-9 (CEN, 2010c), the fatigue assessment shall be performed considering two 

different philosophies: 

i. Safe life method, aiming to ensure that the structure remains for a certain period of time 

without relevant fatigue cracks, delaying any important propagation or even preventing the 

initiation of cracks, assuming that no regular inspections are mandatory; 

ii. Damage tolerant method, admitting the formation of cracks in details designed to present 

high critical lengths, providing associated redundant load-carrying paths and assuming 

frequent inspections until repairing or strengthening works.  

Depending on the concept of fatigue design assumed, the corresponding safety partial factor related to 

fatigue resistance, 𝛾𝑀𝑓, shall be adopted (Table 3.5). 
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Table 3.5 – Partial safety coefficients related to fatigue strength (𝛾𝑀𝑓) (CEN, 2010c) 

Assessment method 
Consequence of failure 

Low consequence High consequence 

Damage tolerant 1.00 1.15 

Safe life 1.15 1.35 

 

As already briefly mentioned, the Eurocodes propose two different methodologies to analyse the fatigue 

resistance of a structural connection: i) the equivalent constant amplitude stress range method; and ii) 

the linear damage accumulation method. The respective fundamentals are described below. 

 

3.2.4.1. Equivalent constant amplitude stress range method 

Also known as the λ-coefficient method, this approach is related to the assessment of the quasi-static 

effects of the applicable load models. When no dynamic analyses are required, the fatigue assessment 

may be performed considering only such a method developed based on simplifications. The concept of 

damage equivalence factors was derived from parametric investigations to represent fatigue effects of 

regular railway traffic covered by the appropriate load models. On the other hand, if dynamic 

calculations are mandatory, the most adverse fatigue loading shall be used in the design. In EN1993-2 

(CEN, 2006), the equivalent constant amplitude stress, Δ𝜎𝐸2 or Δ𝜏𝐸2, is associated with 2x106 cycles: 

 Δ𝜎𝐸2 = 𝜆.. Δ𝜎71 (3.22) 

 Δ𝜏𝐸2 = 𝜆.. Δ𝜏71 (3.23) 

where, 𝜆 is the damage equivalence factor, Δ𝜎71 or Δ𝜏71 the maximum stress ranges due to the load model 

LM71 (and SW/0, if applicable) and  is the dynamic amplification factor (see equations (3.11) and 

(3.12)). The damage equivalence factor, 𝜆, for railway bridges with a span up to 100 m, shall be obtained 

by multiplying four partial factors: 

 𝜆 = 𝜆1. 𝜆2. 𝜆3. 𝜆4 ≤ 1.40 (3.24) 

in which the partial factors, 

 𝜆1 - considers the type of traffic, depending on the length of the influence line of the detail; 

 𝜆2 - accounts for different volumes of traffic (traffic intensities); 

 𝜆3 - takes into account the design life of the structure; 

 𝜆4 - considers simultaneous traffic on bridges that have more than one track. 

For each partial factor, EN1993-2 (CEN, 2006) proposes normative procedures to compute the 

respective value. The verification of the fatigue safety consists of satisfying the following inequalities: 
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 𝛾𝐹𝑓 . Δ𝜎𝐸2 ≤
Δ𝜎𝐶
𝛾𝑀𝑓

 (3.25) 

 𝛾𝐹𝑓 . Δ𝜏𝐸2 ≤
Δ𝜏𝐶
𝛾𝑀𝑓

 (3.26) 

where, 𝛾𝐹𝑓 is the partial safety factor for the fatigue loading. A value equal to 1.00 should be adopted if 

no further recommendation is given in the national annex.  

In general, for a certain detail, when the loading induces simultaneously direct and shear stresses, Δ𝜎𝐸2 

and Δ𝜏𝐸2, a combined criteria for fatigue verification shall be satisfied as follows: 

 (
𝛾𝐹𝑓Δ𝜎𝐸2

Δ𝜎𝐶 𝛾𝑀𝑓⁄
)

3

+ (
𝛾𝐹𝑓Δ𝜏𝐸2

Δ𝜏𝐶 𝛾𝑀𝑓⁄
)

5

≤ 1 (3.27) 

Additional guidance may be provided in the tables that define the fatigue strength categories regarding 

alternative assessment procedures for combined stress ranges.  

 

3.2.4.2. Linear damage accumulation method 

Concerning fatigue calculations in the context of Civil Engineering, this approach is the most 

comprehensive suggested in the Eurocodes and has been widely implemented, depending on the 

characteristics of the investigated detail and available S-N curves. Dynamic or quasi-static analyses may 

be considered based on real traffic or standard traffic scenarios. The Palmgren-Miner rule is proposed 

to compute the accumulation of the fatigue damage taking into account the existing stress ranges, Δ𝜎𝑖, 

computed from a given stress time history: 

 𝐷 = ∑
𝑛𝑖
𝑁𝑖

≤ 1 (3.28) 

where, 𝐷 is the accumulated fatigue damage, 𝑛𝑖 the number of load cycles at Δ𝜎𝑖 and 𝑁𝑖 is the total 

fatigue life expressed in cycles of the detail submitted to Δ𝜎𝑖.  

In annex A of EN1993-1-9 (CEN, 2010c), several steps required to compute the accumulated fatigue 

damage are suggested: 

i. After defining the traffic scenarios, determination of the loading events; 

ii. Calculation of the stress histories over time in the critical details; 

iii. Counting of the stress cycles using algorithms, such as the rainflow or the reservoir one, 

defining the relation between 𝑛𝑖 and respective Δ𝜎𝑖; 

iv. Identification of the applicable S-N curve; 

v. Determination of the accumulated damage. 

After defining the service life, the damage for such period shall be estimated and the fatigue safety 

evaluated. For example, for 100 years, the damage 𝐷100 must be inferior to 1.00 (reference values). 
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3.3. FATIGUE ASSESSMENT ACCORDING TO OTHER STANDARDS AND GUIDELINES 

Similar to the Eurocodes, several international standards and guidelines propose methods to evaluate 

fatigue damage in metallic details, e.g. BS5400-10 (BSI, 1980), IIW Recommendations (Hobbacher, 

2008), AASHTO (2012) and AREMA (2013). In general, approaches based on S-N curves for nominal 

stresses are clearly dominant. Only the IIW Recommendations provides relevant additional procedures 

for local assessment methods. A detailed review of such documents is not considered important in the 

context of the current work. Therefore, the main differences and additional contributions with respect 

to the Eurocodes are highlighted. Also, a summary of the recommendations for riveted connections is 

presented due to the identified limitations of EN1993-1-9 (CEN, 2010c) concerning the absence of 

appropriate guidance for this type of detail. 

 

3.3.1. BS5400-10: CODE OF PRACTICE FOR FATIGUE 

Despite BS EN1993-1-9 (BSI, 2005) superseded BS5400-10 (BSI, 1980), the original British document 

deserves to be analysed since it considers additional aspects regarding the fatigue in bridges when 

compared to the Eurocodes. Supplementary structural details and respective classification are proposed, 

including riveted connections among the non-welded ones, being the corresponding fatigue strength 

defined by S-N curves for nominal stresses (Figure 3.9). 

 

Figure 3.9 – Classification suggested for non-welded details (BSI, 1980) 

 

The workmanship and inspection conditions are included in the detail classification, influencing the 

evaluation of the fatigue resistance. Nine S-N curves for direct stresses are suggested in BS5400-10 

(BSI, 1980), defined by single or double slopes 𝑚 and characterised by only one parameter designated 

as constant amplitude non-propagating range, 𝜎0, associated with 10x106 cycles (the equivalent Δ𝜎𝐷 in 

the Eurocode is defined at 5x106 cycles). Nonetheless, the proposed boundaries for fatigue resistance 

may be adapted depending on the probability of failure, which is standardly defined as 2.3%. In order 

to consider different values, the S-N curves may be defined according to the following relation: 
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 𝑁. 𝜎𝑅
𝑚 = 𝐾0. ∆

𝑑 (3.29) 

where, 𝜎𝑅 is the fatigue strength of the structural detail that is reached after 𝑁 cycles, 𝐾0 the constant 

term relating to the mean line of the results of the experimental tests, ∆ 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. For 

different probabilities of failure, several values for the parameter 𝑑 are proposed. 

In which concerns the stress concentration factors, several relations are suggested for different 

geometrical characteristics and local stress effects at notches. 

 

3.3.2. IIW - RECOMMENDATIONS FOR FATIGUE DESIGN OF WELDED JOINTS AND COMPONENTS 

The International Institute of Welding (IIW) suggests a set of recommendations to investigate welded 

connections (Hobbacher, 2008). The field of application covered by the IIW is much more 

comprehensive than the one considered by the Eurocodes. Additional categories of details are proposed 

and local methods are suggested for the assessment of fatigue damage. 

Regarding approaches for fatigue investigation, a more complete set of methods is proposed when 

compared to EN1993-1-9 (CEN, 2010c), namely: 

i. Nominal stresses approach (included in Eurocode 3); 

ii. Hot spot stresses approach (included in Eurocode 3); 

iii. Effective notch stresses approach (not included in Eurocode 3); 

iv. Stress intensity factors approach (not included in Eurocode 3). 

Also, the implementation of Fracture Mechanics concepts for fatigue assessment allows analysing the 

crack propagation phase after the detection of an initial crack, computing the associated remaining life, 

which is not possible by applying the methods foreseen in the Eurocode. 

 

3.3.3. AASHTO – LRFD BRIDGE DESIGN SPECIFICATIONS 

In the United States of America, this standard is the reference one for the structural analysis of highway 

bridges, but valuable contributions may be noted since the philosophy of the fatigue assessment is 

independent of the type of loading. In addition, as demonstrated in Chapter 2, relevant works for the 

development of the state-of-the-art were performed based on previous versions of such a document. 

AASHTO (2012) distinguishes between load-induced fatigue and distortion-induced fatigue, providing 

a set of recommendations to minimise the damage of the latter phenomenon: 
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i. Load paths robust enough to transmit all expected and unexpected forces shall be provided 

by connecting all transverse members to appropriate components of the cross-section of 

the longitudinal member;  

ii. Such load paths shall be materialised by connecting the various components by welding or 

bolting techniques; 

iii. When existing, the transverse connection plates shall be welded or bolted to both the 

compression and tension flanges of the cross-section; 

iv. For lateral connection plates on stiffened webs, if the attachment to the flanges is not 

practical, several minimum distances to these last components are provided to reduce the 

concentration of out-of-plane distortions in the web. 

Regarding the load-induced fatigue, when compared with EN1993-1-9 (CEN, 2010c), several details 

are classified according to eight S-N curves mainly for welded and bolted connections, but riveted details 

are also addressed. Additionally, the concept of the fracture-critical member (FCM) is established and 

defined as the structural element which failure is expected to result in the collapse of the bridge or in the 

incapacity of the structure to remain in service. For such members, supplementary fracture toughness 

shall be provided. In this regard, AASHTO (2012) foresees the mandatory assessment of the material 

toughness to characterise the fracture strength. 

 

3.3.4. AREMA - MANUAL FOR RAILWAY ENGINEERING 

Also based on the experience in the United States of America, the Manual for Railway Engineering 

(AREMA, 2013) addresses several design and maintenance aspects related to railway tracks, structures, 

infrastructures and systems of management. Among the covered topics, methods based on nominal 

stresses are proposed for fatigue evaluation in metallic railway bridges, addressing the behaviour of 

welded, bolted and riveted connections. For the latter, important guidelines are provided. 

Relevant similarities with AASHTO (2012) may be stated. Eight base S-N curves are also proposed for 

direct stresses based on a probability of failure of 2.5%. As partially demonstrated in Chapter 2, such 

curves have been progressively validated over the years through real scale tests. Based on the allowable 

stress design principle, the concept of equivalent stress associated with the root mean cube stress range 

is proposed as a damage indicator. The principle of fracture-critical members (FCM) is also addressed.  

The redundancy of riveted connections and the respective capacity to redistribute internal forces is 

approached, namely the possibility of allowing controlled fatigue damage at a rivet or a set of rivets if 

the appropriate conditions of redundancy are verified. When a crack is detected in a particular structural 

element, a set of procedures is suggested depending on the economic arguments, namely: 
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i. Close the structure or restrict the rolling stock; 

ii. Repair, strength or retrofit the damaged details or replace the structure; 

iii. Initiate frequent and very rigorous inspections works, particularly focused on the identified 

most critical details; 

iv. Installation of strain gauges to evaluate the actual stress ranges related to the railway traffic, 

aiming to perform a more reliable analysis of the fatigue phenomenon; 

v. Consider the possibility of using more advanced inspections techniques to detect 

propagating cracks. 

As mentioned, the fatigue of riveted connections is approached with special detail due to the extensive 

stock of this type of bridge in the United States of America. Also, based on the available results in the 

literature, the wrought iron connections are analysed in terms of the respective fatigue behaviour. 

 

3.3.5. S-N CURVES FOR RIVETED CONNECTIONS 

Despite the current non-use of the riveting technique in the design of new railway structures, a major 

drawback of the Eurocodes is the lack of methods for fatigue assessment of such connections, once there 

is an extensive number of operating bridges with this type of detail. In this subsection, for better 

understanding, the nomenclature suggested in EN1993-1-9 (CEN, 2010c), namely ∆𝜎𝐷 and ∆𝜎𝐿, is 

adopted to characterise the S-N curves defined based on similar concepts and proposed in other 

documents, even considering the differences concerning the related number of cycles. 

The Manual for Railway Engineering (AREMA, 2013) suggests three options for classifying riveted 

details, all of them derived from the S-N curve for the category 𝐷 mainly defined by a single slope 𝑚=3. 

If the loading is characterised by variable stress amplitudes and the clamping force of the rivets is 

assumed as low, it is proposed an extension of such a curve until ∆𝜎𝐿=41.37 MPa when at least 0.10% 

of the stress spectrum is higher than ∆𝜎𝐷=48.26 MPa. The mentioned document also allows using the 

curve for the category 𝐶 in the region between 62.05 MPa and ∆𝜎𝐿=41.37 MPa, if the holes are punched 

and the clamping force level is considered as normal. On the other hand, for an identical magnitude of 

the clamping force, when the holes are correctly drilled or subpunched and reamed, an alternative is 

proposed derived from the latter curve configuration. In such a case, in the region between 52.31 MPa 

and ∆𝜎𝐿=41.37 MPa, a slope 𝑚=9.5 is suggested. Additionally, AASHTO (2012) proposes the S-N curve 

for the category 𝐷 but characterised with a different threshold, ∆𝜎𝐿=(0.5∆𝜎𝐷)=24.13 MPa, in order to 

consider the loading effects of the roadway traffic higher than those assumed in the design stage.  

BS5400-10 (BSI, 1980) suggests the S-N curve for the class 𝐷 characterised by a constant amplitude 

non-propagating stress range, equivalent to ∆𝜎𝐷, equal to 53 MPa related to a number of cycles, 𝑁, of 
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10x106. This S-N curve for riveted details may be defined by one or two slopes depending on the 

variability of the loading. When the acting stress ranges have lower amplitudes than ∆𝜎𝐷, only one slope 

𝑚=3 is considered until 𝑁=10x106. Otherwise, when the stress history has variable amplitude and some 

stress ranges are greater than ∆𝜎𝐷, an additional slope 𝑚=5 is adopted after 𝑁=10x106 cycles. 

As mentioned above, EN1993-1-9 (CEN, 2010c) does not provide any S-N curve for riveted details, 

although relevant investigations have been performed about the possibility of using the proposed ones 

to assess the fatigue damage in this type of connection (Taras and Greiner, 2010a). As demonstrated in 

Chapter 2, several authors concluded that the S-N curve for the detail category 71 may be considered to 

deal with riveted geometries. Such a relation is defined by ∆𝜎𝑐=71 MPa at 𝑁=2x106, ∆𝜎𝐷=52.31 MPa 

related to 𝑁=5x106 and ∆𝜎𝐿=28.73 MPa associated with 𝑁=100x106. Two slopes may be considered, 

𝑚=3 until ∆𝜎𝐷 and 𝑚=5 after this point. 

For riveted connections, the proposed S-N curves to assess the fatigue strength related to the number of 

cycles, ∆𝜎𝑅-𝑁, are summarised in equations (3.30) to (3.35). According to AREMA (2013), the S-N 

curve for the category 𝐷 with low clamping force is described by: 

𝑁 = {

𝐴. ∆𝜎𝑅
−𝑚, ∆𝜎𝑅 > ∆𝜎𝐿                                                     ∆𝜎𝐿 = 41.37 MPa,𝑚 = 3

∞, ∆𝜎𝑅 ≤ ∆𝜎𝐿                                                      𝐴 = 7.08x1011 MPa3 

 (3.30) 

Also concerning the S-N curve for the category 𝐷, taking into account a normal clamping force and 

punched holes, AREMA (2013) proposes: 

𝑁 =

{
 
 

 
 
𝐴1. ∆𝜎𝑅

−𝑚, ∆𝜎𝑅 ≥ 62.05 MPa                                     ∆𝜎𝐿 = 41.37 MPa,𝑚 = 3 

𝐴2. ∆𝜎𝑅
−𝑚, ∆𝜎𝐿 < ∆𝜎𝑅 < 62.05 MPa                        𝐴1 = 7.08x1011 MPa3

∞, ∆𝜎𝑅 ≤ ∆𝜎𝐿                                                    𝐴2 = 14.16x1011 MPa3

 (3.31) 

On the other hand, if the clamping force is normal and the holes are smooth, for the S-N curve for the 

category 𝐷, AREMA (2013) suggests: 

𝑁 =

{
 
 
 

 
 
 
𝐴1. ∆𝜎𝑅

−𝑚1 , ∆𝜎𝑅 ≥ 62.05 MPa                                    ∆𝜎𝐿 = 41.37 MPa,𝑚1 = 3,𝑚2 = 9.5 

𝐴2. ∆𝜎𝑅
−𝑚1 , 52.74 MPa ≤ ∆𝜎𝑅 < 62.05 MPa         𝐴1 = 7.08x1011 MPa3

𝐴3. ∆𝜎𝑅
−𝑚2 , ∆𝜎 𝐿 < ∆𝜎𝑅 < 52.74 MPa                      𝐴2 = 14.16x1011 MPa3

∞, ∆𝜎𝑅 ≤ ∆𝜎𝐿                                                  𝐴3 = 2.28x1023 MPa9.5

 (3.32) 

Similar to equation (3.30), AASHTO (2012) proposes the S-N curve for the category 𝐷 defined by: 

𝑁 = {

𝐴. ∆𝜎𝑅
−𝑚, ∆𝜎𝑅 > ∆𝜎𝐿                                                     ∆𝜎𝐿 = 24.13 MPa,𝑚 = 3 

∞, ∆𝜎𝑅 ≤ ∆𝜎𝐿                                                      𝐴 = 7.08x1011 MPa3
 (3.33) 
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For the S-N curve for the class 𝐷, BS5400-10 (BSI, 1980) suggests: 

𝑁 = {

𝐴1. ∆𝜎𝑅
−𝑚1 , ∆𝜎𝑅 > ∆𝜎𝐷                                    ∆𝜎𝐷 = 53.00 MPa,𝑚1 = 3,𝑚2 = 5

𝐴2. ∆𝜎𝑅
−𝑚2 , ∆𝜎𝑅 ≤ ∆𝜎𝐷                                     𝐴1 = 1.49x1012 MPa3, 𝐴2 = 4.18x1015 MPa5

 (3.34) 

According to several authors, the detail category 71 proposed in EN1993-1-9 (CEN, 2010c) may be 

considered as a lower bound for fatigue assessment of riveted connections, as follows: 

𝑁 =

{
 
 

 
 
𝐴1. ∆𝜎𝑅

−𝑚1 , ∆𝜎𝑅 ≥ ∆𝜎𝐷                                   ∆𝜎𝐿 = 28.73 MPa, ∆σ𝐷 = 52.31 MPa

𝐴2. ∆𝜎𝑅
−𝑚2 , ∆𝜎𝐿 < ∆𝜎𝑅 < ∆𝜎𝐷                      𝑚1 = 3,𝑚2 = 5, 𝐴1 = 7.16x1011 MPa3

∞, ∆𝜎𝑅 ≤ ∆𝜎𝐿                                     𝐴2 = 1.96x1015MPa5

 (3.35) 

For investigating the fatigue strength of riveted connections, relevant experimental testing has been 

carried out on real scale specimens, obtaining scattered fatigue results. As mentioned, considering the 

variety of existing riveted geometries and the absence or uncertainties about related experimental data 

for each of them, the implementation of general and conservative limits for the fatigue resistance has 

been considered (Figure 3.10). 

 

Figure 3.10 – Fatigue test results of riveted details (real scale specimens) (adapted from Teixeira (2015)) 

 

In Figure 3.10, several S-N curves proposed by AREMA (2013), AASHTO (2012) and EN1993-1-9 

(CEN, 2010c), as well as experimental fatigue results available in the literature for riveted connections, 

are plotted, as a complement to the review performed in Chapter 2. As can be stated, for stress ranges 

below 62.05 MPa, the S-N curves suggested in AREMA (2013) for rivets with normal clamping force 
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seem to be closer to the experimental results. Despite the distinction regarding the level of clamping 

force, this standard does not provide any method to evaluate such a parameter. For stress ranges below 

41.37 MPa, the S-N curve for the detail category 71 suggested in Eurocode 3 and the one proposed for 

riveted connections in AASHTO (2012) give conservative values for the region close to ∆𝜎𝐿. 

In contrast to welded connections, the influence of the stress ratio, 𝑅 = 𝜎𝑚𝑖𝑛 𝜎𝑚𝑎𝑥⁄ , may be relevant for 

the fatigue strength of riveted geometries. In the majority of the codes, this parameter is not taken into 

account, with the fatigue assessment defined by the stress range from the loading side. For this reason, 

some authors have been suggesting correction factors to be considered in the calculation of the nominal 

stress values. EN1993-1-9 (CEN, 2010c) only allows taking into account the influence of the stress ratio 

if it is negative, i.e. when partially or fully compressive stress ranges induce a fatigue phenomenon less 

severe than tensile ones. Teixeira (2015) compiled experimental results obtained from tests in real scale 

specimens that considered different values of 𝑅 (Figure 3.11). 

 

Figure 3.11 – Influence of the mean stress ratio, 𝑅 (real scale specimens) (adapted from Teixeira (2015)) 

 

The data presented in Figure 3.11 allow one to conclude concerning the influence of the stress ratio on 

the fatigue strength of riveted connections. Comparing the results achieved for the adopted extreme 

ranges (-0.6 ≤ 𝑅 < 0 and 0.2 ≤ 𝑅 ≤ 0.4), a relevant difference in the magnitude of the fatigue life can 

be stated. In general, lower stress ratios should lead to higher fatigue lives. Nonetheless, a definitive 

conclusion cannot be achieved using the data outlined, taking into account that the testing programmes 

were not performed under the same controlled conditions. 
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3.4. CONCLUDING REMARKS 

In this chapter, the procedures for fatigue assessment of metallic railway bridges suggested in the 

applicable Eurocodes (EN1993-1-9 (CEN, 2010c), EN1993-2 (CEN, 2006) and EN1991-2 (CEN, 

2017)) were analysed with special emphasis, since such standards are those assumed as reference in the 

context of the European Union. In relation to EN1993-1-9 (CEN, 2010c), additional contributions 

suggested in other international standards and guidelines, such as BS5400-10 (BSI, 1980), IIW 

Recommendations (Hobbacher, 2008), AASHTO (2012) and AREMA (2013), were described when 

considered relevant to the scope of the present work. 

In general, it was verified that the mentioned reference documents propose the classification of 

connections based on S-N curves as a preferential procedure to compute the fatigue resistance. The 

absence of categories for riveted details in EN1993-1-9 (CEN, 2010c) should be highlighted as an 

important drawback, taking into account the relevance of such geometries in existing metallic bridges. 

Regarding this type of connection, the S-N relations for nominal stresses suggested in BS5400-10 (BSI, 

1980), AASHTO (2012) and AREMA (2013) were presented and the respective fatigue limits compared 

with available experimental data. 

As demonstrated in Chapter 2, despite the wide implementation of global approaches based on nominal 

stresses for fatigue assessment of Civil Engineering structures, relevant limitations associated with such 

methods have been found. For certain geometries, the proposed S-N curves may not properly address 

the local geometrical and material characteristics. In such cases, fatigue damage with relevant deviations 

concerning the real structural response may be computed. When a detail is affected by relevant 

secondary effects, global methods based on S-N curves may underestimate the magnitude of the fatigue 

phenomenon, as demonstrated by Imam (2006) for a stringer-to-floor-beam connection investigated 

considering the S-N curves proposed in BS5400-10 (BSI, 1980) and by Network Rail (Railtrack, 2001). 

On the other hand, if the structural behaviour is properly taken into account, assuming the existing S-N 

curves as representative of lower bounds of fatigue resistance may lead to an important conservatism, 

as concluded by Teixeira (2015). Consequently, as previously noted, two strategies may be implemented 

at different scales of analysis: i) derive new and less conservative categories of S-N curves, as proposed 

by Taras and Greiner (2010a), which may still lead to inaccuracies concerning the mentioned secondary 

effects, if existing; or ii) implement local approaches to investigate the fatigue life related to the crack 

initiation and the crack propagation.  

Therefore, the theoretical basis underlying common and available local approaches for fatigue 

assessment are presented in Chapter 4, with the global stress-life method being addressed for context. 

Also, new efficient approaches are proposed, combining concepts associated with modal superposition, 

submodelling techniques and local notch methods or Fracture Mechanics based methods.
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4 
4. APPROACHES FOR FATIGUE ANALYSIS 

 

 

4.1. INTRODUCTION 

Progressive fatigue damage in structures may give origin to local or global failures and this problem has 

been gaining importance in the design, rehabilitation and maintenance of structural systems, with the 

aim of ensuring the safe operation of Civil Engineering structures. Railway bridges are permanently 

subjected to traffic scenarios translated by complex loadings, responsible for the development of local 

responses which may originate fatigue cracking, according to their severity. The uncontrolled 

progression of such a damage process may jeopardize the integrity of critical details, which may lead to 

relevant economic and financial losses due to catastrophic events or mild flaws that put at risk the regular 

operation of bridges, depending on the structural redundancy. Contributing to the proneness for 

structural failure, the awareness of fatigue phenomena only arose a few decades ago and, therefore, the 

still active structures built before that time were designed without proper fatigue checking, which 

increases the susceptibility of the respective structural systems to degradation over the years and leads 

to a changeling situation concerning the extension of their safe service life (European Union, 2015).  

Generally, the assessment of the fatigue phenomenon in Civil Engineering structures is based on global 

stress-life methods, combining S-N curves based on nominal stresses and linear damage accumulation 

principles. Eurocode 3, Part 1-9, which address the fatigue investigation in steel structures, as well as 

the majority of the applicable standards, proposes such an approach, defining categories of details and 

presenting conforming fatigue strength curves (CEN, 2010c; AASHTO, 2012; AREMA, 2013). 

Nonetheless, despite the expeditious application and common use among engineers, this global method 

has relevant drawbacks related to the accurate way of addressing local geometrical characteristics, acting 

variable loadings and materials properties. For this reason, the widespread use of finite element analyses 

and the evolution of the computational efficiency have been leading to an increase in the implementation 

of local approaches for fatigue assessment, in which the concept of nominal stress loses preponderance 

and is replaced by local fatigue parameters evaluated according to the fatigue stage under investigation. 
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Also, the development of numerical tools taking into account local approaches may allow analysing the 

initiation and progression of cracks in existing bridges, which is not possible by adopting calculation 

strategies based on global approaches that consider the total fatigue life. 

Overall, depending on the considered fatigue-related parameters associated with global or local 

quantities, the following methods may be implemented for fatigue analysis: 

i. Stress-life approaches; 

ii. Notch strain method; and 

iii. Fracture Mechanics based approaches. 

Concerning the first, different concepts of stresses may be assumed, depending on the points of 

assessment and procedures of calculation. In addition to the nominal stress, which is widely 

characterised in the literature and normative guidelines, the hot-spot and notch stresses may be 

highlighted and classified as local parameters. The mentioned three types of stress-related concepts are 

associated with the corresponding representation of the fatigue strength, generally in the form of local 

or global S-N curves. Regarding the second method, the strain fields may be adopted to evaluate the 

development of macroscopic cracks, considering elastic and elastoplastic regimes. Several models have 

been suggested to relate the applied loadings to the resistance of the material, e.g. the relation of Basquin 

(1910), Coffin-Manson (Coffin, 1954; Manson, 1954), Basquin-Coffin-Manson (Manson and 

Hirschberg, 1964) or Morrow (1965, 1968). Lastly, the implementation of concepts associated with 

Linear Elastic Fracture Mechanics allows evaluating the growth of a crack under loading magnitudes 

compatible with elastic stress and strain fields at the crack front. The application of crack propagation 

rules or crack branching criteria may be considered to fully define the progression of a certain crack 

until the respective critical length. Therefore, regarding the fatigue assessment of the crack initiation 

and the crack propagation, the approaches listed above have been related to a certain region of 

application with some degree of overlapping among them. In the next subsections, a characterisation of 

the fundamental concepts of each of the associated methods is carried out. 

Combining the principles underlying the mentioned local approaches with the capabilities of advanced 

numerical tools, it is feasible the development of computational algorithms to investigate the initiation 

of a crack and respective propagation in fatigue-critical details, part of railway bridges with relevant 

dimension. In the scope of the present work, two approaches based on modal superposition concepts, 

submodelling techniques and local fatigue methods are presented and properly validated. Concerning 

the assessment of the initiation of macroscopic cracks, notch based methods involving eventual 

elastoplastic post-processing are suggested. Also, for a propagating crack, Linear Elastic Fracture 

Mechanics principles are considered. Such approaches aim to cover the stages of stable crack growth, 

offering a variability of robust calculation strategies to investigate real structures. 
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4.2. STRESS-LIFE METHODS 

The development of the fatigue phenomenon is associated with the magnitude of the local response and 

the necessary number of cycles for relevant growth of a crack. For the high cycle fatigue regime (HCF), 

characterised by long fatigue lives in which stresses and strains remain mainly elastic, stress-life 

approaches have been implemented. Generally, no distinction is made between the crack initiation and 

the crack propagation and total lives are evaluated, but for certain local approaches based on effective 

notch stresses only the crack initiation is addressed. Stress-life methods establish a relation between the 

stress range and the fatigue failure in the form of S-N curves, obtained after testing specimens until 

perceptible cracking occurs at constant amplitude stress ranges, ∆𝜎. Experimental tests are repeatedly 

performed assuming each one of them a different stress level, allowing to express the fatigue life in 

terms of the number of cycles to failure, 𝑁. The roots of those methods go back to the studies performed 

by Wöhler trying to quantify the fatigue strength according to experimental results of the metal 

endurance. As result of the work of this author, two concepts associated with fatigue were established: 

i) the relation between the applied ∆𝜎 and 𝑁, (∆𝜎-𝑁); and ii) the fatigue limit (∆𝜎0) (Ye et al., 2014). 

As in equation (2.1), Basquin (1910) represented the finite life region of the Wöhler curves in double 

logarithmic scale, log(𝑁) on the abscissa and log(∆𝜎) on the ordinate, mathematically expressed by:  

 log(𝑁) = −𝑚 . log(∆𝜎) + log(𝐶) (4.1) 

in which, 𝑚 and 𝐶 are positive empirical parameters dependent on the type of detail and material. 

Naturally, log(𝐶) and 𝑚 are, respectively, the intercept on the log(𝑁) axis and the constant slope of the 

line expressed by equation (4.1). Stromeyer (1914), introduced the concept of fatigue limit in the fatigue 

assessment, modifying the general basis of the previous equation: 

 log(𝑁) = −𝑚 . log(∆𝜎 − ∆𝜎0) + log(𝐶) (4.2) 

In equation (4.2), ∆𝜎0 is the stress range related to the fatigue limit (∆𝜎𝐷 as in the Eurocode for constant 

amplitudes). After, several authors have been proposing models to account for the influence of the stress 

ratio, 𝑅, or mean stress, 𝜎𝑚. Walker (1970) proposed the concept of equivalent stress amplitude, 𝜎𝑎𝑟 , 

that can be associated with the respective stress range, ∆𝜎𝑟: 

 log(𝑁) = −𝑚 . log(∆𝜎𝑟 − ∆𝜎0) + log(𝐶) (4.3) 

where, 

 
∆𝜎𝑟 = 2𝜎𝑎𝑟 ↔ ∆𝜎𝑟 = 2𝜎

𝑚𝑎𝑥
(
1 − 𝑅

2
)
𝛾

  (4.4) 

considering, 

 
𝜎𝑚 =

𝜎𝑚𝑎𝑥

2
(1 + 𝑅) (4.5) 

replacing 𝑅 in equation (4.4), results, 
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 ∆𝜎𝑟 = 2𝜎𝑚𝑎𝑥 (1 −
𝜎𝑚
𝜎𝑚𝑎𝑥

)
𝛾

 (4.6) 

where, 𝛾 is a material-dependent parameter. Several alternative S-N models have been proposed. 

Currently, the stress-life methods are broadly divided into: i) nominal stress method; ii) hot-spot stress 

method; and iii) effective notch stress method (Fricke, 2003; Radaj et al., 2006; Ye et al., 2014). 

 

4.2.1. NOMINAL STRESS METHOD 

This global approach has been used most frequently consisting of nominal stress ranges related to a 

certain fatigue strength. According to the concept of nominal stress, the effect of local raisers should not 

be considered and only the internal forces acting on the structural member associated with the 

investigated detail should be accounted for. The required values of stress can be computed using linear 

elastic structural mechanics principles for simple components or the finite element method for relatively 

complex structures. Also, the nominal stress can be measured using strain gauges installed outside of 

the stress concentration fields of a given connection.  

Several S-N curves associated with the nominal stress method are proposed in standards and guidelines 

for fatigue assessment of bridges, being relevant to specific details and loading conditions. However, as 

mentioned, this approach is not suitable if the investigated connections are not geometrically relatable 

to classified details or if differences on acting loadings or material properties are found (Xiao and 

Yamada, 2004; Ye et al., 2014). Despite the widespread implementation of the nominal stress method, 

several relevant limitations can be highlighted in addition to those listed in Chapter 1: 

i. The experimental tests that allow developing new S-N curves shall be preferentially carried 

out on real scale details, which is expensive, time-consuming and incompatible with the 

pace of design and construction stages, in general; 

ii. The data resulting from the experimental tests for the determination of the required S-N 

curves usually present high dispersion, leading in most cases to the adoption of excessively 

conservative relations, ∆𝜎-𝑁; 

iii. The use of S-N curves allows obtaining only the failure mode related to the total damage, 

not accounting for the influence of the damage evolution over time and successive loadings; 

iv. When a fatigue crack is found after standard inspection tasks, the S-N curves do not give 

information concerning the level of inherent structural risk. 

Therefore, for some fatigue-critical details of metallic bridges, the fatigue life predicted using the 

nominal stresses method may be too conservative, unreliable or even impossible to evaluate if the 

conditions underlying the application of the available S-N curves are not verified. 
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4.2.2. STRUCTURAL STRESS METHOD 

A more reasonable and precise approach for fatigue analysis of complex details is the one associated 

with hot-spot stresses, used mostly for the investigation of welded connections. Several applicable 

standards and guidelines propose such a method for fatigue assessment, e.g. EN1993-1-9 (CEN, 2010c). 

Among them, the International Institute of Welding (IIW) provides comprehensive guidance and clear 

recommendations regarding the calculation of the hot-spot stress considering detailed experimental and 

modelling processes (Hobbacher, 2008). 

Modern metallic bridges are typically composed of a considerable number of welded connections 

between longitudinal and transverse structural members. As a consequence, the fatigue behaviour of 

such types of details, as well as the fundamentals of the fatigue strength assessment together with design 

rules and real applications, have been widely investigated (Gurney, 1979; Maddox, 1991; Hobbacher, 

2008; Ye et al., 2014). The welded connections are characterised by geometrical and microstructural 

discontinuities, with the weld toes typically being the locations with maximum local stresses where 

fatigue cracking is most likely to occur. Consequently, the hot-spot is generally located at such points 

in which the so-called hot-spot stress is evaluated, as the name suggests. This structural stress can be 

computed by multiplying the nominal stress by a stress concentration factor considering empirical 

formulations, finite element models or experimental measurements obtained with strain gauges (Pilkey 

and Pilkey, 2008). Numerical approaches have the advantages of allowing the directions and magnitudes 

of stresses and corresponding gradients to be obtained at the exact positions in the area analysed. The 

local stress concentration at the weld toe is deeply dependent on physical models and respective 

numerical analysis, local weld profile and finite elements mesh refinement (Morgan, 1997). Therefore, 

it is mandatory to achieve a balance between the mesh density and the quality of the results, both having 

a strong influence on the computational efficiency (Figure 4.1). 

 
 

a) coarse mesh b) refined mesh (mm) 

Figure 4.1 – Numerical model of a gusset detail (Poutiainen et al., 2004) 
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In Figure 4.1, a finite element model developed to analyse the fatigue phenomenon in a gusset detail is 

shown. Concerning this type of numerical model, indications about adequate modelling techniques can 

be found in several references, allowing to properly evaluate local stresses and strains and increase the 

reliability of the results obtained as a consequence (see for example the case of Figure 4.2). 

  

a) cross-section of welded joint b) shell element model 

Figure 4.2 – Modelling techniques with shell elements of K-joint (Radaj et al., 2006) 

 

The finite element models considered in these applications may be conceived using shell or volumetric 

elements. In the latter case, the welding is explicitly modelled and the plates may be represented with 

one or several layers of elements through the thickness. The local response may be computed 

considering an interaction between a global model and a refined local one, in which the boundary 

displacements previously computed in the former are imposed. Furthermore, such a submodel should 

be large enough to prevent boundary interaction in the local stress distribution. As described in Chapter 

2, several submodelling techniques have been developed to study complex welded connections in 

bridges by implementing the hot-spot stress method (Kiss and Dunai, 2000; Li et al., 2007). 

When tests are carried out and strain measurements are taken into account to compute the stress 

concentration factor, the definition of the hot-spot locations for instrumentation may be enhanced and 

refined based on information obtained from several finite element analyses of common details such as 

rib-to-diaphragm, rib-to-bulkhead, rib-to-stiffener and diaphragm-to-deck connections (Barth and 

Bowman, 2001; Tsakopoulos and Fisher, 2003, 2005; Connor, 2004; Al-Emrani, 2005; Connor and 

Fisher, 2005; Ye et al., 2014). The hot-spot stress may be calculated by extrapolation or regression of 

the stress distribution in the vicinity of the weld to its toe. Puthli et al. (1988) numerically and 

experimentally studied 𝑋, 𝑇, and 𝐾 connections using square hollow steel sections, defining stress 

concentration factor formulae using regression analyses. Fung et al. (2002) investigated doubler plate 

reinforced tubular 𝑇-joints under different simple loading cases, such as axial tension, axial 

compression, in-plane and out-of-plane bending, considering numerical and experimental methods to 

establish stress concentration factors. This subject has been studied by other authors, e.g. Karamanos et 

al. (2000), Gho et al. (2003), Gao (2006), Ahmadi and Nejad (2016) or Saini et al. (2016). 
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Hobbacher (2009) and Radaj et al. (2006) describe a process based on the surface extrapolation to 

identify the hot-spot stress location and evaluate the respective value (Figure 4.3). 

 

Figure 4.3 – Structural hot-spot stress calculation (Radaj et al., 2006) 

 

Niemi (1995) and Niemi et al. (2003) provided detailed recommendations on the calculation of stresses 

for fatigue analysis of welded components. When the stress distribution depends on the thickness of the 

plate, 𝑡, reference points at 0.4𝑡 and 1𝑡 or at 0.5𝑡 and 1.5𝑡 should be considered, respectively, for refined 

or coarse FE meshes. On the other hand, when the stress field is not influenced by the thickness of the 

plate, nominal distances may be adopted, depending also on the mesh density. In summary, some 

reference local distances for stress extrapolation, which have been proposed for the investigation of 

welded connections materialised between plate elements, are presented in Figure 4.4. 

 
 

a) fatigue critical weld toes b) reference distances for extrapolation 

Figure 4.4 – Structural stress measurement in plate elements (Radaj et al., 2006) 

 

Also, Yagi et al. (1991) suggested the hot-spot stress calculated considering a linear extrapolation from 

two specific points at distances of 1.57√𝑡3
4

 and 4.9√𝑡3
4

 from the weld toe.  

For tubular details, several other proposals for defining the points to be considered in the surface 

extrapolation process have been suggested in the literature (Figure 4.5). 
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Figure 4.5 – Structural stress measurement in hollow tubular connections (adapted from Radaj et al., (2006)) 

 

Instead of linear relations, nonlinear extrapolations are occasionally considered assuming as a 

hypothesis that the increase of the structural stress in front of the weld occurs according to several 

gradients and nonlinearities (van Wingerde et al., 1995). The structural strength curves proposed to 

evaluate the fatigue phenomenon using the hot-spot stress method can be found in a variety of standards 

(van Wingerde et al., 1995, 1996; Radaj et al., 2006). 

 

Figure 4.6 – S-N hot-spot curves according to different guidelines (Radaj et al., 2006) 

 

For a particular type of tubular connections with wall thickness 𝑡=16 mm, the fatigue strength curves 

available in different standards are presented in Figure 4.6, as an example. 

Another technique to compute structural hot-spot stresses was approached by Radaj (1990, 1996), 

showing that these stresses can be evaluated by surface extrapolation or by linearisation through the 

thickness of the plate. Alternatively, Dong (2001) proposed a method that combines some principles 

related to the process of surface extrapolation with the concepts underlying the technique of linearisation 
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through the thickness. In such a case, different linearisation schemes should be adopted depending on 

the type of investigated welded detail (Figure 4.7). 

 

a) elements with normal thickness b) elements with high thickness c) symmetrical connections 

Figure 4.7 – Through thickness stresses linearisation techniques (Dong, 2001) 

 

In Figure 4.7, the thickness 𝑡1 is schematically identified. Despite the importance of such structural stress 

definition, no evidence was found of a single value valid for the results of all details. As a numerical 

alternative, the assessment of the structural stress at the critical point was proposed assuming the 

equilibrium conditions considering the shear and direct stresses computed at a close distance from the 

weld toe, depending 𝑡1 on the characteristics of the fatigue phenomenon (Figure 4.8). 

 

a) linearisation through the thickness b) linearisation through a fraction of the thickness 

Figure 4.8 – Linearisation of stresses according to Dong (Radaj et al., 2006) 

 

The application of such a method allows fatigue data from different specimens to be adequately adjusted 

and correlated by a unique fatigue strength curve. In this approach, such a master curve is dependent on 

the structural stress parameter, ∆𝑆𝑠, and on the necessary number of cycles for the fatigue failure, 𝑁𝑓 (as 

𝑁) (∆𝑆𝑠-𝑁𝑓). In turn, ∆𝑆𝑠 is dependent on the: i) equivalent structural stress range, ∆𝜎𝑠, evaluated through 

the thickness of the plate, 𝑡; ii) reference thickness, 𝑡0; iii) parameter 𝑚 of the Paris law; and iii) crack 

growth integral, 𝐼(𝛿𝑏) (Dong, 2001, 2005; Radaj et al., 2009) (Figure 4.9). 
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Figure 4.9 – Master S-N curve according to Dong (Dong, 2004; Radaj et al., 2006) 

 

Doerk et al. (2003) analysed several techniques to assess the structural hot-spot stress at different types 

of welded joints. Poutiainen et al. (2004) investigated the limits and accuracy of three methods for 

evaluating such a stress in several welded structures: i) the linear surface extrapolation; ii) linearisation 

through the thickness at the weld toe; and iii) Dong’s approach. Finite element analyses were performed 

by the authors, with the accuracy of each method being compared when applied to simple 2D and 

detailed 3D numerical models of the investigated connections. 

Xiao and Yamada (2004) demonstrated that the fatigue life related to the crack propagation may be 

expressed as a function of the stress measured 1 mm below the surface at the expected path of a potential 

crack. This stress measurement at 1 mm depth allows correlating the fatigue resistance of the detail with 

the fatigue strength of a reference specimen with 10 mm thickness (Figure 4.10). 

 

a) reference detail with t=10 mm b) investigated detailed c) corresponding S-N curve 

Figure 4.10 – One-millimetre stress method (Xiao and Yamada, 2004) 

 

According to the concepts of Linear Elastic Fracture Mechanics and assuming a small initial crack size, 

e.g. 0.10 mm, it was proven that a correlation between the crack propagation life of certain structural 

detail and a reference one may be defined considering an equivalent structural stress, which is close to 

the stress at 1 mm of the surface in the direction corresponding to the admissible path of the crack (Xiao 
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and Yamada, 2004). For certain geometries, information available in the literature related to the fatigue 

strength of several typical connections in the 1 mm stress range were compared with the data range of 

the reference detail, with a good correlation observed (Figure 4.11). 

 

a) in-plane gussets b) out-of-plane gussets 

Figure 4.11 – Fatigue test data (1 mm stress range) vs. S-N curves (JSSC) (Xiao and Yamada, 2004) 

 

When compared with the surface extrapolation technique for assessment of structural stress values, the 

proposed method showed to have the advantage of taking into account the size and thickness effect 

observed in welded joints (Xiao and Yamada, 2004). 

In summary, fatigue analysis using the hot-spot approach has a rather long history. The first 

investigations were carried out in the 1960s by several researchers who related the fatigue strength with 

the local stress measured at a certain point close to the weld toe (Radaj et al., 2006). In the 1970s, some 

advances were achieved regarding the hot-spot stress method with the definition of reference points at 

certain distances from the weld toe, for stress assessment and extrapolation (van Wingerde et al., 1995). 

After, in the early 1980s, the first efforts to implement such a technique to welded details were 

performed. In 1992, the European pre-standard ENV1993-1-1 extended the hot-spot stress approach to 

plate-type structures due to the increasing demand, although only limited guidance was provided 

(Poutiainen et al., 2004). As previously noted, in the present days, the hot-spot stress method has been 

recommended by standards and guidelines, being frequently recognised as structural or geometric stress 

approach (Zhao and Packer, 2000; API, 2002; CEN, 2010c; BSI, 2014). 

Several types of research have been carried out on the implementation of structural stress measures for 

fatigue assessment of steel bridges (Miki and Tateishi, 1997; Liu et al., 2014; Park and Kim, 2014). 

Chan et al. (2005) investigated a cable-supported steel bridge and reported that the hot-spot stress 

approach allows computing more appropriate fatigue life predictions than the nominal stress method. 
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4.2.3. NOTCH STRESS METHOD 

The fatigue phenomenon in a certain structural component depends deeply on its notch effects, with the 

relevance of the material fatigue strength in plain specimens being of secondary importance when 

compared with the fatigue strength in notched components. Therefore, the notch effect may be defined 

simultaneously as the stress concentration and the fatigue strength reduction by notches.  

In contrast to the nominal stress and the hot-spot stress approaches, the notch stress method is focused 

on the fatigue crack initiation assessment at the root of a notch. The simplest assessment procedure, 

from those based on notch stress, consists of assuring infinite life to fatigue, which means that the crack 

initiation must be avoided. However, the notch stress method can also be considered to evaluate the total 

fatigue life when combined with notch strain and Fracture Mechanics based approaches. Such a method 

may be used to investigate welded and non-welded connections and should be applied with specific 

procedures depending on the type of detail (Radaj, 1996; Ye et al., 2014; Albuquerque, 2015).  

 

Figure 4.12 – Assessment of the endurance limit of non-welded connections (Radaj, 1996) 

 

In Figure 4.12, the workflow to compute the fatigue strength of non-welded connections is outlined, 

where the ∆𝑀 is the cyclic external moment, ∆𝜎𝐸 the endurance limit of the material, 𝜎𝑚 the mean stress, 

𝑑𝜎 𝑑𝑁⁄  the notch stress gradient, ∆𝜎1 and ∆𝜎2 the cyclic principal stresses, ∆𝑀𝐸 the endurance limit in 

terms of external moment, ∆𝜎𝑛𝐸 the endurance limit in terms of nominal stress, ∆𝜎𝑛 the nominal stress 

range, ∆𝜎𝑛 the maximum cyclic nominal stress, 𝑁 and 𝑁 the numbers of cycles to failure (as 𝑁𝑓). 

The fatigue notch factor, 𝐾𝑓, is the parameter that influences the fatigue strength taking into account the 

microstructural notch support hypothesis which states that the maximum stress, calculated following the 

elastic theory, is not critical for the initiation of a crack. Instead, a lower local stress is determinant, 
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computed by averaging the notch stresses over a small length, area or volume, with sizes dependent on 

the characteristics of the material related to the grain structure, micro-plasticity and crack initiation 

process. In general, the microstructural support takes place at sharp notches, but may also occur at mild 

ones if these are sufficiently small (e.g. microholes). Therefore, the fatigue notch factor depends on the 

notch radius, the characteristic microstructural length of the material and the stress concentration factor, 

𝐾𝑡, with the latter defined by the geometry of the detail and type of acting loading (Radaj et al., 2006; 

Albuquerque, 2015). Several microstructural notch support hypotheses have been proposed and may be 

considered for fatigue assessment: 

i. The stress gradient approach developed by Siebel and Stieler (1955) (Figure 4.12); 

ii. The critical distance hypothesis proposed by Peterson (1950); 

iii. The stress averaging approach initially developed by Neuber et al. (1946); 

iv. The highly stressed volume hypothesis originally suggested by Kuguel (1961). 

Among the listed approaches, the first one based on the stress gradient is relevant for non-welded 

connections (Spaggiari et al., 2016). The last three have been widely applied to welded structural 

components (Radaj et al., 2006). Regarding the Theory of the Critical Distances, some relevant works 

have been carried out concerning its application to non-welded details, namely to riveted connections, 

e.g. Righiniotis et al. (2008) and Taylor (2005, 2008) (see Chapter 2). 

The mentioned critical distances approach originally proposed by Peterson (1959) may be used to 

compute the notch-induced stress concentration factor, 𝐾𝑡, through numerical analyses of stress fields, 

and subsequently the notch factor, 𝐾𝑓. This latter parameter is lower than 𝐾𝑡, in particular for sharp 

notches due to the microstructural support effect. Such a decrease depends on the ratio 𝑎∗ 𝜌⁄ , where 𝑎∗ 

is the material constant and 𝜌 the notch radius (Figure 4.13). 

 

Figure 4.13 – Fatigue notch factor, 𝐾𝑓, dependent on 𝐾𝑡 and 𝑎∗ 𝜌⁄  (Radaj et al., 2006) 
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Firstly, the determination of the stress concentration factor should be carried out. The calculation of 

such a parameter allows establishing a relation between the nominal stress value, 𝜎𝑛 (generally defined 

as 𝜎), and the maximum elastic stress at the notch, 𝜎𝑘: 

 𝐾𝑡 =
𝜎𝑘
𝜎𝑛

 (4.7) 

Both the above-mentioned stress values may be computed using finite element models, being indirectly 

also relatable to hot-spot stresses. Therefore, 𝐾𝑡 may be defined using finite element models or analytical 

expressions available in the literature for simple cases (Peterson, 1974). After, the determination of the 

required 𝐾𝑓 according to the critical distances approach may be achieved as follows: 

 𝐾𝑓 = 1 +
𝐾𝑡 − 1

1 + 𝑎∗ 𝜌⁄
 (4.8) 

Thus, the effective notch stress, 𝜎𝑘, may be computed considering: 

 𝜎𝑘 = 𝐾𝑓 . 𝜎𝑛 (4.9) 

Alternatively, the notch rounding approach developed by Radaj (1990) also allows calculating the notch 

factor, 𝐾𝑓. Such a method includes the assessment of the microstructural support effect at the mostly 

sharp toe and root notches of welded connections according to the hypothesis proposed by Neuber. In 

this approach, the sharp notches in the cross-sectional model are fictitiously rounded in order to obtain 

the notch factor and subsequently the effective notch stress, 𝜎𝑘. Then, according to Neuber (1968), the 

fictitious radius, 𝜌𝑓, may be given by: 

 𝜌𝑓 = 𝜌 + 𝑠𝜌∗ (4.10) 

where, 𝜌 is the actual notch radius, 𝜌∗ the substitute microstructural length and 𝑠 the multiaxial 

coefficient of Neuber. The parameter 𝑠 has been assumed to be equal to 2.5 for most applications for 

welded details, e.g. for typical seam welded connections considering plane strain conditions at the roots 

of sharp notches combined with the von Mises multiaxial strength criterion for ductile materials.  

 

Figure 4.14 – Microstructural length dependent on the yield limit for several materials (Neuber, 1968) 
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In Figure 4.14, values for the substitute microstructural length, 𝜌∗, for some materials, are given. 

Conservatively, 𝜌𝑓 has been considered equal to 1 mm as a reference value for steels. 

In order to apply this methodology, the structural stresses at the root and/or toe of the weld should be 

calculated without considering the notch effect. After, the internal forces or stresses should be applied 

as external loads to a plane model of the investigated detail. This latter plane modelling must consider 

the notches defined by a fictitious radius, aiming to evaluate the notch fatigue coefficients (Figure 4.15). 

 

a) structural connections b) plane model with a fictitious radius c) plane model with 𝜌𝑓=1 mm 

Figure 4.15 – Notch fictitious radius method (Radaj et al., 2006) 

 

The calculation of the stress concentration factor and maximum notch stress, respectively 𝐾𝑡 and 𝜎𝑘, 

should be performed as described for the critical distances approach but considering the fictitious radius. 

Also, the notch factor, 𝐾𝑓, may be computed according to: 

 𝐾𝑓 = 1 +
𝐾𝑡 − 1

√1 +
𝑠𝜌∗

𝜌𝑓

 
(4.11) 

The consideration of a fictitious radius, 𝜌𝑓, may lead to an overestimation of the effective notch stresses, 

𝜎𝑘, due to the net-section reduction effect. In those cases, the notch factor must be corrected (Radaj et 

al., 2006). The stresses calculated following this approach are usually compared with the S-N curves 

related to the reference radius, 𝜌𝑓, equal to 1 mm. Aygül et al. (2013) established a comparison between 

five welded details commonly used in steel bridges to investigate the accuracy of the three described 

stress-life methods based on nominal stresses, hot-spot stresses and effective notch stresses obtained 

according to the notch rounding approach. The results achieved revealed that the effective notch stress 

method provides a limited improvement in the estimation of the fatigue resistance, despite the necessary 

greater efforts for both modelling and computation. 

In addition, the highly stressed volume approach proposed by Sonsino (1995) allows defining the notch 

factor, addressing the statistical size effect at the notch root and the effect of multiaxial local stresses 

with in-phase and out-of-phase stress amplitudes. The statistical size effect combined with the 

microstructural notch support is considered by assuming that the crack initiation (𝑎𝑖 ≈ 0.5-1.0 mm) in 
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the high cycle regime may be defined with a basis on the critical local stress amplitude, which depends 

on the high stress concentration volume. Larger volumes are related to lower critical stress values. 

Consequently, the determination of the critical local stress range depends on the evaluation of the highly 

stressed volume at the notch root. In this regard, Sonsino (1995) considers a depth below the notch root 

where the maximum stress decrease to 90% and a notch surface area with the same reduction of stress, 

which means a drop of 10%. This approach may be extended to multiaxial fatigue cases by defining an 

equivalent effective stress, which can be obtained using the von Mises criterion, for example.  

As previously noted, the determination of the stress concentration factor and the maximum notch stress 

should also be carried out as described for the critical distances approach. Concerning the fatigue notch 

factor, 𝐾𝑓, the following equation may be considered: 

 𝐾𝑓 =
𝜎𝑎𝐸
𝜎𝑘𝑎𝐸

𝐾𝑡 (4.12) 

where, 𝜎𝑎𝐸  is the material strength limit and 𝜎𝑘𝑎𝐸  is the notch strength limit, with the latter dependent on 

the high stress concentration volume, 𝑉0.9: 

 𝜎𝑘𝑎𝐸 = 𝑓(𝑉0.9) (4.13) 

For local multiaxial stress fields with constant and variable principal stress directions, the local effective 

equivalent stress, 𝜎𝑒𝑞 𝑎, indirectly related to 𝐾𝑓, showed to allow the fatigue strength to the crack 

initiation to be assessed using S-N curves obtained under uniaxial loading, independently of the stress 

concentration level given by the geometry and preparation of the welded details (Sonsino, 1995). Also, 

Sonsino (2009) investigated the applicability of such an approach to assess four connections from 

different industrial sectors. Promising results were achieved, but the necessity of more consistent 

knowledge on fatigue behaviour of welded details under torsion and shear stresses was highlighted. 

 

4.3. NOTCH STRAIN METHOD 

In the late 1950s and early 1960s, the strain based approach was developed with the aim of analysing 

fatigue problems involving fairly short fatigue lives. When the magnitude of strain ranges is compatible 

with the elastoplastic regime, this method allows evaluating the fatigue strength and service life related 

to the crack initiation process at the notch root. The basis of this approach consists of assuming that the 

mechanical behaviour of the material at the notch root concerning the local elastoplastic deformation, 

local damage and crack initiation is similar to the response of a small-scale unnotched specimen axially 

loaded. More specifically, a comparison between the elastoplastic stresses and strains at the notch root 

of the investigated structural detail and the strain S-N curve of the material evaluated in an unnotched 

specimen may be established (Figure 4.16). 
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Figure 4.16 – Fundamental premise underlying the notch strain approach (Radaj et al., 2006) 

 

Respecting the principles mentioned above, an effective procedure to apply the notch strain approach 

can be outlined as a sequence of several steps (Figure 4.17). 

 

Figure 4.17 – Workflow to implement the notch strain approach (Radaj et al., 2006) 

 

In most cases, if the notch strains, 휀, are not measured, their values are unknown and may be computed 

from the notch stress results, 𝜎 (as 𝜎𝑘), considering the macrostructural support formula proposed by 

Neuber (1961) and the cyclic stress–strain curve given by the Ramberg and Osgood (1943) equation: 

 
∆휀 =

∆𝜎

𝐸
+ 2 (

∆𝜎

2𝐾′)
1
𝑛′ 

  (4.14) 

where, 𝐸 is the Young’s modulus and 𝐾′ and 𝑛′ are, respectively, the cyclic strain hardening coefficient 

and exponent. The notch stress may be assessed considering the concept of effective notch stress as 

expressed in equation (4.9). After defining the strain time history, a counting cycles algorithm should 

be implemented in order to evaluate the damage contribution of each cycle. Strain S-N curves of the 

comparison specimen may be related to the damage parameter P-N curve, e.g. the 𝑃𝑆𝑊𝑇 suggested by 

Smith et al. (1970). Also, strain S-N curves may be defined according to several relations, such as the 

proposals of Coffin (1954) and Manson (1954), Basquin-Coffin-Manson (Manson and Hirschberg, 

1964), and Morrow (1965, 1968). Furthermore, some standards specifications provide strain S-N curves 

Notch

Unnotched
comparison
specimen

10 mm

∆𝐹 ∆𝐹
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to calculate the necessary number of cycles for the initiation of a crack, e.g. ASTM A36 (Radaj et al., 

2006). Concerning the implementation of the notch strain methods to evaluate the first stage of the 

fatigue damage, further developments are presented in section 4.5. 

 

4.4. FRACTURE MECHANICS AND FATIGUE CRACK PROPAGATION LAWS 

Fracture Mechanics has been considered in different fields of application in order to study fatigue crack 

propagation problems, with successful achievements widely validated in various engineering industries. 

The fatigue life prediction for cracked components may be evaluated using Fracture Mechanics 

concepts, relating the growth of an initial crack to the number of loading cycles. In general, this approach 

may be used combined with stress or strain based methods, with the latter being adopted mainly to 

evaluate the fatigue crack initiation. Currently, Fracture Mechanics has been applied to large Civil 

Engineering structures with complex fatigue-critical details, as demonstrated in Chapter 2. In the present 

section, a general description of the principles underlying this approach is performed. 

 

4.4.1. BASIC CONCEPTS OF FRACTURE MECHANICS 

In order to evaluate distinct phases of fatigue crack propagation, the fundamentals aspects of this method 

consist of establishing fatigue models that characterise the fatigue life of cracked structural components 

until an eventual final collapse. Recovering equation (2.6), Irwin (1957) proposed the stress intensity 

factor, 𝐾, to describe the stress and strain fields around the crack tip: 

 𝐾 = 𝑌. 𝜎. √𝜋𝑎 (4.15) 

in which, 𝑌 is a parameter that depends on the local geometry of the structure and crack dimensions, 𝜎 

the nominal stress in the element associated with the detail and 𝑎 is the crack dimension. Analytical 

solutions for 𝐾 are available in the literature, covering a wide range of classical cracked geometries (e.g. 

Broek (1982), Irwin (1957) or Murakami (1987)). 

An infinitesimal increment in the crack dimension, 𝜕𝑎, occurs when it is provided to the structural 

system an amount of energy (e.g. external loads work) equal to the one that would be generated by the 

formation of the mentioned increment, i.e. equal to the sum of the strain energy released and work 

performed by external loads due to 𝜕𝑎. According to Irwin (1957) and Griffith (1920), the energy release 

rate, 𝐺, associated with the crack increment is linked to the concept of stress intensity factor: 

 𝐺 =
𝐾2

𝐸
=
𝜎2. 𝜋𝑎

𝐸
 (Plane Stress) 

(J/m/m) (4.16) 

 𝐺 =
𝐾2

𝐸
(1 − 𝜐2) =

𝜎2. 𝜋𝑎

𝐸
 (1 − 𝜐2) (Plane Strain) 
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where, in addition to the already identified parameters, 𝜐 is the Poisson’s ratio. Depending on the loading 

and its direction in relation to the crack orientation, three different pure modes of crack propagation may 

be identified, i.e. modes I, II and III (Figure 4.18). 

 
  

a) opening mode b) sliding mode c) tearing mode 

Figure 4.18 – Modes I, II and III of the crack propagation 

 

Considering the concepts of stress intensity factor, energy release rate and the existing different 

propagation modes, it is possible to identify and relate 𝐾𝐼, 𝐾𝐼𝐼, 𝐾𝐼𝐼𝐼 to 𝐺𝐼, 𝐺𝐼𝐼, 𝐺𝐼𝐼𝐼, respectively. In plane 

strain, such quantities may be related according to: 

 𝐺𝐼 =
𝐾𝐼

2

𝐸
(1 − 𝜈2)  

(J/m/m) (4.17)  𝐺𝐼𝐼 =
𝐾𝐼𝐼

2

𝐸
(1 − 𝜈2)  

 𝐺𝐼𝐼𝐼 =
𝐾𝐼𝐼𝐼

2

𝐸
(1 + 𝜈)  

The total strain energy release rate associated with mixed-mode cracking may be expressed by: 

 
𝐺 = 𝐺𝐼 + 𝐺𝐼𝐼 + 𝐺𝐼𝐼𝐼 =

(1 − 𝜈2)

𝐸
(𝐾𝐼

2 + 𝐾𝐼𝐼
2 +

𝐾𝐼𝐼𝐼
2

1 − 𝜈
) (4.18) 

The crack propagates in an unstable way when the strain energy released due to the crack extension is 

higher than the energy required for the next increment. In such conditions, it can be said that the crack 

reaches the critical length, 𝑎𝑐. The definition of 𝑎𝑐 is dependent on the material properties, being in mode 

I such dependence on the material toughness, which can be measured in terms of the critical stress 

intensity factor, 𝐾𝐼𝑐, and critical energy release rate, 𝐺𝐼𝑐:  

 𝐺𝐼𝑐 =
𝐾𝐼𝑐

2

𝐸
=
𝜎𝐼𝑐

2. 𝜋𝑎𝑐
𝐸

 (Plane Stress) 

(J/m/m) (4.19) 
 

𝐺𝐼𝑐 =
𝐾𝐼𝑐

2

𝐸
(1 − 𝜈2) =

𝜎𝐼𝑐
2. 𝜋𝑎𝑐
𝐸

 (1 − 𝜈2) (Plane Strain) 

In cases of multiaxial loading, 𝐾𝐼, 𝐾𝐼𝐼, 𝐾𝐼𝐼𝐼 or 𝐺𝐼, 𝐺𝐼𝐼, 𝐺𝐼𝐼𝐼 may be combined considering a crack branching 

criterion in order to analyse the fatigue crack growth problem, approaching mode I of propagation with 

the increase of the crack length (𝐾𝑐=𝐾𝐼𝑐). In the available literature, several proposals are suggested 

(Erdogan and Sih, 1963; Chambers et al., 1991; Xiangqiao et al., 1992).  
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Under cyclic loading conditions, cracking may occur and propagate for stress intensity factors below 

the critical value (Saxena, 1998). This phenomenon is designated as sub-critical growth and it is a 

fundamental concept to assess the remaining life of components containing cracks smaller than the 

critical length. Taking into account a cracked geometry, under a cyclic loading in which a certain acting 

stress, 𝜎, varies between minimum and maximum values, respectively, 𝜎𝑚𝑖𝑛 and 𝜎𝑚𝑎𝑥, the increment in 

the crack dimension, 𝛿𝑎, per loading cycle, 𝑁, may be analytically described by: 

 
𝑑𝑎

𝑑𝑁
= 𝑓(∆𝜎, 𝑅, 𝑎) (4.20) 

where,  

 ∆𝜎 = 𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛 (4.21) 

 𝑅 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥

 (4.22) 

In equations (4.20), (4.21) and (4.22), the crack propagation rate, 𝑑𝑎 𝑑𝑁⁄ , is expressed as a function of 

a given applied stress range, ∆𝜎, stress ratio, 𝑅, and length of the crack, 𝑎.  

Paris et al. (1961) proposed that the loading influence on the crack propagation rate may be represented 

by the stress intensity factor range, ∆𝐾=𝐾𝑚𝑎𝑥-𝐾𝑚𝑖𝑛, in which 𝐾𝑚𝑎𝑥 and 𝐾𝑚𝑖𝑛 are the stress intensity factors 

associated with the maximum and minimum stresses, respectively, 𝜎𝑚𝑎𝑥 and 𝜎𝑚𝑖𝑛. As already mentioned, 

for simple loading conditions, three pure propagation modes (I, II and III), linked to ∆𝐾𝐼, ∆𝐾𝐼𝐼 and ∆𝐾𝐼𝐼𝐼 

may occur. Therefore, when both the applied stress range and the stress ratio are constant, the crack 

propagation rate, 𝑑𝑎 𝑑𝑁⁄ , depends only on ∆𝐾: 

 
𝑑𝑎

𝑑𝑁
= 𝑓(∆𝐾) (4.23) 

After comprehensive testing, a relation was established between the crack propagation rate, 𝑑𝑎 𝑑𝑁⁄ , and 

stress intensity factor range, ∆𝐾. The results achieved allowed defining three different propagation 

regimes or regions (Figure 4.19). 

 

Figure 4.19 – Generic relation between 𝑑𝑎 𝑑𝑁⁄  and ∆𝐾 
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More specifically: 

i. Region I, close to the crack propagation threshold and related to low values of ∆𝐾. None 

or reduced crack propagation occurs in this region: 

  lim
∆𝐾→∆𝐾𝑡ℎ

𝑑𝑎

𝑑𝑁
= 0 (4.24) 

The stress intensity factor range threshold, ∆𝐾𝑡ℎ, is a characteristic parameter of each 

material and bounds this region. According to Saxena (1998), such a limit is related to a 

residual crack propagation rate of 10-10 m/cycle; 

ii. Region II, described by the Paris law by establishing a relation between the crack 

propagation rate, 𝑑𝑎 𝑑𝑁⁄ , and stress intensity factor range, ∆𝐾. The representation in 

logarithmic scale is done by a straight line according to: 

  
𝑑𝑎

𝑑𝑁
= 𝐶. ∆𝐾𝑚 = 𝐶. (𝑌. Δ𝜎. √𝜋𝑎)

𝑚
 (4.25) 

where, 𝑌 is a factor that depends on the geometry of the structure and crack dimensions, 𝐶 

and 𝑚 are material-dependent constants (Paris et al., 1961); 

iii. Region III, identified by the increase in the slope of the curve associated with unstable 

crack propagation, which occurs when the maximum stress intensity factor reaches the 

critical value, 𝐾𝑐. 

As mentioned in section 2.3, the Paris law presents several limitations that have been leading to the 

development of more complex cracking rules attempting to properly represent the identified propagation 

regimes, in particular region II. de Castro and Meggiolaro (2009) presented a wide review of crack 

propagation laws dependent on several physical quantities, e.g., Paris-Schijve, Paris-Newman, Elber, 

Forman, Walker or Forman-Newman. In such rules, several parameters related to the cracked geometry, 

material properties and loading conditions are proposed to analyse the crack propagation under dynamic 

loading. Information about these parameters may be found in the literature and standards or may be 

obtained through normalised experimental fatigue tests, in case of lack of data. 

The computation of stress intensity factors time histories is a task of paramount importance that can be 

achieved by considering several methods: i) analytical; ii) weighting functions; iii) boundary elements; 

and iv) finite element methods (Parker, 1981; Broek, 1982; Aliabadi and Rooke, 1991; Fett and Munz, 

1997). The complexity of the fatigue problems and the evolution of the computational capabilities led 

to the proliferation of finite element based methods to compute stress intensity factor spectra. Among 

such techniques, one may highlight those grounded on: i) displacement extrapolation (DE) (Paris and 

Sih, 1965; Chen and Kuang, 1992; Guinea et al., 2000); ii) force method (Morais, 2007); iii) J-integral 

(Rice, 1968); and iv) virtual crack closure technique (VCCT) (Krueger, 2004). 
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4.4.2. DISPLACEMENT EXTRAPOLATION TECHNIQUE (DE) 

This method was developed in order to obtain crack tip singular stresses and stress intensity factors 

using only nodal displacements from finite elements around the crack tip (Paris and Sih, 1965). The 

displacement field in the area of interest may be expressed by the Williams series as a function of the 

stress intensity factors, 𝐾, distance to the crack tip, 𝑟, and angle of the dominant propagation direction, 

𝜃, among other parameters (Williams, 1957). 

 

Figure 4.20 – Crack tip stresses in the Cartesian coordinate system (typical representation) 

 

Considering an existing crack under dynamic loading, as depicted in Figure 4.20, a relation between the 

displacement fields and the stress intensity factors may be established. Generally, only the first term of 

the Williams series is used with 𝜃 equal to 180º, with the displacement field given by: 

where, 𝑢𝑥, 𝑣𝑦 are, respectively, the displacements in the directions 𝑥 and 𝑦, 𝜇=𝐸/2(1+𝜐) the shear 

modulus, 𝐾𝐼 and 𝐾𝐼𝐼 the stress intensity factors for mode I and II, and 𝜅 is the Kolosov constant: 

 𝜅 = 3 − 4𝜈 (Plane Stress) 

 (4.27) 
 𝜅 =

3 − 𝜈

1 + 𝜈
 (Plane Strain) 

The application of the principles underlying this technique, according to equation (4.26), may be more 

accurate if quarter-point isoparametric or collapsed finite elements are used at the crack tip. However, 

in such cases, amendments to the equations presented above are required (Guinea et al., 2000). 

With the aim of increasing the precision of results for complex geometries and loadings, displacement 

extrapolation over-deterministic methods have been proposed to consider a large amount of information 

concerning the displacement fields. Such procedures to evaluate the stress intensity factor have been 

used mostly associated with the digital image correlation (Ju et al., 2006; Yoneyama et al., 2006, 2007; 

Sousa et al., 2011; Zhang and He, 2012). Nonetheless, implementations of these methods in numerical 

 𝑢𝑥 =
𝐾𝐼𝐼
2𝜇

.√
𝑟

2𝜋
. (1 + 𝜅) 

(4.26) 
 

𝑣𝑦 =
𝐾𝐼
2𝜇

.√
𝑟

2𝜋
. (1 + 𝜅) 
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applications have also been considered (Xiao et al., 2004; Ayatollahi and Nejati, 2011). Including higher 

terms of the Williams series, the displacement fields around the crack tip may be represented by: 

in which, 𝜅 is expressed in equation (4.27), 𝑓𝑛
𝐼(𝑟, 𝜃), 𝑓𝑛

𝐼𝐼(𝑟, 𝜃), 𝑔𝑛
𝐼 (𝑟, 𝜃) and 𝑔𝑛

𝐼𝐼(𝑟, 𝜃) the known functions 

of the polar coordinates 𝑟 and 𝜃. The terms containing 𝐴𝑛 and 𝐵𝑛 are related to parts of the deformation 

associated with mode I and mode II, respectively. Also, the displacement components corresponding to 

𝑛 equal to 0 are independent of the coordinates of the points (𝑟, 𝜃), representing the rigid body translation 

at the crack tip: 

Furthermore, the magnitude of the rigid body rotation with respect to the crack tip, 𝜑, is defined by the 

angle between the original direction of the crack and the bisector of crack faces after the structural 

deformation. This quantity is related to the displacement components corresponding to the second term 

of mode II expansion, 𝐵2: 

where, in addition to the already identified parameters, 𝑥 and 𝑦 are the Cartesian coordinates according 

to the referential shown in Figure 4.20. 

After the finite element model analysis, for a large number of nodes around the crack tip and using the 

fundamental concepts of the least-squares method, an over-determined set of simultaneous linear 

 𝑢𝑥 = 𝑓0𝐴0 +∑𝐴𝑛𝑓𝑛
𝐼(𝑟, 𝜃)

𝑁

𝑛=1

+∑𝐵𝑛𝑓𝑛
𝐼𝐼(𝑟, 𝜃)

𝑀

𝑛=1

 

(4.28) 
 𝑢𝑥 = ∑

𝐴𝑛

2𝜇
𝑟𝑛/2 [(𝜅 +

𝑛
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+ (−1)𝑛) cos
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𝑁

𝑛=0
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𝐵𝑛
2𝜇
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𝑛

2
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𝑛

2
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𝑛

2
sin (

𝑛
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𝑀
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 𝑣𝑦 = 𝑔0𝐵0 +∑𝐴𝑛𝑔𝑛
𝐼 (𝑟, 𝜃)

𝑁

𝑛=1

+∑𝐵𝑛𝑔𝑛
𝐼𝐼(𝑟, 𝜃)

𝑀

𝑛=1

 

(4.29)  𝑣𝑦 = ∑
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𝑀
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 𝑢𝑥
0 =

𝜅 + 1

2𝜇
𝐴0 = 𝑓0𝐴0 

(4.30) 

 𝑣𝑦
0 =

𝜅 + 1

2𝜇
𝐵0 = 𝑔0𝐵0 

 𝑢𝑥 = −
𝜅 + 1

2𝜇
𝐵2𝑟 sin 𝜃 = −

𝜅 + 1

2𝜇
𝐵2𝑦 = 𝜑𝑦 

(4.31) 

 𝑣𝑦 =
𝜅 + 1

2𝜇
𝐵2𝑟 cos 𝜃 =

𝜅 + 1

2𝜇
𝐵2𝑥 = −𝜑𝑥 
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equations can be established considering equations (4.28) and (4.29). Such a system of equations allows 

calculating the coefficients of the Williams series related to the stress intensity factors for pure mode I, 

pure mode II or mixed-mode (I+II) conditions: 

The accuracy of the displacement extrapolation technique, highly dependent on the mesh refinement, 

increases considerably when the over-deterministic method based on the nodal displacements is used 

(Xiao et al., 2004; Ayatollahi and Nejati, 2011). 

 

4.4.3. VIRTUAL CRACK CLOSURE TECHNIQUE (VCCT) 

Firstly, Rybicki and Kanninen (1977) proposed the basis of this method, considering a two-step finite 

element analysis in order to calculate the strain energy release rate for a specific crack length. Later, 

Krueger (2004) suggested a modified version in which only one model analysis is required to compute 

the strain energy release rate, 𝐺. The Virtual Crack Closure Technique (VCCT) is based on the 

assumption that the energy released when the crack length, 𝑎, suffers an increment, ∆𝑎, is identical to 

the one required to close the same length increase: 

According to equation (4.33), such a technique is grounded on the calculation of the strain energy release 

rate associated with the crack growth, more specifically, it considers a propagating crack with 

increments of ∆𝑎, e.g. from 𝑎+∆𝑎 (node 𝑖) to 𝑎+2∆𝑎 (node 𝑘), as outlined in Figure 4.21 and Figure 4.22 

for 20-noded 3D finite elements. 

 

Figure 4.21 – VCCT: reference nomenclature at the crack tip for the computation of 𝐺 at the corner nodes of a 

typical 20-noded solid mesh (Silva, 2015) 

 𝐾𝐼 = √2𝜋. 𝐴1 

(4.32) 

 𝐾𝐼𝐼 = −√2𝜋. 𝐵2 

 𝐺 =
𝜕𝑈

𝜕𝑎
=
𝑈𝑎+∆𝑎 − 𝑈𝑎

∆𝑎
 (4.33) 
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Equations (4.34) and (4.35), related to Figure 4.21, allow computing respectively the strain energy 

release rate for modes I and II at corner nodes of finite elements, e.g. the node at row 𝐿 and column 𝑖. 

where, ∆𝐴𝐿=∆𝑎.𝑏 is a certain area of the finite element related to the crack increment ∆𝑎, as represented 

in Figure 4.21. For area ∆𝐴𝐿, if one takes as example row 𝐾 and column 𝑖, 𝑋𝐾𝑖 and  𝐾𝑖 are the nodal 

forces at the crack front. The relative displacements are computed between the delamination faces at the 

nodes behind the crack front. Considering row 𝐾 and column 𝑙, the displacements at the lower face node 

are denoted as 𝑢𝐾𝑙∗ and 𝑤𝐾𝑙∗; following the same logic, the displacements at the upper face node are 

labelled as 𝑢𝐾𝑙 and 𝑤𝐾𝑙. Analogous definitions are applicable to row 𝑀, for the nodal forces at column 𝑖 

and the nodal displacements at column 𝑙; and to row 𝐿, for the nodal forces at columns 𝑖 and 𝑗 and the 

nodal displacements at columns 𝑙 and 𝑚, respectively. Naturally, considering the limits of ∆𝐴𝐿, the nodal 

forces located at 𝐾𝑖 and 𝑀𝑖 contribute only with half of their value to virtually close such a previously 

defined finite element area (∆𝐴𝐿). In the same way, half of the nodal forces at location 𝐾𝑖 contribute to 

the closure of the adjacent area ∆𝐴𝑗 and half of the nodal forces at location 𝑀𝑖 contribute to the closure 

of the respective adjacent area ∆𝐴𝑁. 

 

Figure 4.22 – VCCT: reference nomenclature at the crack tip for the computation of 𝐺 at the mid-side nodes of 

a typical 20-noded solid mesh (Silva, 2015) 

 

Associated with Figure 4.22, equations (4.36) and (4.37) can be used to calculate respectively 𝐺𝐼 and 𝐺𝐼𝐼 

at mid-side nodes of finite element, e.g. the node at row 𝑀 and column 𝑖. 

 𝐺𝐼 =
1

2∆𝐴𝐿

[
1

2
 𝐾𝑖(𝑤𝐾𝑙 − 𝑤𝐾𝑙∗) +  𝐿𝑖(𝑤𝐿𝑙 − 𝑤𝐿𝑙∗) +  𝐿𝑗(𝑤𝐿𝑚 − 𝑤𝐿𝑚∗) +

1

2
 𝑀𝑖(𝑤𝑀𝑙 − 𝑤𝑀𝑙∗)] (4.34) 

 𝐺𝐼𝐼 =
1

2∆𝐴𝐿

[
1

2
𝑋𝐾𝑖(𝑢𝐾𝑙 − 𝑢𝐾𝑙∗) + 𝑋𝐿𝑖(𝑢𝐿𝑙 − 𝑢𝐿𝑙∗) + 𝑋𝐿𝑗(𝑢𝐿𝑚 − 𝑢𝐿𝑚∗) +

1

2
𝑋𝑀𝑖(𝑢𝑀𝑙 − 𝑢𝑀𝑙∗)] (4.35) 

 𝐺𝐼 =
1

2∆𝐴𝑀

[
1

2
 𝐿𝑖(𝑤𝐿𝑙 −𝑤𝐿𝑙∗) +

1

2
 𝐿𝑗(𝑤𝐿𝑚 − 𝑤𝐿𝑚∗) +  𝑀𝑖(𝑤𝑀𝑙 − 𝑤𝑀𝑙∗) +

1

2
 𝑁𝑖(𝑤𝑁𝑙 −𝑤𝑁𝑙∗)

+
1

2
 𝑁𝑗(𝑤𝑁𝑚 −𝑤𝑁𝑚∗)] 

(4.36) 
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in which, the nomenclature presented follows the logic as the one described for equations (4.34) and 

(4.35). Considering ∆𝐴𝑀= ∆𝑎.𝑏, the nodal forces located at 𝐿𝑖, 𝐿𝑗, 𝑁𝑖 and 𝑁𝑗 contribute only with half of 

their value to virtually close the area ∆𝐴𝑀. In the same way, half of the nodal forces at locations 𝐿𝑖 and 

𝐿𝑗 contribute to the closure of the adjacent area ∆𝐴𝐾 and half of the nodal forces located at 𝑁𝑖 and 𝑁𝑗 

contribute to the closure of the respective adjacent area ∆𝐴𝑂. 

If the numerical model is conceived using other types of finite elements, e.g. 8-noded solid elements or 

plate elements, the strain energy release rate equations must be modified according to the available nodal 

forces and nodal displacements. Then, independently of the formulation, once 𝐺 is computed, 

considering the relation established in equation (4.16), 𝐾𝐼 and 𝐾𝐼𝐼 may be calculated. 

 

4.4.4. STANDARD AND EXTENDED FINITE ELEMENT METHODS (FEM AND XFEM) 

In general, the investigation of structural issues including fatigue crack propagation problems has been 

widely performed considering the standard Finite Element Method (FEM). Nevertheless, several 

difficulties arise when one is dealing with 3D fracture problems, namely the difficulty in generating 

suitable meshes conforming to the crack propagation and geometrical constraints.  

In cases of simple geometries and loading conditions, the propagation direction is easily predicted, 

allowing to generate a mesh that makes feasible the cracking without subsequent re-meshing. However, 

the mentioned conditions are hardly verified in typical Civil Engineering structures, requesting for this 

reason the consideration of computational algorithms that allow redefining the cracked geometry and 

performing the corresponding re-meshing operations according to the crack increment in each step of 

the analysis. Such a procedure can be significantly time-consuming (Marques, 2016). 

The Extended Finite Element Method (XFEM) has been developed following the improvement of the 

computational capabilities and respective efficiency. Its application has been considered in the context 

of Fracture Mechanics with promising results for simple geometries, mainly as no systematic re-meshing 

procedures are required (Moës and Belytschko, 2002; Giner et al., 2009). Such a numerical method is 

based on the enrichment of the finite element model with additional degrees of freedom (𝐷𝑂𝐹𝑠) 

associated with functions that reproduce the asymptotic Linear Elastic Fracture Mechanics fields, tied 

to the nodes of the elements intersected by the crack (Moës et al., 1999). The local enrichment functions 

are incorporated into a finite element approximation through the partition of the unity property of finite 

elements identified by Babuška and Melenk (1997). The discontinuity caused by the crack is included 

 𝐺𝐼𝐼 =
1

2∆𝐴𝑀

[
1

2
𝑋𝐿𝑖(𝑢𝐿𝑙 − 𝑢𝐿𝑙∗) +

1

2
𝑋𝐿𝑗(𝑢𝐿𝑚 − 𝑢𝐿𝑚∗) + 𝑋𝑀𝑖(𝑢𝑀𝑙 − 𝑢𝑀𝑙∗) +

1

2
𝑋𝑁𝑖(𝑢𝑁𝑙 − 𝑢𝑁𝑙∗)

+
1

2
𝑋𝑁𝑗(𝑢𝑁𝑚 − 𝑢𝑁𝑚∗)] 

(4.37) 
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in the numerical model without modifying the discretisation. For this reason, only a single mesh is 

needed for any crack length and orientation. The displacement approximation for the crack modelling 

in the Extended Finite Element Method, 𝑢XFEM, takes the form of: 

where, 𝐼 is the set of all nodes in the domain; 𝑁𝑖 and 𝑢𝑖, respectively, the nodal shape function and the 

standard 𝐷𝑂𝐹 of node 𝑖; 𝐽 and 𝐾 the set of enriched nodes with Heaviside function, 𝐻(𝑥), or crack tip 

functions, 𝐹𝛼(𝑥), respectively; and 𝑎𝑖 and 𝑏𝑖𝛼 are the corresponding 𝐷𝑂𝐹𝑠. If there is no enrichment, then 

equation (4.38) is reduced to the classical Finite Element approximation, 𝑢FEM(𝑥): 

The Heaviside function, 𝐻(𝑥), is employed to enrich those elements completely cut by the crack. 

Physically, this function of unit magnitude introduces the discontinuity in the displacement field across 

the crack faces. Figure 4.23 shows how the position of the arbitrary point 𝑥 is characterised with respect 

to the crack location, represented as a continuous curve 𝛤, in a deformable body, Ω. 

 

Equation (4.40) allows to calculate the value of the Heaviside function by considering the position of 

point 𝑥, after defining the closest point belonging to 𝛤 denoted by �̅�(𝑥, 𝑦) and the outward normal vector 

to 𝛤 in �̅� represented by �⃗� . 

At the crack tip, the Heaviside function is not able to approximate the displacement field. However, 

Fleming et al. (1997) showed that the displacement field from Linear Elastic Fracture Mechanics is 

covered by the scope of the following four asymptotic near crack tip functions, 𝐹𝛼(𝑟, 𝜃), expressed in 

terms of the local crack tip coordinate system (𝑟, 𝜃): 

 
𝑢XFEM(𝑥) = ∑𝑁𝑖(𝑥). 𝑢𝑖

𝑖∈𝐼

+∑𝑁𝑖(𝑥). 𝐻(𝑥)𝑎𝑖
𝑖∈𝐽

+∑𝑁𝑖(𝑥) [∑𝐹𝛼(𝑥). 𝑏𝑖𝛼

4

𝛼=1

]

𝑖∈𝐾

 (4.38) 

 𝑢FEM(𝑥) = ∑𝑁𝑖(𝑥). 𝑢𝑖
𝑖∈𝐼

 
(4.39) 

 

𝐻(𝑥) =

{
  
 

  
 
−1, (𝑥 − �̅�)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗. �⃗� > 0

+1, (𝑥 − �̅�)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗. �⃗� < 0

 (4.40) 

Figure 4.23 – Evaluation of 𝐻(𝑥) (Silva, 2015)   
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According to the XFEM formulation, taken as an example a mesh with 4-noded bilinear elements, two 

additional 𝐷𝑂𝐹𝑠 are considered at each node of the elements crossed by the crack and four extra 𝐷𝑂𝐹𝑠 

in each direction are added to the crack tip nodes (Figure 4.24). 

 

Figure 4.24 – Enriched nodes in XFEM (circles: 2 added 𝐷𝑂𝐹𝑠; squares: 8 added 𝐷𝑂𝐹𝑠) (Giner et al., 2009) 

 

For the analysis of a single crack dimension without the respective progression, it should be highlighted 

that the XFEM formulation requires a higher computational effort when compared to the standard FEM, 

which is a direct consequence of the XFEM theoretical bases that include enrichment functions and 

subsequently more complex terms, such as those given by trigonometric functions. Naturally, if the 

XFEM is successfully applied to a certain simple numerical model, in terms of computational time, the 

fact of no systematic re-meshing is required should lead to considerable cumulative gains in the crack 

propagation process, since a sequence of numerical increments is mandatory using the FEM. 

Concerning the eventual implementation of the XFEM to complex geometries part of large bridges, in 

preliminary investigations related to the present work, such a hypothesis was evaluated. In this regard, 

the laborious pre-processing work associated with the definition of the enriched area linked to possible 

cracking paths, as well as the numerical incompatibility with the use of contact elements in such XFEM 

zones, should pose major problems to the successful application of this numerical method to real cases 

studies of Civil Engineering structures. Also, the inherent gains in terms of computational times related 

to the absence of re-meshing operations are not linear, not being clear that such an approach represents 

a considerable advantage for complex structural members when compared to calculations based on the 

FEM combined with modal superposition and submodelling principles. 

 

4.5. EFFICIENT APPROACHES FOR FATIGUE ASSESSMENT  

According to the presented theoretical background, the fatigue damage can be assessed using different 

methods, namely: i) global S-N approaches; ii) local stress, strain and energetic methods; and iii) 
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Fracture Mechanics based approaches. In Civil Engineering structures, as clearly stated in the applicable 

standards and by the current practice, the global approach based on nominal stresses is the most 

considered for fatigue assessment. As demonstrated by several authors and discussed in the present 

work, the nominal stress method and associated S-N curves inherently present relevant drawbacks. The 

concept of nominal stress has been found as not properly addressing the complexity of the fatigue 

phenomenon for details with relevant deviations from those available in the normative catalogues, 

proposed based on wide experimental testing. These limitations may be particularly relevant to 

investigate existing bridges, in which it is normal to find details with some characteristics that strongly 

influence the fatigue assessment, i.e. complex geometries, old structural materials or already with 

propagating cracks. Despite the accessible and fast implementation for most structures, the application 

of such a global approach may lead to overly conservative fatigue results, which may be critical for 

existing bridges designed without proper safety checking for the current and foreseen traffic demands. 

Consequently, if a certain detail does not meet a classification of fatigue-safe after initial calculations 

based on nominal stresses, when applicable, advanced fatigue calculation strategies must be 

implemented, in order to accurately evaluate the structural safety.  

Taking into account the described limitations of the normative proposals for fatigue assessment, 

alternative approaches based on local fatigue parameters are proposed in the present work. Local notch 

methods and Fracture Mechanics concepts are suggested as part of computational algorithms, with the 

aim of analysing the fatigue life associated with initiation and propagation of cracks in certain details, 

respectively. As noted in section 2.3, in the study of large metallic railway structures, the applicability 

of local stress and strain methods and Fracture mechanics principles has been gaining importance to 

evaluate fatigue issues. Therefore, two approaches based on the assessment of local fatigue parameters 

are proposed, combining submodelling techniques and concepts of modal superposition to increase the 

efficiency of the required numerical analyses (Horas et al., 2017, 2018, 2019). Such calculation 

strategies may be properly framed as part of advanced phases of fatigue evaluation to investigate all 

regimes from the early stages of crack initiation until the unstable fracture, for a wide variety of 

connections with particular geometries and composed of materials with different characteristics, e.g. 

puddle iron or modern structural steels. 

In general, for any type of structure and material, the fatigue life associated with the crack initiation can 

be computed using a local notch method that proposes a correlation between a local parameter (e.g. 

stress, strain or energetic) and the number of cycles required to initiate a macroscopic crack, considering 

the localised nature of the initial phase of fatigue damage. As said, the most well-known local models 

are the Basquin, Coffin-Manson, Basquin-Coffin-Manson and Morrow relations. Very often the 

application of these proposals requires elastoplastic analyses, since plasticity may develop at the vicinity 
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of notches. With this respect, analytical tools, such as those provided by the combination of the models 

proposed by Ramberg and Osgood (1943) and Neuber (1961) or Glinka (1985b, 1985a, 1988), may be 

applied to establish a relation between local elastic stress ranges and local elastoplastic strain ranges. 

After initiated a certain crack, the concepts of Fracture Mechanics may be used to investigate the fatigue 

crack propagation problem, complementing the implemented local notch methods or allowing the 

computation of the residual fatigue life of an already cracked detail. Such a calculation strategy is 

supported by fatigue crack propagation laws to establish a correlation between the crack propagation 

rate and the stress intensity factor. The Paris law has been assumed as the most common relation to 

describe the crack propagation under dynamic loading (Lukić et al., 2013). Nonetheless, the assessment 

of local fatigue parameters, either to investigate the crack initiation or to analyse the propagation stage, 

presents relevant numerical challenges, increased by the scale of bridges. 

The reliability of the determination of the stress and strain ranges are related to the quality of the 

modelling. Naturally, the increase in the complexity of structural systems leads to significant modelling 

works. Numerically, the accurate evaluation of local quantities in fatigue-critical details of bridges is a 

complex task that implicitly comprises an unavoidable multiscale problem. Generally, the global 

numerical model of a large structure is able to properly reproduce the global dynamic behaviour, even 

when conceived with beam or shell finite elements discretised with coarse meshes (Albuquerque, 2015; 

Silva, 2015). However, despite the accuracy of the global results, a local fatigue analysis demands a 

much more refined modelling approach, typically based on shell or volumetric finite elements, which 

tends to be hard to achieve through the inclusion of such a refinement directly into the global model, as 

it may significantly increase the computational costs. Nevertheless, despite the associated computational 

demands, for certain ranges of analysis, successful applications of this modelling method can be found 

in the literature (Imam, 2006; Kaliyaperumal et al., 2011; Yan et al., 2016; Zhou et al., 2016), as 

reviewed in Chapter 2. An alternative approach, lighter in terms of computational costs, consists in the 

analysis of the global model, allowing to compute the boundary displacement fields, then inputted on 

the limits of refined local model (submodelling relation). In the context of accurate and computationally 

efficient fatigue analyses, the implementation of different submodelling techniques, such as those based 

on beam-to-shell, shell-to-solid and beam-to-solid relations, should be advantageous, since the 

combination of a lighter global model with refined local models is admissible. 

For complex geometries, the shell-to-solid approach may be particularly useful, as it does not 

mandatorily require the existence of master and slave nodes in the global and local models, respectively, 

nor the same coordinates between them. In such cases, the displacement fields applied to the boundary 

nodes of the submodel may be defined by extrapolation considering the appropriate shape functions and 

the relevant results obtained from the global model (ANSYS, 2017b). In terms of theoretical basis, the 
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submodelling principles are grounded on St. Venant's principle, which means that if an actual 

distribution of forces is replaced by a statically equivalent system, the generated stresses and strains 

fields are modified only near the loaded finite elements. Consequently, if the boundaries of the local 

model are far from geometrical nonlinearities related to stress concentration areas, accurate results can 

be locally computed. In addition, the submodel shall be small enough so that the inertia load field acting 

on it can be negligible when compared with the elastic force field imposed by the displacements applied 

to the boundary nodes.  

The development of the computational capabilities and submodelling techniques has been allowing to 

increase the detail of numerical models. In this regard, the development of numerical representations 

which perfectly replicate certain structural responses allows establishing the so-called digital sensors 

(European Union, 2018). After implementing processes of calibration or optimisation with a basis on 

the match between numerical and experimental data, the accuracy confirmed at the experimental points 

may be extrapolated to other areas of the modelling classified as validated. Consequently, each node of 

the respective finite elements may be assumed as a numerical sensor with a high level of confidence. 

Also, the confirmed agreement between a numerical response and the corresponding real one may allow 

classifying the modelling as a digital replica of the real structure for the investigated issues, assuming 

such a model as a numerical tool integrated into the concept of digital twinning applied to Civil 

Engineering (European Union, 2018). This principle consists of a digital representation of a physical 

object system, using experimental sensors (eventually in real time through data streamers) and artificial 

intelligence, in order to bridge the physical and the virtual world (El Saddik, 2018; Nativi et al., 2020). 

The inclusion in such digital tools of an integrated methodology for assessment of dynamic responses 

associated with fatigue issues may be critical to ensure the structural integrity of existing bridges. 

Concerning the methods to solve the dynamic problem, the direct time-integration has been chosen as a 

reference approach to assess fatigue damage in small structures, using algorithms such as the Newmark 

(Bathe, 1996) or the Hilber-Hughes-Taylor (HHT) (Chung and Hulbert, 1993). However, regarding 

dynamic calculations in large bridges, such algorithms usually required the analysis of a single 

numerical model during thousands of load steps mutually dependent. As mentioned above, a global 

model of a large bridge cannot reflect the local detailing, which leads to an unreliable numerical 

representation of the response of a certain connection and respective inaccurate damage assessment 

based on local fatigue approaches. Also, even if the numerical modelling is simplified, for large bridges, 

solving the dynamic problem using direct time-integration algorithms may be impossible due to 

computational demands or may lead to computational times not compatible with the pace of design or 

monitoring operations. In order to overcome the described issues, the modal superposition of local 

parameters, such as stresses, strains and stress intensity factors may be adopted. In a notched detail, 
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below a certain level of stress (representative of operational loads), the development of a localised plastic 

region governed by an elastoplastic response does not affect the global structural behaviour that remains 

linear and therefore possible to be analysed superimposing a limited number of vibration modes. 

Consequently and considering the presented background, it can be said that combining local methods 

with the implementation of modal superposition concepts, under localised and confined plasticity, the 

local response at a certain hot-spot may be assessed considering the elastic material behaviour combined 

with elastoplastic post-processing using local approaches such as the Neuber (1961) or Glinka (1985a, 

1985b, 1988) proposals (Horas et al., 2017, 2019). Generally, in which concerns the crack propagation 

assessment, the development of cracks in materials that typically compose bridges occurs in the elastic 

regime allowing to consider the concepts underlying the Linear Elastic Fracture Mechanics (LEFM) 

(Albuquerque et al., 2012, 2015; Horas et al., 2018). Either for crack initiation or crack propagation 

applications, for certain local geometries as those involving rivets, the local contact nonlinearities hinder 

the modal superposition of local quantities of interest, such as stresses or stress intensity factors, 

requiring an alternative approach to apply the principles of modal superposition. Finally, the 

implementation of calculation strategies considering the combination of the concepts described above 

is strongly potentiated by submodelling techniques, which increase the admissible detail of the 

modelling to assess local fatigue parameters, in addition to improving the computational efficiency. 

In the present work, three approaches to implement local fatigue methods are presented, being two of 

those innovative and developed to be considered in the investigation of fatigue-critical connections part 

of existing metallic railway bridges. Taking into account the previously detailed fundamentals, a general 

workflow for fatigue assessment based on dynamic calculations may be outlined (Figure 4.25). 

 

Figure 4.25 – General workflow for the numerical analysis of fatigue issues in metallic railway bridges 
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In Figure 4.25, the main admissible steps underlying the evaluation of fatigue damage in details of 

metallic railway bridges are presented. Considering the limitations of the global S-N approach suggested 

in standards and guidelines, three calculation strategies to implement local methods for fatigue analysis 

are suggested: i) approach 1; ii) approach 2; and iii) approach 3. Concerning the first, a classic and 

reference calculation process typically implemented to investigate simple details and reasonably small 

structures is presented, adopting direct time-integration algorithms. For larger bridges, the inherent 

computational demands should not allow a proper local modelling detail compatible with analyses using 

local fatigue methods. Also, in such an approach, elastoplastic material properties may be assumed, but 

one numerical calculation is mandatory for each railway loading. Consequently, two alternative 

workflows based on the assessment of local parameters, submodelling techniques and modal 

superposition concepts are proposed (approach 2 and approach 3). In general terms, such calculation 

strategies differ in the application of the modal superposition technique in order to account for eventual 

nonlinear contacts, aiming to address details involving rivets or bolts. Concerning approach 2, the 

superposition of modal quantities is assumed as feasible, since all parameters that influence the local 

response may be represented in the modal space, assuming a purely linear elastic regime. For stress and 

strain compatible with elastoplastic magnitudes, those elastic calculations may be performed followed 

by elastoplastic post-processing, implementing the Neuber or Glinka proposals. Nonetheless, relevant 

contact nonlinearities or clamping stresses may not be adequately addressed. Therefore, in the proposed 

approach 3, the modal superposition of boundary displacement fields extracted from the global model 

(𝐵𝐷𝐶𝑂𝑠, stands for boundary conditions) is foreseen, being then imposed on the respective submodel to 

obtain local parameters in the time domain. Also in this approach, the properties of the material may be 

assumed as purely elastic, with subsequent elastoplastic post-processing if required. The different 

strategy to address the modal superposition should lead to distinct requirements concerning the number 

of analyses. For approach 2, one initial numerical calculation is required for all trains, while for approach 

3, one numerical analysis for each loading is mandatory. Regarding the combination of the material 

nonlinearities with the implementation of the modal superposition, in Table 4.1 the main characteristics 

of the mentioned approaches are broadly presented. 

Table 4.1 – Main characteristics of the three approaches to investigate fatigue using local methods 

# 
Material 

behaviour 
Type of analysis 

Elastoplastic results            

(post-processing) 

Approach 1 Elastoplastic 
Direct time-integration                                           

(e.g. implementing HHT algorithm) 
Not required 

Approach 2 Elastic 
Modal superposition of local fatigue quantities       

e.g. (𝜎𝐸, 휀𝐸) or (𝐾𝐼, 𝐾𝑒𝑞) If required,                       

Neuber or Glinka proposals                 

(𝜎𝐸, 휀𝐸) to (𝜎𝐸𝑃, 휀𝐸𝑃) Approach 3 Elastic 
Modal superposition of boundary displacements 

(𝐵𝐷𝐶𝑂𝑠) 
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Regarding the initiation of cracks, for both approaches 2 and 3, local methods may be considered after 

implementing the elastoplastic post-processing, when required. On the other hand, regarding the 

propagation phase, following the numerical analyses and modal superposition process, LEFM concepts 

underlying crack propagation laws may be implemented. For both fatigue stages, damage accumulation 

rules should be adopted, after computing the damage for each cycle (see in Figure 4.25 the Fatigue 

Calculation block). Concerning the three approaches described, it should be stressed that the 

investigation of the propagation of cracks for low cycle fatigue regime, in which relevant local plasticity 

occurs, is not considered. The development of important plastic regions should represent a boundary for 

the implementation of the analytical elastoplastic post-processing and make the simulation of the 

progression of the respective cracks unfeasible. In general, such a type of fatigue phenomena is not 

expected to be verified in Civil Engineering structures and in metallic railway bridges in particular. 

In the present work, after describing the theoretical fundamentals underlying the proposed innovative 

approaches (2 and 3), computational algorithms properly adapted to the investigation of the crack 

initiation and propagation are suggested for each of phase. Despite being proposed for metallic railway 

bridges, such calculation strategies are initially validated through the implementation in an idealised 

simply supported beam, assuming the results obtained considering approach 1 as reference. Aiming to 

analyse local fatigue issues taking into account local geometrical, material and contact nonlinearities, 

typical of riveted connections, different notches were assumed divided into two case studies derived 

from the idealised simple structure, namely, a circular notch and a riveted patch in a cracked flange. 

Regarding the validation process related to the crack initiation phase, for each assumed dynamic loading, 

the elastoplastic behaviour at hot-spots is focused and three workflows were implemented: i) firstly, 

through a direct time-integration using the HHT algorithm, an elastoplastic global model conceived with 

volumetric elements was analysed and the results achieved assumed as reference (approach 1); ii) 

secondly, using numerical models characterised with elastic properties for the material, a calculation 

strategy grounded on the modal superposition of local quantities, submodelling techniques and 

elastoplastic post-processing, based on the Neuber or Glinka proposals, was considered (approach 2) 

(Horas et al., 2017); and iii) lastly, also adopting elastic numerical models, an alternative approach based 

on the determination of displacements fields around a certain notch, using modal superposition concepts 

and submodelling principles, properly combined with elastoplastic post-processing, was implemented 

(approach 3) (Horas et al., 2019). In which concerns the crack propagation assessment, computational 

algorithms associated with approaches 2 and 3, adapted to compute stress intensity factor time histories, 

were considered. In this regard, due to the admitted magnitude of the loadings and respective elastic 

nature of the analyses based on LEFM principles, no elastoplastic material properties had to be taken 

into account, since the respective influence is negligible. 
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A comprehensive critical analysis is performed for both crack initiation and crack propagation scenarios. 

The results obtained after applying the three described approaches are compared to evaluate the 

precision of the computational algorithms based on the modal superposition principles (approaches 2 

and 3) in relation to the calculations grounded on direct time-integration (approach 1). 

After the systematic process of implementation and validation of the suggested approaches and related 

computational algorithms, the principles of approach 2 were additionally applied to a real case study 

previously investigated by Albuquerque (2015), which suggested the concept of modal stress intensity 

factor and performed the numerical propagation of a pre-existing crack with 15 mm in length. In order 

to demonstrate the potential of considering modal superposition concepts and submodelling techniques 

to analyse metallic railway structures, the progression of a smaller initial crack with 1 mm in length was 

numerically simulated and the eventual formation of a real one was investigated. The respective 

proposed computational algorithms properly adapted to each phase of fatigue damage were fully applied.  

 

4.5.1. GENERAL THEORETICAL BACKGROUND 

In this subsection, the bases underlying the proposed approaches, which combine the modal 

superposition concepts and submodelling techniques with local notch methods or Linear Elastic Fracture 

Mechanics principles, are comprehensively described. Related computational algorithms that address 

local geometrical, material and contact nonlinearities to investigate crack initiation or crack propagation 

scenarios are also presented.  

 

4.5.1.1. Assessment of the dynamic behaviour using modal superposition 

A cyclic loading acting on a certain structural system gives origin to a dynamic behaviour highly 

influenced by the characteristics of the structure and loading history. The definition of the geometrical 

and material properties allows establishing structural dependent values such as mass, stiffness and 

damping. Also, if an acting load is known, the nodal forces for each time step may be computed. 

Consequently, as it is well established, at a certain time instant 𝑡, the dynamic response of a structural 

system with 𝑁 degrees of freedom may be evaluated considering the following system of equations: 

 𝑀. �̈�(𝑡) + 𝐶. �̇�(𝑡) + 𝐾. 𝑢(𝑡) = 𝐹(𝑡)   (4.42) 

in which, from the structural properties side, related to the 𝑁 degrees of freedom, 𝑀, 𝐶 and 𝐾 are, 

respectively, the matrices of mass, damping and stiffness, each with 𝑁x𝑁 dimension. Concerning the 

acting loading, 𝐹(𝑡) is the nodal forces vector defined by 𝑁x1 terms. 𝑢(𝑡), �̇�(𝑡) and �̈�(𝑡) are respectively, 

the vectors of displacement, velocity and acceleration that represent the dynamic response of the 
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structural system, also composed of 𝑁x1 terms. When a direct time-integration algorithm is considered, 

the system of equations (4.42) is solved for all time steps, with each instant of time 𝑡+1 being dependent 

of the structural response at 𝑡, which means that the structural analysis is indivisible and has to be 

performed at once considering one single computing process. As it is easily understood, for large 

bridges, such restrictions lead to unsustainable calculation times, since a large number of degrees of 

freedom 𝑁 is required to properly define the global behaviour and local responses in critical details. 

However, if the global response is in the elastic domain and the properties of the structure remain 

constant over time, the modal superposition concepts may be considered and the system of equations 

(4.42) is converted into 𝑁 decoupled equations (Clough and Penzien, 1995): 

 �̈�𝑗(𝑡) + 2𝑤𝑗 . 𝜉𝑗 . �̇�𝑗(𝑡) + 𝑤𝑗
2. 𝑌𝑗(𝑡) = 𝑓𝑗(𝑡) (4.43) 

In equation (4.43), for a certain time instant, 𝑡, and for the 𝑗𝑡ℎ vibration mode, 𝑌𝑗, �̇�𝑗 and �̈�𝑗 are the modal 

coordinates for each of the 𝑁 degrees of freedom related to displacements, velocities and accelerations, 

respectively. Also, 𝑤𝑗 is the 𝑗𝑡ℎ natural frequency and 𝜉𝑗 the 𝑗𝑡ℎ damping coefficient, both modal 

properties invariant over time. Regarding the loading side, 𝑓𝑗 is the nodal force vector, with each term 

associated with each degree of freedom. In which concerns the modal parameters represented in the first 

term of equation (4.43), they are not load-dependent and only need to be computed once. In the analysis 

of railway bridges, when the superposition of modal quantities is adopted, such a characteristic allows 

only the definition of 𝑓𝑗 to be required to calculate the modal coordinates for each instant 𝑡, with these 

nodal forces computed using simple linear shape functions, implementing a moving load approach. 

Also, for a given system, it should be noted that the global linearity and time-invariant properties, both 

required to apply the modal superposition, are still expected to be verified if fairly localised 

nonlinearities occur, negligible from the global point of view, e.g. local plasticity typical of notches 

where the crack initiation is likely to take place or contact nonlinearities associated with rivets. 

Naturally, the modal superposition principles may be used to efficiently compute local fatigue quantities 

such as stresses, strains or energetic parameters. Superimposing a limited number of vibration modes, 

the calculation of a certain local parameter, 𝜓, may be expressed generically as: 

 𝜓(𝑡) = 𝜓𝑠𝑡𝑎 + ∑ 𝜓𝑗𝑗 . 𝑌𝑗  (𝑡)  (4.44) 

where, 𝜓𝑠𝑡𝑎 is the static part of 𝜓 and 𝜓𝑗 is the respective modal quantity computed taking into account 

the modal shape of the 𝑗𝑡ℎ vibration mode. Such an equation, depending on the local parameter required 

to analyse the development of damage, may be adapted and used to implement the modal superposition 

in the context of fatigue analyses. As mentioned above, in the present work, equation (4.44) is considered 

according to three different configurations in order to: i) calculate local stresses and strains time 

histories, 𝜎(𝑡) and 휀(𝑡), required to evaluate the crack initiation phase; ii) compute the displacements 
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fields over time, from modal values evaluated at a certain global model, 𝐵𝐷𝐶𝑂(𝑡), around a nonlinear 

region (e.g. riveted patch); and iii) calculate the stress intensity factor time history, 𝐾(𝑡), necessary to 

evaluate the propagation of an existing crack. 

 

4.5.1.2. Crack initiation phase 

Frequently, details typically found in metallic bridges have geometrical irregularities due to accidental 

reasons or defective construction, sources of damage that are more likely to occur in old bridges. Around 

such notch apexes, generally higher stress concentrations are verified which may start a fatigue 

phenomenon leading to the development of a macroscopic crack. Depending on the stress level at the 

hot-spot, the crack initiation may be assessed using different local methods, relating local fatigue 

damage quantities (stresses and strains at the notch) to the number of cycles required to initiate a crack. 

In this field, the most implemented relations were proposed by: i) Basquin (1910), equation (4.45); ii) 

Coffin (1954) and Manson (1954), equation (4.46); iii) Basquin-Coffin-Manson (Manson and 

Hirschberg, 1964), equation (4.47); and iv) Morrow (1965, 1968), equation (4.48). 

 
∆𝜎 

2
= 𝜎𝑓

′(2𝑁𝑓)
𝑏
  (4.45) 
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  (4.46) 
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2
=

𝜎𝑓
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𝐸
(2𝑁𝑓)

𝑏
+ 휀𝑓

′(2𝑁𝑓)
𝑐
  (4.48) 

In the presented equations, ∆𝜎 is the local stress range, ∆휀𝑃 and ∆휀𝐸𝑃, respectively, the plastic and the 

elastoplastic strain ranges, 𝜎𝑓
′ and 𝑏, respectively, the cyclic fatigue strength coefficient and exponent, 

휀𝑓
′  and 𝑐, respectively, the fatigue ductility coefficient and exponent, 𝜎𝑚 the acting mean stress, 𝑁𝑓 the 

number of cycles required for crack initiation (2𝑁𝑓 is the number of reversals) and 𝐸 is the Young’s 

modulus. The listed local notch methods may be implemented directly if the stress and strain magnitudes 

are compatible with the elastic regime or, when localised plasticity occurs, if the elastoplastic material 

behaviour is correctly accounted for in the considered numerical model(s). However, as previously 

mentioned, modelling the nonlinear properties of the material is not admissible for analyses assuming 

modal superposition principles. Consequently, taking into account the results obtained after a linear 

elastic analysis based on finite elements to define and characterise the phenomena of local plasticity, a 

relation can be established between the calculated elastic stress and strain ranges and the corresponding 

local elastoplastic quantities, using the energetic terms related to the elastic and elastoplastic regimes, 

respectively, ∆𝜎𝐸 . ∆휀𝐸 and ∆𝜎𝐸𝑃. ∆휀𝐸𝑃. 

 ∆𝜎𝐸. ∆휀𝐸 = ∆𝜎𝐸𝑃. ∆휀𝐸𝑃 (4.49) 
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Based on the principle of energetic conservation, the proposals of Neuber (1961) or Glinka (Glinka, 

1985b, 1985a, 1988), respectively, equations (4.50) and (4.51), may be implemented: 

 ∆𝜎𝐸. ∆휀𝐸 =
∆𝜎𝐸𝑃2

𝐸
+ 2∆𝜎𝐸𝑃 (

∆𝜎𝐸𝑃

2𝐾′
)

1
𝑛′ 

 (4.50) 
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4∆𝜎𝐸𝑃

1 + 𝑛′
(
∆𝜎𝐸𝑃

2𝐾′
)

1
𝑛′ 

 (4.51) 

where, 𝐾′ are 𝑛′ are the cyclic strain hardening coefficient and exponent, respectively, introduced in the 

relation of Ramberg and Osgood (1943). Related to the stress and strain fields, ∆𝜎𝐸 is the local elastic 

stress range, ∆𝜎𝐸𝑃 the corresponding elastoplastic value and ∆휀𝐸 the strain range assuming a purely 

elastic regime, all evaluated at the notched hot-spot. In simple cases, ∆𝜎𝐸 and ∆휀𝐸 are computed 

considering simplifications well documented in the literature. More specifically, ∆𝜎𝐸 may be indirectly 

calculated by multiplying the stress concentration factor, 𝐾𝑡, by the nominal stress range, ∆𝜎𝑛, and, 

subsequently, assuming uniaxial stress conditions, ∆휀𝐸 may be obtained from ∆𝜎𝐸 𝐸⁄ . Otherwise, for 

complex geometries and loadings, the value of 𝐾𝑡 is not explicitly known and the local energetic term, 

∆𝜎𝐸. ∆휀𝐸, may not be easily computed. In such cases, the required numerical modelling provides a better 

approximation for the elastic stress and strain fields and consequently for the required energetic term. 

After defining the elastoplastic stress values, implementing equation (4.50) or (4.51) as a development 

of the basic equality established in equation (4.49), the relation with the corresponding elastoplastic 

strains near the yielding may be explicitly established by the model proposed by Ramberg and Osgood 

(1943), according to the following equation: 

 
∆휀𝐸𝑃 =

∆𝜎𝐸𝑃

𝐸
+ 2(

∆𝜎𝐸𝑃

2𝐾′
)

1
𝑛′ 

 (4.52) 

in which, ∆휀𝐸𝑃 is the elastoplastic strain value associated with ∆𝜎𝐸𝑃, calculated according to the material 

properties 𝐾′ and 𝑛′. Alternatively, for structures not affected by relevant dynamic effects with local 

responses largely characterised by a major cycle, a monotonic relation between stresses and strains may 

also be assumed to compute the elastoplastic strain related to a certain stress value, considering the 

characteristics of the material behaviour fully defined. Such approaches are expected to be reliable for 

uniaxial local responses or low levels of multiaxiality. Increasing the complexity of the local behaviour, 

additional methods may be required to accurately evaluate the elastoplastic stress and strain values 

according to the local axis or principal directions. 

Taking into account the presented background, aiming to evaluate the fatigue life related to the crack 

initiation stage, a calculation strategy is proposed. Associated with approach 2, a computational 

algorithm considering the implementation of the modal superposition of local fatigue quantities, with 

elastoplastic post-processing of elastic results, is presented (Figure 4.26). 
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Figure 4.26 – Algorithm for crack initiation analysis superimposing modal local quantities (approach 2) 
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obtained. On the other hand, as the degree of multiaxiality increases, but a certain stress/strain 

component still dominates the local response, the modal superposition may be applied to each stress 

component (𝜎𝑥𝑥, 𝜎𝑦𝑦, 𝜎𝑧𝑧, 𝜏𝑥𝑦, 𝜏𝑥𝑧, 𝜏𝑦𝑧), from which the time histories of the acting principal stresses (𝜎1, 

𝜎2, 𝜎3) are calculated, allowing to define a certain equivalent stress, e.g. von Mises stress, 𝜎 𝑀. Once 

computed the local elastic stress and strain time histories, the elastoplastic post-processing is 

implemented incrementally using the fundamental relation underlying equations (4.50) or (4.51), which 

allows computing the elastoplastic stress and strain time histories, respectively, 𝜎𝐸𝑃(𝑡) and 휀𝐸𝑃(𝑡). 

Furthermore, for more complex local responses at the hot-spot, multiaxial elastoplastic post-processing 

approaches may be considered (Moftakhar et al., 1995). Alternatively, the plane at which the fatigue 

crack is expected to initiate and propagate may be defined according to the Critical Plane Theory 

(Papadopoulos, 1998; Carpinteri et al., 1999; Taylor, 2007; B. Li et al., 2019; Liao et al., 2019; Liu et 

al., 2019). After characterising such an orientation, the foreseen elastoplastic post-processing may be 

implemented to the elastic stress vector associated with the defined critical plane, with the aim of 

obtaining results more in line with the real fatigue damage nature. The determination of the diagrams 

𝜎𝐸𝑃(𝑡) and 휀𝐸𝑃(𝑡) allows applying a cycle counting method, e.g. the rainflow, to compute the installed 

stress and strain ranges, ∆𝜎𝑖
𝐸𝑃and ∆휀𝑖

𝐸𝑃, and associated number of cycles, 𝑛𝑖, from which local S-N 

methods, such as Basquin-Coffin-Manson (Manson and Hirschberg, 1964), equation (4.47), or Morrow 

(1965, 1968), equation (4.48), may be implemented. It should be noted that if no relevant plasticity 

deformation occurs (elastic regime or negligible plasticity), the foreseen elastoplastic post-processing is 

not required, but the presented computational algorithm is equally valid. Finally, a linear damage 

accumulation rule, such as the one proposed by Miner (1945), may be considered to calculate the total 

fatigue damage, 𝐷, related to the considered dynamic event 𝐹𝑖(𝑡): 

 𝐷 = ∑
𝑛𝑖
𝑁𝑓,𝑖

 (4.53) 

Once the damage summation for a certain loading is performed, the described second step of the 

workflow may be repeated for different loading events in order to compute the fatigue life associated 

with the crack initiation. As a major advantage of the presented computational algorithm and related 

calculation strategy, it should be highlighted the elastic characteristics of all mandatory numerical 

analyses, which are performed only once, necessarily reducing the required calculation time. 

Additionally, in the present work, also aiming to investigate the fatigue life related to the crack initiation 

stage, an alternative calculation strategy grounded on the modal superposition of displacements fields 

around a certain fatigue-critical detail, 𝐵𝐷𝐶𝑂𝑠, is proposed to properly consider local nonlinearities, 

resulting from contacts or clamping forces. According to the proposed approach 3, a computational 

algorithm is suggested to implement the required numerical analyses, assuming material elastic 

behaviour and subsequent elastoplastic post-processing of results (Figure 4.27). 
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Figure 4.27 – Algorithm for crack initiation analysis superimposing modal 𝐵𝐷𝐶𝑂𝑠 (approach 3) 

 

As shown in Figure 4.27, in a first step, a pre-processing based on the global model is carried out 

allowing to compute the required modal parameters for each mode 𝑗 (𝜙𝑗, 𝑤𝑗, 𝑚𝑗, 𝜉𝑗) and the static 

displacement fields, 𝜙𝑠𝑡𝑎. Subsequently,  𝜙𝑗 and 𝜙𝑠𝑡𝑎 are extrapolated to the boundary nodes of the 

submodel and stored, respectively, 𝐵𝐷𝐶𝑂𝑗 and 𝐵𝐷𝐶𝑂𝑠𝑡𝑎𝑡. 

Concerning the second step, for each loading 𝐹𝑖(𝑡) and vibration mode 𝑗, the modal coordinates, 𝑌𝑗(𝑡), 

are computed. After, superimposing a limited number of 𝑗 vibration modes, the time histories of the 

boundary conditions of the submodel, 𝐵𝐷𝐶𝑂(𝑡), are calculated for each 𝐹𝑖(𝑡) (equation (4.44)). 

Naturally, for a certain acting loading and subsequently for each time step 𝑡, the 𝐵𝐷𝐶𝑂s are inputted into 

the submodel and static analyses are performed in order to obtain the time histories of the required local 

fatigue quantities (e.g. 𝜎𝑥𝑥(𝑡), 𝜎𝑦𝑦(𝑡), 𝜎𝑧𝑧(𝑡), 𝜏𝑥𝑦(𝑡), 𝜏𝑥𝑧(𝑡), 𝜏𝑦𝑧(𝑡)). In this respect, it should be 

highlighted that the solution for each time step 𝑡+1 is completely independent from the previous instant 

𝑡, which allows considering a parallel computing process to perform multiple calculations at the same 

time (Horas et al., 2018, 2019). Also, assuming a linear accumulation of the fatigue damage (valid for 

random loading, typical of the traffic on railway bridges) and consequently the independence of the 

loading sequence, except when relevant residual local plasticity occurs, such parallel computing may be 

extended to a network of parallel processing, with predefined sets of time steps related to a certain 

loading being solved on several hardware setups (Figure 4.28). 
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Figure 4.28 – Scheme of parallel computing network using shared memory multiprocessing 

 

In Figure 4.28, the general principles of a parallel processing network are outlined. For each workstation, 

it is possible to run multiple numerical analyses of independent time steps, allowing each calculation to 

evaluate the required local fatigue quantities. According to a proposed sub-algorithm, for each loading 

𝐹𝑖(𝑡), the computation of such parameters of interest for all time steps considered leads to the definition 

of the respective time histories in a minimised computational time, whose magnitude is only limited by 

the available hardware resources (Figure 4.29). 

 

Figure 4.29 – Sub-algorithm: network parallel computing 
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As outlined in Figure 4.29, for a certain acting loading 𝐹1(𝑡), depending on the number of computers 

and parallel processes assumed, independent sets of boundary conditions are defined (𝐵𝐷𝐶𝑂(𝑡1,1), …, 

𝐵𝐷𝐶𝑂(𝑡𝑚,𝑛)). In this regard, each set of 𝐵𝐷𝐶𝑂𝑠 represents a time instant 𝑡 and the range of time steps 

[𝑡1,1, 𝑡𝑚,𝑛] the total time of analysis. The definition of such sets of 𝐵𝐷𝐶𝑂𝑠 allows the respective static 

calculations in several computers (1, …, 𝑘) and, consequently, in different parallel processes (e.g. 1, …, 

𝑚). Taken as example computer (1), several sets of boundary conditions related to certain time steps, 

(𝐵𝐷𝐶𝑂(𝑡1,1), …, 𝐵𝐷𝐶𝑂(𝑡𝑝,𝑛)), are divided into different parallel computing processes, (1, …, 𝑝), 

allowing to perform independent static analyses to compute local fatigue quantities, e.g. for crack 

initiation, local stresses components, 𝜎𝑥𝑥, 𝜎𝑦𝑦, 𝜎𝑧𝑧, 𝜏𝑥𝑦, 𝜏𝑥𝑧, 𝜏𝑦𝑧. Subsequently, gathering the results of 

all calculations performed, it is possible to define the time histories of interest. The computation process 

may be implemented for a set of loadings 𝐹𝑖(𝑡), but the required numerical analyses are dependent on 

each loading, which is not mandatory in approach 2. Also, it should be noted that the principles 

underlying the parallel computing sub-algorithm may be adapted to approach 2, in order to compute 

multiple modal quantities simultaneously in different calculations processes and in several hardware 

setups, even though such an implementation may be less relevant than for approach 3. 

In which concerns the third step, once obtained the local elastic stress and strain time histories, a similar 

procedure to the one described for the second step of the computational algorithm outlined in Figure 

4.26 should be carried out. Such post-processing allows computing the required elastoplastic values for 

stress and strain time histories and subsequently the fatigue life related to the crack initiation. As 

previously noted, in general, the computational algorithms depicted in Figure 4.26 and Figure 4.27 are 

based on the same principles, but eventual existing contact nonlinearities are taken into account 

differently, depending on the assumed computing strategy. In the present work, further commentaries 

are performed in subsection 4.5.2.9 concerning the accuracy of each calculation algorithm. 

 

4.5.1.3. Crack propagation phase 

Once a macroscopic crack is developed, a propagation process takes place and must be evaluated in 

order to compute the remaining fatigue life of the cracked component. In this regard, the principles of 

Linear Elastic Fracture Mechanics have been considered in different fields of application with the aim 

of investigating fatigue crack propagation problems, with successful and effective results properly 

validated in different engineering industries. The growth of an existing crack with the number of loading 

cycles may be quantified by implementing a certain crack branching criteria based on the fundamental 

principles of Fracture Mechanics. Currently, such an approach has been applied to large Civil 

Engineering structures with complex fatigue-prone details (Lukić et al., 2013; Albuquerque et al., 2015; 

Silva, 2015; Leander and Al-Emrani, 2016). 
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The definition of the characteristics of loadings acting on cracked details is a critical task to properly 

assess the cracking phenomenon. In this respect, revisiting the presented Figure 4.18, three pure loading 

modes may be developed: i) opening mode (mode I); ii) sliding mode (mode II); and iii) tearing mode 

(mode III). Also, such loading modes may coexist and a mixed-mode crack propagation may take place 

due to the combination of two or all of the defined pure modes. Obviously, according to the concepts 

proposed by Irwin (1957) and assuming that the structural system is globally linear and invariant over 

time, Albuquerque et al. (2012) suggested that equation (4.44) may be re-written considering the modal 

superposition of stress intensity factors. Such a concept may be extended to express the dependency on 

the loading mode, allowing to compute the respective stress intensity factors: 

 𝐾𝐼(𝑡) = 𝐾𝐼,𝑠𝑡𝑎 + ∑ 𝐾𝐼,𝑗𝑗 . 𝑌𝑗  (𝑡)  (4.54) 

 𝐾𝐼𝐼(𝑡) = 𝐾𝐼𝐼,𝑠𝑡𝑎 +∑ 𝐾𝐼𝐼,𝑗𝑗 . 𝑌𝑗  (𝑡)  (4.55) 

 𝐾𝐼𝐼𝐼(𝑡) = 𝐾𝐼𝐼𝐼,𝑠𝑡𝑎 + ∑ 𝐾𝐼𝐼𝐼,𝑗𝑗 . 𝑌𝑗  (𝑡)  (4.56) 

in which, 𝐾𝐼, 𝐾𝐼𝐼 and 𝐾𝐼𝐼𝐼 are, respectively, the stress intensity factors related to loading modes I, II and 

III; 𝐾𝐼,𝑠𝑡𝑎, 𝐾𝐼𝐼,𝑠𝑡𝑎 and 𝐾𝐼𝐼𝐼,𝑠𝑡𝑎 the static parts; and 𝐾𝐼,𝑗, 𝐾𝐼𝐼,𝑗 and 𝐾𝐼𝐼𝐼,𝑗 the modal stress intensity factors 

associated with the 𝑗𝑡ℎ modal shape. For a loading with variable amplitude, the computation of the listed 

time histories allows defining the histogram of stress intensity factor ranges, ∆𝐾𝑖, and the respective 

number of cycles, 𝑛𝑖. Such a relation ∆𝐾𝑖-𝑛𝑖 may be established by implementing a cycle counting 

method, e.g. the rainflow algorithm (Matsuishi and Endo, 1968; ASTM E 1049-85, 2017). 

Recovering the concepts described in subsection 4.4.1, Paris et al. (1961) proposed the analysis of the 

development of a crack based on Fracture Mechanics concepts, associating the crack growth for each 

stress cycle, 𝑑𝑎/𝑑𝑁, with the corresponding ∆𝐾: 

 𝑑𝑎

𝑑𝑁
= 𝐶. ∆𝐾𝑚 = 𝐶. (𝑌. Δ𝜎. √𝜋𝑎)

𝑚
 (4.57) 

where, Δ𝜎 is the nominal stress range related to ∆𝐾, 𝐶 and 𝑚 constants dependent on the material and 𝑌 

is a geometry-dependent parameter associated with the crack dimensions and characteristics of the 

metallic member in which the cracking takes place, as also presented in equation (4.25). The well-known 

Paris relation, equation (4.57), has been demonstrated to be accurate for stable crack growth, region II. 

As outlined in Figure 4.19, three propagation regions have been confirmed by several studies. 

Alternative crack propagation rules may be found available in the literature, in particular those which 

try to represent simultaneously the crack growth near the threshold (region I) and the stable regime of 

propagation (region II) (Branco et al., 1999). 

In Civil Engineering structures, such as railway bridges, complex loading events may lead to complex 

crack propagation processes. For such geometries submitted to relevant mixed-mode conditions (I+II), 

Tanaka (1974) proposed the equivalent stress intensity factor, 𝐾𝑒𝑞, defined as: 
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 𝐾𝑒𝑞(𝑡) = √𝐾𝐼
4(𝑡) + 8𝐾𝐼𝐼

4(𝑡)
4

 (4.58) 

where, 𝐾𝐼 and 𝐾𝐼𝐼 are the stress intensity factors related to the characteristics of the local response. 

Considering the definition of 𝐾𝑒𝑞, equation (4.57) may be redefined to compute the fatigue crack 

increments, ∆𝑎, through the direct integration of the Paris law: 

 ∆𝑎 = ∑ 𝑛𝑖
𝑖

. 𝐶. ∆𝐾𝑒𝑞,𝑖
𝑚 (4.59) 

in which, ∆𝐾𝑒𝑞,𝑖 is the equivalent stress intensity factor range associated with a certain number of 

cycles, 𝑛𝑖, part of the histogram defined by the relation ∆𝐾𝑒𝑞,𝑖-𝑛𝑖. 

The direction and orientation of the crack propagation path may be assessed by adopting a crack 

branching criterion (Liu, 2008). Among the possibilities, the maximum tangential stress criterion (MTS) 

(Erdogan and Sih, 1963), which states that a certain crack grows along the direction in which the 

maximum values of tangential stress at the crack tip are verified, have been frequently adopted to carry 

out the numerical simulation of fatigue cracking. Based on the values computed for the stress intensity 

factors, the growth direction may be defined by the kink angle time history, 𝜃(𝑡), according to: 

 
𝜃(𝑡) = cos−1 (

3. 𝐾𝐼𝐼
2(𝑡) + √𝐾𝐼

4(𝑡) + 8. 𝐾𝐼
2. 𝐾𝐼𝐼

2(𝑡)

𝐾𝐼
2(𝑡) + 9. 𝐾𝐼𝐼

2(𝑡)
) (4.60) 

In equation (4.60), at a certain time instant 𝑡 and according to the classical local coordinate system of 

Fracture Mechanics, 𝜃 is the angle with respect to the crack original plane, being positive when 𝐾𝐼𝐼 is 

negative. For a complex and variable loading event, e.g. a train passage, an equivalent kink angle, �̅�, 

may be defined using a weighted average function (Fracture Analysis Consultants, 2017): 

 

�̅� =
∑

𝑑𝑎
𝑑𝑁

(∆𝐾𝑒𝑞,𝑖)
𝑛
𝑖 . 𝜃𝑖(𝐾𝐼 , 𝐾𝐼𝐼)

∑
𝑑𝑎
𝑑𝑁

(∆𝐾𝑒𝑞,𝑖)
𝑛
𝑖

 (4.61) 

Taking into account the presented equations (4.57) to (4.61), when a set of trains cross a certain 

investigated bridge, ∆𝑎 and �̅� may be computed in order to defined the progression of an existing crack 

under mixed-mode loading (I+II). The evaluation of an equivalent angle to define the growth of a given 

crack increment, associated with a reasonable set of trains, is critical to perform the numerical simulation 

of the development of the crack propagation. The modelling of the cracked geometry related to each 

train would be unfeasible for complex connections. 

Taking into account the presented fundamentals, with the aim of evaluating the fatigue life associated 

with the cack propagation, a calculation strategy is proposed. Associated with approach 2 and 

considering the work developed by Albuquerque et al. (2012, 2015), a computational algorithm 

grounded on the implementation of the modal superposition of stress intensity factors for a mixed-mode 

regime (I+II) is presented (Figure 4.30). 
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Figure 4.30 – Algorithm for crack propagation analysis superimposing modal local quantities (approach 2) 

 

In Figure 4.30, a computational algorithm is outlined. The defined first step, which consists of the 

calculation of modal parameters and boundary conditions, is identical to the one defined in Figure 4.26. 

Concerning the second one, an iterative process to compute the required quantities to characterise the 

cracking path is performed. In this regard, considering a cracked submodel, a certain iteration 𝑛 and an 

acting loading 𝐹𝑖(𝑡), the respective stress intensity factor time histories are computed with a basis on the 

static and modal values, superimposing a limited number of 𝑗 vibration modes. Subsequently, 

considering the nature of the loading, 𝐾𝑒𝑞(𝑡) is computed and the relation ∆𝐾𝑒𝑞,𝑖-𝑛𝑖 is defined by 

implementing a cycle counting method. Afterwards, a set of logical tests is performed in order to 

evaluate the development of the crack, namely: i) if ∆𝐾𝑒𝑞 ≤ ∆𝐾𝑡ℎ, no propagation occurs, ∆𝑎=0; ii) if 

𝐾𝑒𝑞,𝑚𝑎𝑥 ≥ 𝐾𝐼𝐶, unstable propagation takes place; or iii) if ∆𝐾𝑒𝑞 > ∆𝐾𝑡ℎ and 𝐾𝑒𝑞,𝑚𝑎𝑥 < 𝐾𝐼𝐶, the crack 

increment ∆𝑎 is defined through equation (4.59). After that, based on the values previously computed, 

𝜃(𝑡) and �̅� are calculated to evaluate the direction of the crack propagation. Also, in order to increase 

the computational efficiency, it is useful to adopt constant crack length increments, 𝛥𝑎𝑖𝑛𝑐. Assuming a 

linear accumulation of the damage, the progression of the crack associated with a certain loading block 

𝐹𝑖  (𝑡) (e.g. set of hourly, daily or monthly trains) may be scaled by 𝐵𝑛=Δ𝑎𝑖𝑛𝑐/Δ𝑎, where 𝐵𝑛 is the number 

of loading blocks necessary to obtain Δ𝑎𝑖𝑛𝑐. A similar computation process may be carried out for other 

loading events. Once Δ𝑎 and �̅� associated with the railway traffic are defined, the cracked submodel is 

updated to consider the new crack length, 𝑎(𝑛+1)=𝑎𝑛+Δ𝑎.𝐵𝑛, iniciating the next iteration. The numerical 
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simulation of the fatigue crack growth stops when the stress intensity factor related to the material 

toughness, 𝐾𝐼𝐶 , is reached or geometrical constraints are achieved. 

Similar to the proposed for crack initiation assessment, an alternative calculation strategy grounded on 

the modal superposition of 𝐵𝐷𝐶𝑂s is suggested for crack propagation investigation, aiming to correctly 

address local nonlinearities such as those derived from contacts or clamping stresses. According to 

approach 3, a computational algorithm for a mixed-mode regime (I+II) is proposed (Figure 4.31). 

 

Figure 4.31 – Algorithm for crack propagation analysis superimposing modal 𝐵𝐷𝐶𝑂𝑠 (approach 3) 

 

The computational algorithm outlined in Figure 4.31, similar to the one depicted in Figure 4.27, is 

divided into three steps. In which concerns the first two, the sequence of tasks and respective 

organisation is similar to that comprehensively explained for the workflow based on the same principles 

of superimposing modal 𝐵𝐷𝐶𝑂s proposed for crack initiation analysis. Naturally, concerning the third 

step, the crack propagation assessment is carried out as in the second step of the computational algorithm 

presented in Figure 4.30, but considering as input the stress intensity factor time histories evaluated 

using the submodel. 

After presenting the workflows associated with approaches 2 and 3, for both crack initiation and crack 

propagation analysis, the respective implementation must be performed to evaluate the accuracy of 

results when properly compared with approach 1. Thus, a simply supported beam progressively 

characterised with different local geometrical, material and contact nonlinearities was idealised. 
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4.5.2. THEORETICAL CASE STUDIES 

To evaluate the relevance and efficiency of the proposed computational algorithms, an idealised simply 

supported beam is investigated. Two different notches at the mid-span were admitted to analyse the 

initiation and propagation of cracks under different local geometries and nonlinearities: i) a circular 

notch, case study 1; and ii) a cracked inferior flange strengthened by a riveted patch, case study 2.  

Concerning the first one, volumetric finite elements were adopted to conceive two global models of the 

simply supported beam: i) model 1.1, considering the elastoplastic properties of the material; and ii) 

model 1.2, taking into account the elastic ones. The initiation of a crack was investigated by applying 

the HHT algorithm to analyse model 1.1, obtaining reference results to compare with those achieved by 

implementing the principles of approach 2. Regarding case study 2, three modelling strategies were 

adopted: i) model 2.1, a global model composed of volumetric finite elements that was analysed 

considering the HHT algorithm; ii) model 2.2, a global model conceived with shell finite elements from 

which 𝐵𝐷𝐶𝑂𝑠 were extracted; and iii) model 2.3, a detailed volumetric local model of the riveted/cracked 

area, which combined with the shell one (model 2.2) allowed establishing a submodelling relation. Also 

for case study 2, the reference calculations were performed considering model 2.1, in order obtain results 

to compare with those achieved using models 2.2 and 2.3, according to approaches 2 and 3 for crack 

initiation and propagation analysis. In order to systematise the characteristics of the planned calculations 

to validate the proposed approaches, Table 4.2 and Table 4.3 are presented. 

Table 4.2 – Analyses to investigate the initiation of cracks in the idealised simply supported beam 

# 
Model id. & Type of 

model 

Local 

geometry 
# 

Material 

behaviour 

Type of 

analysis 

Post-processing 

(local results) 

1 
Approach 1 

(reference) 
1.1 

Global model 

Volumetric FE 

Circular 

notch 

(-
) 

Elastoplastic HHT 
Not required      

(𝜎𝐸𝑃, 휀𝐸𝑃) 

2 
Approach 2 

(Figure 4.26) 
1.2 

Global model 

Volumetric FE 

Circular 

notch 
Elastic 

Modal 

Superposition 

Neuber or Glinka 

(𝜎𝐸, 휀𝐸) to (𝜎𝐸𝑃, 휀𝐸𝑃) 

         

3 
Approach 1 

(reference) 
2.1 

Global model 

Volumetric FE 

Riveted 

patch 

(-
) 

Elastoplastic HHT 
Not required      

(𝜎𝐸𝑃, 휀𝐸𝑃) 

4 
Approach 2 

(Figure 4.26) 

2.2 
Global Model 

Shell FE 
- 

S
u

b
m

o
d
e

lli
n
g

 

Elastic 
Modal 

Superposition 

Neuber or Glinka 

(𝜎𝐸, 휀𝐸) to (𝜎𝐸𝑃, 휀𝐸𝑃) 
2.3 

Submodel 

Volumetric FE 

Riveted 

patch 

5 
Approach 3 

(Figure 4.27) 

2.2 
Global Model 

Shell FE 
- 

S
u

b
m

o
d
e

lli
n
g

 

Elastic 
Modal 

Superposition 

Neuber or Glinka 

(𝜎𝐸, 휀𝐸) to (𝜎𝐸𝑃, 휀𝐸𝑃) 
2.3 

Submodel 

Volumetric FE 

Riveted 

patch 
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Table 4.3 – Analyses to investigate the propagation of cracks in the idealised simply supported beam 

# 
Model id. & Type of 

model 

Local 

geometry 
# 

Material 

behaviour 

Type of 

analysis 
Local results 

1 
Approach 1 

(reference) 
2.1 

Global model 

Volumetric FE 

Cracked 

flange 

(-
) 

Elastic HHT 
𝐾𝐼, 𝐾𝐼𝐼  

𝐾𝑒𝑞 

2 
Approach 2 

(Figure 4.30) 

2.2 
Global Model 

Shell FE 

Cracked 

flange 

S
u

b
m

o
d
e

lli
n
g

 

Elastic 
Modal 

Superposition 

𝐾𝐼, 𝐾𝐼𝐼  

𝐾𝑒𝑞 
2.3 

Submodel 

Volumetric FE 

Cracked 

flange 

3 
Approach 3 

(Figure 4.31) 

2.2 
Global Model 

Shell FE 

Cracked 

flange 

S
u

b
m

o
d
e

lli
n
g

 

Elastic 
Modal 

Superposition 

𝐾𝐼, 𝐾𝐼𝐼  

𝐾𝑒𝑞 
2.3 

Submodel 

Volumetric FE 

Cracked 

flange 

 

Concerning the broad characterisation of the planned analyses, in the following subsections, 

complementary descriptions are provided in order to fully define the implemented calculation strategies. 

Depending on the considered notch, the conceived numerical models were analysed under several 

dynamic loadings and the results achieved progressively compared with the reference ones. 

 

4.5.2.1. Structure and modelling – case study 1 (notched detail) 

A defective simply supported beam, with a 10 m span and a HEB 700 steel cross-section, was idealised. 

At the mid-span, a circular hole with a radius of 10 mm was admitted to simulate a defect in the inferior 

flange. The numerical model was conceived using ANSYS software (ANSYS, 2018) (Figure 4.32). 

 

Figure 4.32 – Global model of a notched simply supported beam (model 1.1 and 1.2) 
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In Figure 4.32, the numerical modelling of the geometry established for case study 1, developed 

considering 20-noded volumetric elements (SOLID186, ANSYS (2017a)), is illustrated. A refined mesh 

in the notched area was adopted to improve the assessment of the local stress and strain fields of interest 

to investigate the crack initiation stage. In terms of the material characteristics, aiming to characterise 

model 1.1 or to implement the elastoplastic post-processing of the elastic results, proposed as part of 

approaches 2 and 3 and respective calculation strategies, the S355 steel grade was assumed and 

elastoplastic properties were adopted for the notched area in the inferior flange (Figure 4.33). 

 

Material parameters:     

𝜎𝑓′=952.2 MPa; 

    휀𝑓′=0.737; 

    𝑏=-0.089; 

𝑐=-0.664; 

𝐸=209.4 GPa; 

𝜌=7850 kg/m3; 

𝜐=0.3. 

 
Cyclic curve parameters: 

𝑘′=595.85 MPa; 

        𝑛′=0.0757. 

Figure 4.33 – 𝜎-휀 relation: strain hardening behaviour of the S355 (adapted from Jesus et al. (2012)) 

 

In Figure 4.33, the material properties considered for the cyclic elastoplastic analyses related to the crack 

initiation are presented. Regarding the elastoplastic post-processing, the necessary parameters to 

implement the proposals of Neuber (1961), equation (4.50), or Glinka (Glinka, 1985b, 1985a, 1988), 

equation (4.51), and the relation of Ramberg and Osgood (1943), equation (4.52), are also specified. 

Additionally, either for direct time-integration using the HHT algorithm or elastoplastic post-processing, 

the required material-dependent parameters to compute in each case the necessary number of cycles for 

the crack initiation, 𝑁𝑓, according to Morrow relation (1965, 1968), equation (4.48), are presented. 

Concerning model 1.1, it is relevant to mention that the nonlinear material behaviour was considered 

only in a central length of the inferior flange with 4 m. The remaining parts of the modelling of the 

structure were characterised by elastic properties, related to those presented in Figure 4.33 and also 

adopted to define model 1.2, namely, a Young’s modulus, 𝐸, of 209.4 GPa, density, 𝜌, equal to 7850 

kg/m3, Poisson´s ratio, 𝜐, of 0.3 and a friction coefficient, 𝜇, equal to 0.15 (Jesus et al., 2012). Such an 

option of limiting the nonlinear properties of the material to a certain length of interest was assumed in 

order to improve the numerical convergence of the results, taking into account that local stress values 

higher than the yielding are expected only in the notched area.  
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4.5.2.2. Dynamic analysis assumptions – case study 1 (notched detail) 

The structural properties required to evaluate the dynamic behaviour of the described simply supported 

beam were defined based on the geometrical and material characteristics. Concerning the structural 

mass, aiming to approximate the idealised beam to a practical case, a calibration process was carried out 

to obtain main natural frequencies close to the values of a similar case study available in the literature 

(Melo, 2016). Regarding the structural stiffness, it is worth mentioning that the out-of-plane 

displacements were restrained in order to eliminate purely local and out-of-plane vibration modes, 

without relevant contributions for the global behaviour. Such local modes would only exist due to the 

absence of transverse bracing in the conceived modelling, which does not reflect real conditions of 

equivalent structural members. 

In which concerns the structural damping, a constant modal damping ratio, 𝜉𝑗, equal to 0.50% was 

adopted for modal superposition analyses. Also, for direct time-integrations using the HHT algorithm 

(Chung and Hulbert, 1993), a Rayleigh damping law was assumed and defined with a basis on the first 

and third modal frequencies (𝑤1=81.24 rad/s and 𝑤2=409.88 rad/s), characterised by the coefficients 

𝛼=0.677981 and 𝛽=0.000020 (Clough and Penzien, 1995). Regarding the considered number of 

vibration modes, sensitivity analyses were performed, being concluded that the first 5 vibration modes 

allow greatly capturing the global dynamic behaviour. However, taking into account that it is planned 

to compare the results achieved by direct time-integration analyses with those obtained by implementing 

the proposed computational algorithms, 200 vibration modes were considered, including small 

contributions of higher modes by excess. Consequently, a time step increment, Δ𝑡, equal to 0.001 s was 

assumed, in order to be lower than the maximum admissible to accurately compute the required 

responses (𝛥𝑡𝑚𝑎𝑥=1/(8.𝑓𝑚𝑎𝑥)) (Ribeiro, 2004). Also, a free vibration time of 0.10 s was adopted. 

 

4.5.2.3. Dynamic loading – case study 1 (notched detail) 

With a basis on prior static analyses, several dynamic loadings were taken into account to evaluate the 

accuracy of the proposed calculation strategies and respective dependency on the developed plasticity 

phenomenon in the notched bottom flange. Each defined loading, characterised by a given magnitude, 

𝑝, and by a certain velocity, 𝑣, applies only a single cycle to the investigated structure, 𝑛𝑖. The considered 

dynamic loads are summarised in Table 4.4. 

Table 4.4 – Characterisation of the assumed dynamic loadings (case study 1) 

Loading id. (1) (2) (3) (4) (5) (6) 

𝑝 (kN) 800 800 900 900 1000 1000 

𝑣 (km/h) 100 200 100 200 100 200 
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As shown in Table 4.4, six different loadings were admitted which gave origin to eighteen dynamic 

analyses, namely: i) six considering the Neuber approach, equation (4.50); ii) six taking into account the 

proposal suggested by Glinka, equation (4.51); and iii) the last six applying the HHT algorithm to ground 

the validation process. The twelve calculations described in i) and ii) were performed by implementing 

the proposed algorithm in Figure 4.26. In order to avoid local singularities or unexpected resonant effects 

that would cause numerical convergence issues, linear loads with 0.15 m of development and resultant 

equal to the magnitude, 𝑝, were assumed. Also, a moving loads approach was adopted, allowing to 

calculate the nodal loads by assuming linear shape functions dependent on the position of the loads and 

nodes coordinates. 

 

4.5.2.4. Crack initiation assessment in a notched detail (approach 2 vs. approach 1) 

Concerning approach 2, taking into account the detail of the conceived numerical modelling and the 

simplicity of the idealised case study, the submodelling task was not considered as relevant and was not 

performed. Thus, according to established fundamentals, equation (4.44) was doubly re-written and the 

generic fatigue damage quantity, 𝜓, was defined as stresses or strains for the longitudinal direction (xx, 

see Figure 4.32), the one which was found to clearly dominate the structural response. The values 

obtained allowed defining the local stress-strain diagrams of interest at the notch root (Figure 4.34). 

 
a) (1) 𝑝=800 kN, 𝑣=100 km/h b) (2) 𝑝=800 kN, 𝑣=200 km/h 

 
c) (3) 𝑝=900 kN, 𝑣=100 km/h d) (4) 𝑝=900 kN, 𝑣=200 km/h 
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e) (5) 𝑝=1000 kN, 𝑣=100 km/h f) (6) 𝑝=1000 kN, 𝑣=200 km/h 

 

Figure 4.34 – Stress-strain diagrams under dynamic loading (longitudinal direction, xx) 

 

In Figure 4.34, for loadings (1), (2), (3) and (4), it is possible to state a notorious agreement between the 

stress-strain diagrams obtained by applying the modal superposition combined with the Glinka approach 

and the results of the direct time-integrations (HHT algorithm). On the other hand, a discrepancy was 

found when the modal superposition was combined with the Neuber model, with higher average strains 

being achieved, which is consistent with the conservatism usually associated with this proposal. 

Therefore, for such loading magnitudes and despite the local plasticity, the principles of approach 2 

allowed performing an accurate assessment of the local response when the Glinka relation was 

implemented. For loadings (5) and (6), the increment on the magnitude, 𝑝, gave origin to the 

development of larger plastic zones, which explains the progressive discrepancy between the diagrams 

of stress-strain obtained from the dynamic calculations performed. 

In Table 4.5, the relevant results achieved following the analyses carried out, including cycles 

information in terms of stresses and strains values and life estimates using the Morrow model, equation 

(4.48), are presented. Percentage variations, Δ, relative to the results achieved with the HHT algorithm, 

assumed as a reference, are also shown (actual value/reference value-1). Analysing the presented data, 

the conclusions pointed out after the observation of Figure 4.34 are confirmed. The necessary number 

of cycles for the crack initiation, 𝑁𝑓, confirmed the Neuber proposal as considerably conservative. 

Furthermore, the deviations in the stress values obtained are significantly lower than in strain 

computations. The stresses and strains ranges evaluated were also much more precise than the respective 

minimum and maximum values. Such conclusions led to accurate life predictions by implementing the 

modal superposition of fatigue quantities combined with simplified analytical elastoplastic analysis, 

with maximum deviations of 20.99% using the Glinka approach for loading (5). While the Neuber 

proposal allowed obtaining maximum deviations of 3.00% in stress ranges and 35.10% in strain ranges, 

the Glinka approach generated equivalent values of -4.41% and 8.60%, respectively. Despite the 
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accurate fatigue life predictions achieved for loading (5) and (6) using the Glinka proposal, it should be 

noted that the local response deviates from the reference one, as outlined in Figure 4.34 e) and f). 

Therefore, for these loading magnitudes, other elastoplastic post-processing strategies should be 

considered due to the increase of the multiaxiality, such as the one proposed by Moftakhar et al. (1995). 

Table 4.5 – Relevant results of the dynamic and fatigue analyses (crack initiation in a notched detail) 

Loading # 
𝜎𝑚𝑎𝑥 

(MPa) 

𝜎𝑚𝑖𝑛 

(MPa) 

𝜎𝑚 

(MPa) 

Δ𝜎 

(MPa) 
 휀𝑚𝑎𝑥 휀𝑚𝑖𝑛 휀𝑚 Δ휀  𝑁𝑓 

(1) 

𝑝=800kN 

𝑣=100km/h 

HHT 396.25 -257.27 69.49 653.52  0.00423 0.00070 0.00247 0.00353  57953 

Neuber 394.31 -278.84 57.73 673.15  0.00610 0.00193 0.00402 0.00417  27807 

Δ% -0.49 8.39 -16.92 3.00  44.22 175.88 62.75 18.08  -47.98 

Glinka 378.36 -273.66 52.35 652.02  0.00423 0.00052 0.00238 0.00371  48937 

Δ% -4.52 6.37 -24.67 -0.23  -0.04 -25.51 -3.66 5.02  -15.56 

             

(2) 

𝑝=800kN 

𝑣=200km/h 

HHT 392.94 -282.37 55.28 675.31  0.00396 0.00010 0.00203 0.00387  39407 

Neuber 391.47 -298.11 46.68 689.58  0.00570 0.00106 0.00338 0.00464  18600 

Δ% -0.37 5.57% -15.56% 2.11  43.84 998.25 66.51 20.04  -47.20 

Glinka 375.70 -290.74 42.48 666.45  0.00400 -0.00001 0.00199 0.00401  35144 

Δ% -4.39 2.96% -23.16% -1.31  0.85 10.23 -1.79 3.62  -10.82 

             

(3) 

𝑝=900kN 

𝑣=100km/h 

HHT 410.45 -274.78 67.83 685.23  0.00543 0.00139 0.00341 0.00404  30661 

Neuber 402.99 -298.41 52.29 701.39  0.00757 0.00251 0.00504 0.00506  13278 

Δ% -1.82 8.60 -22.91 2.36  39.47 80.96 47.91 25.24  -43.31 

Glinka 386.47 -290.44 48.01 676.91  0.00507 0.00080 0.00294 0.00427  26074 

Δ% -5.84 5.70 -29.22 -1.21  -6.59 -42.08 -13.81 5.58  -14.96 

             

(4) 

𝑝=900kN 

𝑣=200km/h 

HHT 406.20 -304.26 50.97 710.45  0.00508 0.00060 0.00284 0.00448  21022 

Neuber 400.21 -315.06 42.57 715.27  0.00706 0.00139 0.00423 0.00566  9289 

Δ% -1.47 3.55 -16.47 0.68  38.81 132.53 48.70 26.28  -44.19 

Glinka 383.88 -305.45 39.21 689.33  0.00478 0.00014 0.00246 0.00463  19169 

Δ% -5.49 0.39 -23.07 -2.97  -6.03 -75.88 -13.40 3.31  -8.81 

             

(5) 

𝑝=1000kN 

𝑣=100km/h 

HHT 426.93 -284.07 71.43 711.00  0.00729 0.00280 0.00504 0.00449  19658 

Neuber 410.32 -312.74 48.79 723.05  0.00914 0.00308 0.00611 0.00606  7401 

Δ% -3.89 10.09 -31.70 1.70  25.39% 9.83% 21.07 35.10  -37.65 

Glinka 393.38 -302.97 45.20 696.35  0.00597 0.00109 0.00353 0.00487  15531 

Δ% -7.86 6.66 -36.72 -2.06  -18.12 -60.93 -30.00 8.60  -20.99 

             

(6) 

𝑝=1000kN 

𝑣=200km/h 

HHT 423.84 -316.37 53.73 740.21  0.00687 0.00168 0.00428 0.00519  12114 

Neuber 407.75 -327.64 40.05 735.40  0.00855 0.00175 0.00515 0.00680  5360 

Δ% -3.79 3.56 -25.46 -0.65  24.39 04.00 20.38 31.00  -44.24 

Glinka 390.96 -316.60 37.18 707.56  0.00563 0.00032 0.00297 0.00531  11650 

Δ% -7.76 0.07 -30.80 -4.41  -18.08 -81.09 -30.47 2.35  -3.83 
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(1) 𝑝=800 kN, 𝑣=100 km/h (2) 𝑝=800 kN, 𝑣=200 km/h 

 

(3) 𝑝=900 kN, 𝑣=100 km/h (4) 𝑝=900 kN, 𝑣=200 km/h 

 

(5) 𝑝=1000 kN, 𝑣=100 km/h (6) 𝑝=1000 kN, 𝑣=200 km/h 

 

Figure 4.35 – Residual equivalent plastic strain, evolution of the plasticity area (case study 1) 

 

In Figure 4.35, the residual equivalent plastic strain fields obtained after the dynamic loadings, which 

gives a measure of the volume of material plastically deformed (ANSYS, 2017b), are presented. The 

evolution of the plastic zone with the magnitude of the loading, 𝑝, is notorious but less important when 

the loading speed doubles. Nevertheless, the plastic area may still be classified as confined, even for the 

higher loadings. Consequently, no significant influence on the computed stress and strain ranges, as well 
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as on the fatigue life calculations, was verified when considering the Glinka model, as demonstrated by 

the values presented in Table 4.5. 

 

4.5.2.5. Concluding remarks: crack initiation in a notched detail 

The scale of large structures puts significant problems in terms of numerical modelling and structural 

analysis, in particular in which concerns the application of local fatigue models. After the validation of 

the proposed approach for crack initiation assessment, the results obtained were found to be promising 

for analysis of more complex structural problems. The computational algorithm presented in the current 

work, under the condition of localised plasticity, combined with the research of Albuquerque et al. 

(2012, 2015), may enable the structural engineer to fully evaluate the fatigue phenomenon using the 

modal superposition method. Superimposing a limited number of vibration modes, such a calculation 

strategy should allow performing the dynamic structural analysis in an affordable computational time. 

Regarding the idealised simple structure and considering the assumptions underlying the dynamic 

analyses performed, using a personal computer (3.40GHz Intel(R) Core(TM) i7-6700CPU processor 

and 16GB RAM memory), the calculations involving the proposed computational algorithm took 12 

seconds to calculate the stress and strain results for all the loadings considered, after performing the 

assessment of the modal quantities, which was only carried out once, requiring 16 minutes. On the other 

hand, the calculations based on the direct time-integration using the HHT algorithm spent approximately 

9 hours to obtain equivalent data for all assumed loading events (approximately, an average time of 2 

hours for the loadings with 𝑣=100 km/h and half of that time for 𝑣=200 km/h). Such a difference gives 

a clear quantification of the potential of the suggested approach. Also, for real cases, the full 

implementation of the computational algorithm outlined in Figure 4.26, considering submodelling 

techniques, may increase the reliability and efficiency of stress and strain computations in complex 

notched details. The structural analysis based on the modal superposition technique combined with the 

Glinka elastoplastic post-processing revealed to be more precise than the post-processing associated 

with the Neuber relation. Further calculations for more complex structures should be performed, in 

particular the evaluation of the accuracy of the results when contact nonlinearities in the notched area 

are found (e.g. riveted connections). 

 

4.5.2.6. Structure and modelling – case study 2 (riveted and cracked detail) 

Assuming as reference the characteristics of the simple structure described in subsection 4.5.2.1, a 

riveted patch was admitted in the inferior cracked flange, changing the local notched geometry 

previously admitted. At the mid-span, a postulated damaged area was assumed, consisting of a partial 
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cracked inferior flange and a strengthening riveted patch. According to the established objectives for the 

present work, for crack initiation and crack propagation analysis, such a local geometry allowed 

investigating the influence of local geometrical, material and contact nonlinearities on the determination 

of the necessary fatigue quantities using the proposed computational algorithms. For the described 

geometry, taking into account the characterised modelling strategies in subsection 4.5.2, model 2.1 was 

conceived with volumetric elements using ANSYS software (ANSYS, 2018) (Figure 4.36). 

 

Figure 4.36 – Global model of a cracked and strengthened simply supported beam (model 2.1) 

 

In Figure 4.36, the global numerical model, conceived with 20-noded volumetric elements (SOLID186, 

ANSYS (2017a)), is shown. Concerning the modelling options, the bases of the previously presented 

models 1.1 and 1.2, associated with case study 1, were maintained. Also, details of the cracked and 

strengthened local area are presented. In detail A, the inferior cracked flange and the riveted patch are 

depicted. Also, in detail B, the 8 mm thick cover plates and the admitted rivets with a nominal diameter 

of 24 mm, 100 mm apart from each other, are shown. Regarding the riveted patch, the contact pair 

elements CONTA174-TARG170, available in the ANSYS element library (ANSYS, 2017a), were used 

considering 4 types of surface-to-surface physical contact pairs, namely: i) rivet head – cover plate; ii) 

rivet shank – cover plate; iii) rivet shank – cracked flange; and iv) cover plate – cracked flange. For each 

pair, both normal and friction behaviour were admitted in order to avoid finite penetration and allow 

limited sliding, respectively (Coulomb model). Such contact pairs were characterised with a basis on 

the material properties of each component (rivets, cover plates and cracked flange). In addition, a 

clamping force was simulated using a negative temperature variation aiming to obtain a reduction of the 
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length of the rivets. For this purpose, according to the thermal expansion of the admitted material, a 

variation of -160 ºC was calibrated to install an internal clamping stress of 60 MPa. Lastly, in detail C, 

the part of the global model conceived for the cracked inferior flange is presented. In this regard, it 

should be highlighted that a thru crack of 102 mm in length was modelled and a crack box of 5 mm size 

at its tip was assumed. Such local modelling allowed considering a regular local mesh in order to 

implement the Virtual Crack Closure Technique (VCCT) (Krueger, 2004) as described in subsection 

4.4.3 to evaluate the values of stress intensity factors, for each mode or at each instant 𝑡. 

Concerning the global model conceived with shell elements and the volumetric submodel, respectively, 

models 2.2 and 2.3, used to implement the presented computational algorithms based on modal 

superposition principles and submodelling techniques, the geometry adopted was similar to the one 

considered for model 2.1. In this respect, it should be noted that: i) the shell global model (model 2.2) 

was conceived considering the centre lines of the HEB 700 cross-section; and ii) the submodel aimed to 

reproduce the local geometry considered in model 2.1, increasing the local detailing (Figure 4.37). 

   
a) cross-section           

(model 2.1) 

b) mid-span cross-section 

(model 2.2) 

c) submodel                                                  

(model 2.3) 

Figure 4.37 – Global and local models of a cracked and strengthened simply supported beam 

 

In Figure 4.37 a), the geometry of the shell global model (model 2.2), built using 8-noded elements 

(SHELL281, ANSYS (2017a)), in relation to the volumetric global model (model 2.1), is detailed. Also, 

in Figure 4.37 b), the mid-span cracked area and the submodel boundaries are presented. In this regard, 

it should be highlighted that this global model is required to perform an efficient modal analysis and, 

for this reason, no riveted strengthening is considered since the associated contact nonlinearities are not 

Submodel
boundary (4)

Shell global 
model 

centre lines

Submodel

HEB 700

boundaries

Submodel
boundary (1, 2) Submodel

boundary (3)

Crack (102mm)

Crack 
(102mm)

Crack box 
(5x5mm)

Submodel
boundary (4)

Shell global 
model 

centre lines

Submodel

HEB 700

boundaries

Submodel
boundary (1, 2) Submodel

boundary (3)

Crack (102mm)

Crack 
(102mm)

Crack box 
(5x5mm)

Submodel
boundary (4)

Shell global 
model 

centre lines

Submodel

HEB 700

boundaries

Submodel
boundary (1, 2) Submodel

boundary (3)

Crack (102mm)

Crack 
(102mm)

Crack box 
(5x5mm)



Chapter 4: Approaches for Fatigue Analysis 

 

179 

admitted in such linear calculations. In Figure 4.37 c), the submodel conceived with 20-noded 

volumetric elements (SOLID186, ANSYS (2017a)) and its boundaries, where the 𝐵𝐷𝐶𝑂𝑠 evaluated in 

model 2.2 were inputted, are shown. Regarding this model, it should be mentioned that the admitted 

surface-to-surface contact pairs and the rivets clamping forces were identical to those described for 

model 2.1. Each of the conceived models was properly characterised in terms of material properties. For 

the rivets, a Young’s modulus, 𝐸, of 198.7 GPa, density, 𝜌, equal to 7850 kg/m3, Poisson’s ratio, 𝜐, of 

0.26 and a friction coefficient, 𝜇, equal to 0.15 were assumed (Correia, 2014). Also, as for case study 1, 

elastic characteristics for the material of the remaining components, according to the values previously 

described in subsection 4.5.2.1 for the S355 steel grade, were adopted for the calculations associated 

with the implementation of modal superposition concepts. Concerning the investigation of the crack 

initiation by applying direct time-integrations or elastoplastic post-processing of the elastic results, an 

elastoplastic material was assumed for part of the strengthened inferior flange and cover plates, in order 

to accurately model admissible localised nonlinear material behaviour at the hot-spots. In this regard, 

the material properties shown in Figure 4.33 were adopted, including the necessary parameters to 

implement the proposals of Neuber, equation (4.50), or Glinka, equation (4.51). For the calculation of 

the necessary number of cycles for initiation of a crack using the Morrow relation, the required 

properties presented for the same material were assumed. 

In a bridge scale problem, a detailed global model composed of volumetric elements is impracticable 

for efficient calculations, even for small structures. For larger bridges, the development of global models 

mostly conceived with shell elements may also be unfeasible, as a considerable number of 𝐷𝑂𝐹𝑠 should 

be required to simultaneously and accurately characterise the global dynamic behaviour and local fatigue 

parameters in critical details. Naturally, such demands lead to unaffordable computational costs and 

consequently hinder detailed fatigue analyses compatible with the pace of design, maintenance and 

strengthening operations. Such computational difficulties are the main reason for the current wide use 

of global S-N approaches based on nominal stress ranges. As shown by previous works addressed in 

Chapter 2, the implementation of submodelling techniques considering modelling strategies similar to 

those underlying the relation between models 2.2 and 2.3 should allow overcoming the multiscale 

problem associated with fatigue issues, significantly reducing computational expenses.  

 

4.5.2.7. Dynamic analysis assumptions – case study 2 (riveted and cracked detail) 

Taking into account the similarity with case study 1, comparable structural properties were considered 

to evaluate the dynamic behaviour of the strengthened simply supported beam. A calibrated mass was 

adopted to achieve main natural frequencies close to the values of a similar case study available in the 

literature (Melo, 2016). As for models 1.1 and 1.2, the out-of-plane displacements were restrained to 
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eliminate purely local and out-of-plane vibration modes, without relevant contributions for the global 

behaviour and assumed as not representative of the real structural response. 

Regarding the structural damping, the same constant modal ratio, 𝜉𝑗, equal to 0.50% was assumed. Also, 

for the coefficients of the Rayleigh damping law, small adjustments were considered, aiming to reflect 

the inferior cracked flange and respective riveted patch. With a basis on the first and third modal 

frequencies (𝑤1=80.48 rad/s and 𝑤2=406.74 rad/s), coefficients 𝛼=0.671827 and 𝛽=0.000021 were 

adopted (Clough and Penzien, 1995). Concerning the number of vibration modes, the calculations 

previously performed allowed validating the consideration of 200 modal shapes to perform a straight 

comparison with the dynamic responses evaluated using model 2.1. In accordance, a time step 

increment, Δ𝑡, equal to 0.001 s and a free vibration time of 0.10 s were maintained. 

 

4.5.2.8. Dynamic loading – case study 2 (riveted and cracked detail) 

Prior to the definition of the admissible loadings, static analyses were carried out in order to evaluate 

the magnitude of the loads compatible with the crack initiation at the hot-spots and those related to the 

propagation of the postulated crack. From such a preliminary investigation, it was verified that the 

growth of the assumed crack occurs for lower loadings, while the development of plasticity at the rivet 

holes (determined as hot-spots) requires higher loading magnitudes, as expected. 

Consequently, concerning the crack initiation, different moving loads were taken into account aiming 

to evaluate: i) firstly, the accuracy of the proposed computational algorithms assuming elastoplastic 

post-processing; and ii) secondly, this precision as a function of the dimension of the plastic region at 

the hot-spots. Therefore, considering the established objectives, the effects of each loading summarised 

in Table 4.6, defined by a certain magnitude, 𝑝, and a given velocity, 𝑣, were investigated. 

Table 4.6 – Characterisation of the assumed dynamic loadings (case study 2) 

Loading id. (1) (2) (3) (4) (5) (6) 

𝑝 (kN) 300 500 600 700 800 900 

𝑣 (km/h) 100 100 100 100 100 100 

 

As presented in Table 4.6, six different load cases were admitted. In addition, for the crack propagation 

analysis using LEFM concepts, only two loadings were considered, characterised by: i) 𝑝=100 kN and 

𝑣=100 km/h; and ii) 𝑝=200 kN and 𝑣=100 km/h. Regarding the geometrical configuration of the assumed 

loads, as in the previous calculations, in order to avoid local singularities or unpredicted resonant effects 

that would lead to numerical convergence problems of the direct time-integration analyses, linear loads, 
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perpendicular to the longitudinal direction of the beam, with 0.15 m of development and resultant equal 

to the magnitude, 𝑝, were assumed. A moving load approach was implemented. 

 

4.5.2.9. Crack initiation assessment in a riveted detail 

After the mentioned preliminary static analyses and corresponding conclusions about the loading 

magnitude required to initiate a crack, considering the goals of the present work and the theoretical 

nature of the idealised case study, the postulated crack was ignored, assuming the inferior flange as 

continuous for crack initiation investigation purposes, with the beginning of a crack being evaluated at 

the rivet holes of the inferior flange. Consequently, taking into account the localised nature of the 

potential plastic regions, in order to increase the converge of the direct time-integration analyses, only 

a 4 m central portion of the inferior flange was characterised according to the nonlinear material defined 

in Figure 4.33, as for model 1.1. For the remaining structure, an equivalent elastic material was defined, 

with the same 𝐸, 𝜌 and 𝜐 described in subsection 4.5.2.1. Also based on the initial calculations, it was 

possible to verify that a non-negligible local multiaxiality exists, although the longitudinal component 

dominates the local response (xx-direction). The existence of the clamping stress and contact 

nonlinearities may contribute to such characteristics of the stress and strain fields. Consequently, the 

elastoplastic post-processing was performed in terms of von Mises stress time histories. Furthermore, 

for each loading, in order to evaluate the elastoplastic relation between stresses and strains, 𝜎-휀, the 

Glinka and Neuber proposals were also implemented to the dominant component of the response, 

allowing to obtain consistent data concerning the unloading branch and related cycle information. The 

results assessed from the elastoplastic post-processing performed should allow computing fatigue life 

estimates associated with the crack initiation. In this regard, the accuracy of the proposed calculations 

as a function of the increasing plasticity and multiaxiality is evaluated. 

After characterising the case study associated with the idealised simply supported beam with a riveted 

patch in the cracked inferior flange, as well as the admissible dynamic loadings and initial assumptions, 

each of the defined approaches to analyse the crack initiation phase and related calculation strategies 

were implemented and the results achieved compared with the reference calculations. A critical and 

detailed analysis is performed. 

 

a) Approach 2 vs. direct time-integration (approach 1) 

In the present subsection, the applicability of the computational algorithm based on the modal 

superposition of local quantities and elastoplastic post-processing (approach 2), comprehensively 

described and outlined in Figure 4.26, is discussed.  
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The riveted connections are characterised by a permanent stress/strain state due to the clamping stress 

of the mechanical fasteners. As previously mentioned, in the idealised case study, an internal stress of 

60 MPa was admitted at each rivet. As expected, approach 2 revealed not to be able to reproduce the 

influence of the clamping stress on the local response at the rivet holes (hot-spots). Such a fact is easily 

understood analysing equation (4.44), since the modal stress values are represented in the modal space 

and cannot be summed to the installed clamping stress at each node, with the latter being related to 

nonlinear contacts. Nonetheless, admitting a null clamping stress, in order to represent a hypothetical 

local structural behaviour without any influence of a permanent stress on the rivets, the presented 

computational algorithm may be implemented and the results obtained compared with those achieved 

by performing direct time-integration analyses using the HHT algorithm (approach 1) (Figure 4.38). 

 

a) (2) 𝑝=500 kN, 𝑣=100 km/h b) (2) 𝑝=500 kN, 𝑣=100 km/h 

 

Figure 4.38 – von Mises stress and von Mises strain time histories (approach 2 vs. approach 1) 

 

As an example of the dynamic analyses performed, the results calculated for loading (2) are presented 

in Figure 4.38. After the elastoplastic post-processing, important differences were found between the 

local stress and strain time histories. Regarding the stress results, despite the verified variations, the 

stress ranges related to the first half-cycle (loading branch) presents relatively small differences when 

compared to the HHT results, -5.95% for the Glinka relation and -2.95% for the Neuber proposal. 

Nonetheless, the difference concerning the residual plasticity increases, influencing future loading 

events. Such values may allow roughly evaluate the local behaviour at the notch but an accurate fatigue 

life prediction based on strain ranges is not admissible, as shown by the related time histories, since 

important variations were found in relation to the results of the direct time-integration. As expected, 

these deviations had origin in the nonlinear influence of the contact algorithm on the local quantities, 

which, understanding the linear principles underlying the modal superposition, hinders the calculation 

of accurate results. Complementary analyses performed at nodes away from the rivet holes areas, which 
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means without the simultaneous influence of the clamping stress and contact nonlinearities, corroborate 

the conclusions about the accuracy of approach 2 previously stated in subsection 4.5.2.4. Similar results 

were found for the remaining loadings defined in Table 4.6. 

Notwithstanding the deviations obtained, if local S-N relations based on the acting stress ranges are used 

(e.g. Correia et al. (2017)), depending on the stress level, a valid preliminary estimate of the limits of 

the fatigue life may be achieved. Such a hypothesis may be particularly relevant for complex numerical 

models due to the high computational efficiency of the so-called approach 2. In order to have some 

figures, concerning the current case study and considering the assumptions underlying the dynamic 

analyses performed, using a personal computer (3.40GHz Intel(R) Core(TM) i7-6700CPU processor 

and 16GB RAM memory), the calculation according to the proposed computational algorithm took 2 

seconds to evaluate the stress and strain results for each load case considered, after carrying out the 

assessment of the modal quantities, which was only performed once for all the loadings investigated, 

requiring 4 minutes (shell model). On the other hand, the corresponding reference results were obtained 

in an average time of 7h05m, using the HHT algorithm. 

After the critical analysis of the results achieved, the stated drawbacks of the calculation strategy 

associated with the computational algorithm presented in Figure 4.26, concerning the consideration of 

a certain installed clamping stress and contact nonlinearities, highlighted the importance of developing 

alternative and efficient calculation processes for crack initiation assessment. 

 

b) Approach 3 vs. direct time-integration (approach 1) 

In this subsection, the relevance of the computational algorithm proposed in the present work, based on 

the modal superposition of 𝐵𝐷𝐶𝑂s and elastoplastic post-processing (approach 3), outlined in Figure 

4.27, is investigated. The results achieved by implementing such a calculation strategy are compared 

with the reference ones computed using the HHT algorithm (approach 1) (Figure 4.39). 

 

a) (1) 𝑝=300 kN, 𝑣=100 km/h b) (1) 𝑝=300 kN, 𝑣=100 km/h 
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c) (2) 𝑝=500 kN, 𝑣=100 km/h d) (2) 𝑝=500 kN, 𝑣=100 km/h 

 

e) (3) 𝑝=600 kN, 𝑣=100 km/h f) (3) 𝑝=600kN, 𝑣=100 km/h 

 

g) (4) 𝑝=700 kN, 𝑣=100 km/h h) (4) 𝑝=700 kN, 𝑣=100 km/h 

 

i) (5) 𝑝=800 kN, 𝑣=100 km/h j) (5) 𝑝=800 kN, 𝑣=100 km/h 
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k) (6) 𝑝=900 kN, 𝑣=100 km/h l) (6) 𝑝=900 kN, 𝑣=100 km/h 

 

Figure 4.39 – von Mises stress and von Mises strain time histories (approach 3 vs. approach 1) 

 

In Figure 4.39, for each load case defined, the elastoplastic stress and strain time histories obtained are 

presented and graphically compared. For loading (1), in accordance with the 𝜎-휀 relation represented in 

Figure 4.33, a residual plastic deformation was computed. Also, between the results achieved using the 

proposed computational algorithm and the reference values, negligible differences were found in terms 

of stress and strain time histories. Considering the traffic scenarios which typically load a railway bridge, 

defined by different loading magnitudes (EN1991-2 (CEN, 2017)), the results obtained for 𝑝=300 kN, 

𝑣=100 km/h proved that for regular service loads (mainly elastic regime), characterised by residual 

plastic strains, the proposed computational algorithm allows obtaining very accurate results. In general, 

for loadings (2) to (6), the Neuber or Glinka elastoplastic post-processing provided similar stress values 

in relation to the results of the direct time-integrations. In this regard, it should be highlighted that 

slightly higher stresses were computed by implementing the Neuber model, as expected taking into 

account the results previously presented in subsection 4.5.2.4 for the case study with a circular notch. 

Otherwise, concerning the strain outcomes, a clear discrepancy between the values was found when 

approach 3 was implemented by considering the Neuber elastoplastic post-processing, which is 

consistent with the conservatism usually associated with this relation. On the other hand, regarding the 

post-processing following the Glinka model and respective strain values, for loadings (2) to (4), a 

satisfactory agreement was obtained in relation to the reference results. However, for the higher 

loadings, (5) and (6), the increment of the magnitude 𝑝 gave origin to the development of larger plastic 

areas, which explain the progressive disagreement between the compared strain values. 

In Table 4.7, the relevant results achieved after the performed dynamic calculations are shown, greatly 

confirming the conclusions stated after analysing Figure 4.39. The values related to the cycle 

information (𝜎𝑚𝑎𝑥, 𝜎𝑚𝑖𝑛, ∆𝜎, 𝜎𝑚, 휀𝑚𝑎𝑥, 휀𝑚𝑖𝑛 and ∆휀) and the life estimates using the Morrow model, 
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equation (4.48), are presented with a basis on the results achieved for the von Mises values, as well as 

on stress and strain results related to the dominant direction of the response, xx (see Figure 4.36). In this 

regard, due to the limitations of the Glinka and Neuber proposals associated with non-negligible 

multiaxiality and in order to calculate reasonable fatigue life predictions, approximate calculations were 

performed. Consequently, taking into account the positive characteristics of the von Mises results by 

definition, the unloading branch is not fully represented by the elastoplastic post-processing considering 

such elastic stress and strain values. Therefore, the elastoplastic post-processing performed taking into 

account the elastic results related to the dominant direction of the response allowed obtaining reasonable 

values for ∆𝜎 and ∆휀, which led to estimates of 𝜎𝑚𝑖𝑛 and 휀𝑚𝑖𝑛 from the calculated von Mises elastoplastic 

maximum values, assuming a proportional behaviour. This approximation was properly validated by the 

results achieved considering the HHT, comparing the relation 𝜎-휀 for von Mises values and the 

corresponding one related to dominant direction of the response. Concerning most accurate alternatives 

to compute reasonable fatigue life predictions, further comments are addressed. Additionally, 

percentage differences, ∆, in relation to the reference results achieved considering approach 1, are shown 

(actual value/reference value-1). Overall, the values calculated for 𝑁𝑓 confirmed the Neuber relation as 

conservative. Regarding the Glinka elastoplastic post-processing, a satisfactory agreement of the results 

for residual, localised and confined plastic regions (loadings (1) to (4)) was achieved, proving the 

already state accuracy of the stress and strain time histories presented in Figure 4.39. Also, the 

corresponding fatigue life predictions were found in accordance with such a precision and small 

deviation were found (between -5.48% and -11.15%), which may be assumed as not relevant differences 

considering the uncertainties generally involved in fatigue assessment. In addition, it should be noted 

that the loading characterised by 𝑝=300 kN, 𝑣=100 km/h is in the domain of theoretical fatigue 

endurance limit, as expected taking into account the magnitude of the computed local stress values. For 

loading (5), the deviation of the values of 𝑁𝑓 between the Glinka results and the reference ones may be 

found as not relevant. Nonetheless, it should be noted that a greater disagreement was found for the von 

Mises elastoplastic values presented in Figure 4.39. More specifically, despite the observed differences 

between the calculated stress and strain time histories when compared with the results computed by 

direct time-integration, the deviations were found smaller in terms of Δ𝜎 and Δ휀, respectively, -0.92% 

and -2.17%, leading to precise but slightly non-conservative predictions for the number of required 

cycles for the crack initiation. The verified trends for the results achieved for loading (5) are accentuated 

for the values related to loading (6). For the latter, in addition to the high local stresses and strains 

calculated at the hot-spot, the number of cycles for the crack initiation obtained for the reference 

analyses shows that the magnitude of such a loading may not be compatible with the high cycle fatigue 

regime, typically verified in railway bridges in the presence of local notches. Thus, loadings (5) and (6) 

clearly show a transition in terms of the characteristics of the structural behaviour and respective local 
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responses concerning the multiaxiality. In addition, the maximum strain values show the development 

of the plasticity phenomenon with the magnitude of the loading.  

Table 4.7 – Relevant results of the dynamic and fatigue analyses (crack initiation in a riveted detail) 

Loading # 
𝜎𝑚𝑎𝑥 

(MPa) 

𝜎𝑚𝑖𝑛 

(MPa) 

𝜎𝑚 

(MPa) 

Δ𝜎 

(MPa) 
 휀𝑚𝑎𝑥 휀𝑚𝑖𝑛 휀𝑚 Δ휀  𝑁𝑓 

(1) 

𝑝=300kN 

𝑣=100km/h 

HHT 264.56 -6.43 129.06 271.00  0.00131 0.00005 0.00068 0.00126  428098152 

Neuber 262.74 -7.22 127.76 269.96  0.00129 0.00000 0.00065 0.00129  344146913 

Δ% -0.69 12.18 -1.01 -0.38  -1.26 -94.06 -4.43 2.14  -19.61 

Glinka 261.22 -5.39 127.92 266.61  0.00128 0.00001 0.00064 0.00127  394546179 

Δ% -1.26 -16.25 -0.89 -1.62  -2.06 -82.07 -4.79 0.88  -7.84 

             

(2) 

𝑝=500kN 

𝑣=100km/h 

HHT 338.50 -91.16 123.67 429.66  0.00236 0.00034 0.00135 0.00201  3070968 

Neuber 351.43 -96.70 127.36 448.13  0.00269 0.00054 0.00161 0.00214  1619761 

Δ% 3.82 6.08 2.99 4.30  14.07 59.00 19.75 6.47  -47.26 

Glinka 339.16 -85.83 126.67 424.99  0.00234 0.00031 0.00132 0.00203  2728409 

Δ% 0.20 -5.85 2.43 -1.09  -0.69 -9.90 -1.86 0.86  -11.15 

             

(3) 

𝑝=600kN 

𝑣=100km/h 

HHT 351.84 -184.95 83.44 536.78  0.00311 0.00052 0.00182 0.00258  491415 

Neuber 369.43 -168.04 100.70 537.47  0.00432 0.00169 0.00301 0.00262  379362 

Δ% 5.00 -9.14 20.68 0.13  38.87 223.98 65.54 1.40  -22.80 

Glinka 355.40 -178.20 88.60 533.60  0.00305 0.00045 0.00175 0.00260  451492 

Δ% 1.01 -3.65 6.18 -0.59  -1.97 -14.18 -3.73 0.50  -8.12 

             

(4) 

𝑝=700kN 

𝑣=100km/h 

HHT 364.95 -239.69 62.63 604.65  0.00406 0.00102 0.00254 0.00304  171794 

Neuber 382.52 -223.72 79.40 606.24  0.00550 0.00234 0.00392 0.00316  120281 

Δ% 4.81 -6.66 26.78 0.26  35.36 129.26 54.21 3.88  -29.99 

Glinka 367.43 -227.21 70.11 594.64  0.00414 0.00109 0.00261 0.00305  162374 

Δ% 0.68 -5.21 11.95 -1.65  1.76 6.76 2.76 0.08  -5.48 

             

(5) 

𝑝=800kN 

𝑣=100km/h 

HHT 379.06 -257.56 60.75 636.62  0.00534 0.00180 0.00357 0.00354  69211 

Neuber 392.93 -255.45 68.74 648.38  0.00644 0.00270 0.00457 0.00374  49529 

Δ% 3.66 -0.82 13.14 1.85  20.59 49.66 27.93 5.76  -28.44 

Glinka 377.10 -253.68 61.71 630.78  0.00501 0.00155 0.00328 0.00346  77861 

Δ% -0.52 -1.51 1.57 -0.92  -6.23 -14.17 -8.23 -2.17  12.50 

             

(6) 

𝑝=900kN 

𝑣=100km/h 

HHT 396.21 -276.88 59.67 673.09  0.00711 0.00298 0.00505 0.00413  32010 

Neuber 401.66 -279.97 60.85 681.63  0.00773 0.00323 0.00548 0.00450  22023 

Δ% 1.37 1.12 1.97 1.27  8.72 8.36 8.61 8.97  -31.20 

Glinka 385.26 -274.35 55.45 659.61  0.00575 0.00179 0.00377 0.00396  39780 

Δ% -2.77 -0.91 -7.06 -2.00  -19.18 -39.95 -25.32 -4.20  24.27 

 

As clearly demonstrated in Table 4.7 for all the loadings and as expected taking into account the 

previously presented results, the deviations in the stress results are lower than in the strain values. While 
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the Neuber approach generates maximum deviations of 4.30% in stress ranges and 8.97% in strain 

ranges, the Glinka proposal allowed obtaining equivalent values of -2.00% and -4.20%. Considering the 

accuracy of the calculated elastoplastic stress time histories, the implementation of alternative 

approaches to the relation proposed by Morrow (1965, 1968), equation (4.48), based on stress values or 

energetic parameters may be encouraged, as previously noted. 

In order to have a measure of the volume of material plastically deformed, the residual equivalent plastic 

strain fields obtained after the dynamic loadings, are presented (Figure 4.40). 

 

a) (1) 𝑝=300kN, 𝑣=100km/h b) (2) 𝑝=500kN, 𝑣=100km/h 

 

c) (3) 𝑝=600kN, 𝑣=100km/h d) (4) 𝑝=700kN, 𝑣=100km/h 

 

e) (5) 𝑝=800kN, 𝑣=100km/h f) (6) 𝑝=900kN, 𝑣=100km/h 

 

Figure 4.40 – Equivalent plastic strain fields, evolution of the local plastic material volume (case study 2) 
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In Figure 4.40, the growth of the plastic region with the loading magnitude, 𝑝, is clear. For loadings (5) 

and (6), the plastic region may still be considered as confined, assuming as reference the values obtained 

for case study 1. Thus, the deviations of the results are attributed to the combined influence of plasticity 

and multiaxiality, also influenced by the clamping stress and nonlinear contacts. 

As clearly shown, the so-called approach 3, based on the modal superposition of 𝐵𝐷𝐶𝑂𝑠 and elastoplastic 

post-processing considering the Glinka relation, under the condition of residual, localised and confined 

plasticity, reveals to be an accurate alternative to numerically analyse fatigue crack initiation issues in 

structural details, independently of the geometry and loading characteristics.  

In which concerns the computational times, considering four personal computers identical to the one 

characterised in subsection 4.5.2.9 a) and three parallel computing processes running at the same time 

in each personal computer (total of twelve parallel processes), after implementing approach 3, the results 

presented were obtained in an average time of 2h30m for each loading. On the other hand, the equivalent 

values calculated after direct time-integration analysis required an average time of 7h05m, using a single 

computer with similar hardware capacity. Due to permanent hardware depletion, it should be recognised 

that the improvement of computational capabilities would considerably increase the efficiency of the 

computational algorithm based on approach 3, while for direct time-integration analyses the potential of 

improving the efficiency of calculations is much more reduced, since such constraint was not verified. 

 

4.5.2.10. Crack propagation assessment in a cracked detail 

As previously mentioned, static analyses were performed to define admissible loadings and analyses 

assumptions. For crack propagation investigation purposes, the modelled crack and the strengthening 

riveted patch were considered. Also, since the implemented computational algorithms (Figure 4.30 and 

Figure 4.31) and direct time-integration analyses are based on LEFM concepts, the idealised case study 

was fully characterised according to the elastic material defined in subsection 4.5.2.1. 

After establishing the assumptions underlying the crack propagation investigation, the computational 

algorithms, either based on the modal superposition of local quantities or 𝐵𝐷𝐶𝑂𝑠, were implemented 

and the results achieved compared with the reference ones. 

 

a) Approach 2 vs. direct time-integration (approach 1) 

In this subsection, the values obtained by applying the computational algorithm outlined in Figure 4.30, 

with a basis on the modal superposition of stress intensity factors (approach 2), are compared with those 

calculated through direct time-integration (approach 1) (Figure 4.41). 
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a) 𝑝=100 kN, 𝑣=100 km/h b) 𝑝=200 kN, 𝑣=100 km/h 

 

Figure 4.41 – Stress intensity factor time histories (mode I), 𝐾𝐼 (approach 2 vs. approach 1) 

 

In Figure 4.41, for both loadings considered, the stress intensity factor time histories related to mode I, 

𝐾𝐼, are presented. As clearly shown by comparing the values obtained, a notorious convergence was 

achieved between the results of approach 2 and those evaluated after direct time-integration. Adopting 

the latter values as a reference, a maximum error of 2.38% was found for the higher stress intensity 

factor range, ∆𝐾. Due to the characteristics of the idealised case study and the loadings considered, the 

stress intensity factor time histories associate with mode II, 𝐾𝐼𝐼, are nearly zero and the respective 

comparison does not have a practical interest. Also, it should be noted that the crack tip was admitted 

only at 10 mm of the riveted patch, which confirms the conclusion achieved in subsections 4.5.2.4 and 

4.5.2.9 a), i.e. approach 2 is applicable if the influence of either initial stress/strain states or contact 

nonlinearities is negligible at the point where the modal results are evaluated. 

Additionally, it was considered relevant to evaluate the capability of the implemented computational 

algorithm to reflect very local stiffness variations. In order to achieve such a purpose, different rivets 

spacings were adopted for the riveted patch and the results obtained were compared (Figure 4.42). 

 

Figure 4.42 – Partial stress intensity factor time histories (mode I), 𝐾𝐼 (approach 2) 
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In Figure 4.42, for the loading 𝑝=200 kN, 𝑣=100 km/h, the 𝐾𝐼 time histories related to the rivets spacings 

of 75 mm, 100 mm and 150 mm are presented. As it is clearly shown, approach 2 proved to be sensitive 

to local stiffness variations and it can be stated that higher local stiffness variations would produce 

higher differences between the values of 𝐾𝐼(𝑡). This feature may be of paramount importance to analyse 

more complex connections, namely the effects of localised strengthening measures to improve the 

fatigue behaviour of critical details of bridges. 

Concerning the computational times, using the already characterised personal computer, the results 

achieved by implementing approach 2 were obtained in 2 seconds for each loading considered, after 

carrying out the assessment of the modal quantities, which was only performed once for all loadings 

investigated, requiring 4 minutes (shell model). On the other hand, the respective reference results were 

obtained in an average time of 6h20m using the HHT algorithm. Naturally, in comparison with the crack 

initiation analyses, the calculations involving direct time-integration related to the crack propagation 

were less time-consuming, as no plasticity was admitted and LEFM concepts were applied. For a fatigue 

crack propagation simulation process, computing times become even more critical, since the crack is 

propagated during several increments, which requires performing the previously detailed analyses for 

each increment, scaling the computational demands. 

 

b) Approach 3 vs. direct time-integration (approach 1) 

As in the calculations presented above, the results obtained by implementing the computational 

algorithm proposed in the current work and detailed in Figure 4.31, grounded on the modal superposition 

of 𝐵𝐷𝐶𝑂𝑠 (approach 3), are compared with those considered as reference and computed taking into 

account the HHT algorithm (approach 1) (Figure 4.43). 

 

a) 𝑝=100kN, 𝑣=100km/h b) 𝑝=200kN, 𝑣=100km/h 

 

Figure 4.43 – Stress intensity factor time histories (mode I), 𝐾𝐼 (approach 3 vs. approach 1) 
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As shown in Figure 4.43, a notorious agreement was achieved between the values of 𝐾𝐼 calculated using 

approach 3 and the reference results. In this respect, a maximum error of -2.10% was found for the 

higher computed value of ∆𝐾. 

In terms of average computational times, using the same personal computers and number of parallel 

processes defined in subsection 4.5.2.9 b), the results for 𝐾𝐼 calculated using approach 3 were obtained 

after 2h27m, while the corresponding reference values were achieved after 6h20m, for each loading. 

 

4.5.2.11. Concluding remarks: crack initiation and propagation in a riveted and cracked detail 

As previously demonstrated, the fatigue assessment methods proposed in EN1993-1-9 (CEN, 2010c) 

have relevant limitations and guidance is only provided for catalogued welded and bolted connections. 

Such drawbacks, coupled with the complexity in terms of the local structural behaviour of typical 

fatigue-critical details of metallic bridges, in particular the riveted ones, characterised by relevant 

geometrical, material and contact nonlinearities, lead to the necessity of developing alternative 

approaches to properly predict the fatigue life. 

In the present work, two different approaches based on modal superposition principles were the basis of 

four computational algorithms, more specifically: i) approach 2, consisting of the superposition of modal 

stresses or modal stress intensity factors, respectively, to investigate the crack initiation (Figure 4.26) or 

the crack propagation (Figure 4.30); and ii) approach 3, based on the modal superposition of 𝐵𝐷𝐶𝑂𝑠, 

aiming to compute local stress and strain time histories to analyse the initiation of a certain crack (Figure 

4.27) or stress intensity factors time histories to evaluate the crack growing path until the structural 

failure (Figure 4.31). 

Concerning the crack initiation phase investigated at the rivet holes (hots-spots), approach 2 was not 

found as accurate due to the influence of initial stress/strain states related to the clamping force and 

contact nonlinearities associated with the structural performance of the existing rivets. For this reason, 

an alternative computational algorithm, based on the modal superposition of 𝐵𝐷𝐶𝑂𝑠 and elastoplastic 

post-processing, was proposed and implemented (Figure 4.27). Such workflow, when considering the 

Glinka relation, proved to allow obtaining accurate results for residual, localised, confined plasticity 

regions and low multiaxiality (loadings (1) to (4)). For loadings (5) and (6), other strategies to perform 

the required elastoplastic post-processing must be further investigated. 

Regarding the crack propagation phase, for both approaches 2 and 3, which are respectively the basis of 

the computational algorithms outlined in Figure 4.30 and Figure 4.31, reduced errors in relation to the 

reference values (approach 1) were verified. A critical analysis of the obtained results showed that both 

workflows are valid alternatives to perform crack propagation analyses. However, approach 2 is more 
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efficient in computational terms and should be implemented if the influence of either initial stress/strain 

states or contact nonlinearities is negligible at the point where the modal results are evaluated. 

Concerning approach 3, its application may be essential to investigate the early stages of crack 

propagation around rivets, for which the implementation of approach 2 is not admissible for similar 

reasons to those demonstrated in the analysis of the crack initiation phase in subsection 4.5.2.9 a). 

In general, facing the normative limitations to investigate existing bridges, it can be said that the 

combination of the proposed computational algorithms with a basis on approaches 2 and 3 should allow 

an efficient analysis of all the phases of fatigue damage. The developed and proposed numerical tools 

are critical to assess the structural integrity of the considerable number of existing metallic railway 

bridges in service. Obviously, when the mentioned approaches are implemented in the investigation of 

details of large bridges, due to the structural complexity, it should be noted that the gains in terms of 

computational times may be considerably higher than the presented ones for the idealised simply 

supported beam. Taking into account the typical size of Civil Engineering structures, it is reasonable to 

assume that only considering the proposed calculations strategies, it may be possible to perform very 

local and detailed fatigue investigations. 

In summary, the implementation of approaches 2 and 3 opens new possibilities to carry out local fatigue 

analyses of complex details, covering both initiation and propagation phases. In this regard, in the scope 

of the present work, further implementations of the proposed computational algorithms are foreseen to 

fully investigate the fatigue life of connections part of large bridges. 

 

4.5.3. REAL CASE STUDY: ADDITIONAL IMPLEMENTATION OF APPROACH 2 

Local models for fatigue analysis have been gaining acceptance, in particular for engineering 

applications associated with mechanical, nautical and aerospace industries. Local stress-life 

methodologies, notch strain methods and Fracture Mechanics based approaches have become more 

frequent options to model the crack initiation and the crack propagation, with the respective application 

to Civil Engineering structures being fruitful to evaluate the fatigue resistance of structural systems.  

As formerly mentioned, the concept of modal stress intensity factor was proposed by Albuquerque et 

al. (2012, 2015) and implemented to investigate the propagation of an assumed pre-existing crack in a 

welded detail of the Alcácer do Sal railway Bridge. In the present work, the computational algorithms 

associated with approach 2, outlined in Figure 4.26 and Figure 4.30, were applied to the same case study. 

Some improvements were implemented. Firstly, the propagation of a postulated initial crack is 

investigated. After, the possibility of initiating a real crack at the same spot is analysed, with the aim of 

validating the fatigue safety in the expected absence of rough defects. 
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Over the river Sado and located on the Lisboa-Algarve railway connection in Portugal, the Alcácer do 

Sal Bridge is a relatively recent structure but already in operation. Such a bridge is a composite 

bowstring structure composed of three continuous spans of 160 m, each of them suspended by a steel 

arch through 18 tension rods. The railway track is installed on a concrete deck laid over a trapezoidal 

steel box girder. At the hanger-to-deck connections, the deck has additional steel diaphragms and two 

diagonal strings, which transfer the suspension loads from the tension rods to the deck. Diagonals are 

600 mm wide and 35 mm thick (Figure 4.44). 

 

Figure 4.44 – General view of the Alcácer do Sal Bridge (site photos) (Albuquerque, 2015) 

 

Taking into account the geometrical and material characteristics of the structure, Albuquerque (2015) 

developed a global numerical model of the bridge composed mainly of shell and beam elements 

(SHELL63 and BEAM44, ANSYS (2017a)), using ANSYS software. A relatively coarse mesh size of 

2 m was adopted. Also, a particular detail was considered in the modelling of the connection classified 

as fatigue-critical, assuming a more refined mesh size of 0.10 m (Figure 4.45). 

 

 

a) partial view of the deck, tension rods and arch b) diaphragm 51 and diagonals 

Figure 4.45 – Numerical model of the Alcácer do Sal Bridge (partial view) (Albuquerque, 2015) 
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In order to validate the numerical model, a global Ambient Vibration Test (AVT) was performed and 

the experimental results compared with the numerical ones. Aiming to minimise the differences between 

natural frequencies and modal shapes, the Young’s modulus of the concrete, 𝐸𝑐, was calibrated and an 

optimum value of 43 GPa was achieved. The remaining materials were characterised following the 

specified in the design stage, in particular the main structural steel was defined according to the 

characteristics of the S355 steel grade. In the original work presented by Albuquerque (2015), after 

identifying diaphragm 51 as the fatigue-critical detail, a submodel was conceived taking into account 

20-noded volumetric elements (SOLID186, ANSYS (2017a)). In the current work, considering the same 

geometrical and material properties, some numerical improvements were performed in order to increase 

the quality of the local response evaluated using the local model (Figure 4.46). 

  

a) cross-section of the deck (Albuquerque, 2015) b) welded detail type (Albuquerque, 2015) 

 

c) submodel of the welded detail (diaphragm 51) 

Figure 4.46 – Fatigue-critical detail of the Alcácer do Sal Bridge 

 

In Figure 4.46 a) and b), images of real details, similar to the fatigue-critical one, are shown. Also, the 

numerical submodel developed with a basis on the one conceived by Albuquerque (2015) is presented 

in Figure 4.46 c). Among the modifications performed, some improvements may be highlighted: i) 

enhancement of the mesh density, in particular at the boundaries of the submodel; and ii) modification 

of the weld geometry, allowing smaller initial crack lengths and improving the mesh refinement at the 
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cracked area initially assumed. In addition, the location of the hot-spot for the crack initiation and further 

propagation was evaluated after the loading of the uncracked submodel by several train passage 

simulations (Albuquerque, 2015). The maximum local stresses in the diagonal were always verified at 

the same location, allowing one to conclude that a possible small defect may potentiate the initiation of 

a fatigue crack at the root of the weld filament. Consequently, an initial defect thru thickness was 

postulated at this hot-spot and predictions for the residual fatigue life associated with the crack 

propagation were obtained. A crack box of 2 mm size at its tip was assumed for the first two iterations, 

while one of 5 mm size was considered for the remaining increments. Such a local modelling allowed 

considering a regular local mesh in order to apply the Virtual Crack Closure Technique (VCCT) 

(Krueger, 2004) to assess the values of the modal stress intensity factors. Additionally, taking into 

account that the investigated structure is currently in operation, the fatigue crack initiation was also 

addressed by implementing a local notch method in order to ensure the structural safety, according to 

the proposed approach 2 and respective calculation algorithm (Horas et al., 2018). 

 

4.5.3.1. Dynamic analysis assumptions – Alcácer do Sal Bridge 

The modal dynamic properties, 𝑚𝑗, 𝑤𝑗 and 𝜙𝑗 were calculated following the geometrical and material 

characteristics of the bridge. Concerning the modal damping ratio, 𝜉𝑗, a constant value of 0.50% was 

assumed for all vibration modes considered. After initial calculations and taking into account the 

characteristics of the bridge, a frequency range between 0.477 Hz and 36.421 Hz, corresponding to 1500 

vibration modes, was assumed (Albuquerque, 2015). Nonetheless, only part of such modal shapes 

should contribute significantly to the local dynamic response, due to the length and dimension of the 

investigated structure. Consequently, reference dynamic calculations assuming different numbers of 

vibration modes allowed defining the relevant ones. More specifically, if for a certain mode the 

contribution for the stress intensity factor is lower than a given limit, such a modal shape may be 

neglected and valuable computational time may be saved. In this regard, a parametric analysis was 

performed considering different cut-off limits for the contribution of each vibration mode for the stress 

intensity factor time histories, leading each limit value to a certain number of relevant modes, namely: 

i) 0.05 MPa.mm0.5, 972 modes; ii) 0.10 MPa.mm0.5, 808 modes; iii) 0.15 MPa.mm0.5, 685 modes; iv) 

0.20 MPa.mm0.5, 697 modes; and iv) 0.25 MPa.mm0.5, 540 modes. Each computed response was 

compared with the reference one (1500 vibration modes), in terms of 𝐾𝐼(𝑡), 𝐾𝐼𝐼(𝑡) and 𝐾𝑒𝑞(𝑡) calculated 

according to equations (4.54), (4.55) and (4.58), respectively. Aiming to achieve a balance between the 

computational efficiency and accuracy in the evaluation of the stress intensity factor time histories, a 

cut-off limit of 0.15 MPa.mm0.5 was defined and 685 vibration modes were considered. 
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A well-characterised fatigue model was established and implemented, in order to perform an analysis 

based on Fracture Mechanics principles. According to Albuquerque (2015), the parameters of the Paris 

law, 𝐶 and 𝑚, were assessed after fatigue crack propagation testing on compact tension specimens (CT), 

machined with the same steel used in the bridge, assuming a similar thickness to the one of the 

investigated fatigue-critical welded detail. Similarly, the superior limit for the stable fatigue crack 

propagation domain was established by defining the material toughness, 𝐾𝑐, equal to 1434 MPa.mm0.5, 

with a basis on experimental values available in the literature for an identical material (Carvalho et al., 

2014). For the stress intensity factor threshold, ∆𝐾𝑡ℎ, a value of 63 MPa.mm0.5 was defined, following 

the proposed in BS7910 (BSI, 2013). In this regard, it is worth noting that ∆𝐾𝑡ℎ was adopted as a cut-off 

limit value, disregarding the influence of the transition between the first and second regions of the crack 

propagation on the fatigue life. 

Table 4.8 – Parameters related to the adopted fatigue model 

𝐶* 𝑚* ∆𝐾𝑡ℎ (MPa.mm0.5) 𝐾𝑐  (MPa.mm0.5) 

9.93x10-14 3.14 63 1434 

*Paris law parameters set for da/dN in mm/cycle and 𝐾 in MPa.mm0.5 

 

In Table 4.8, the fundamental parameters associated with Fracture Mechanics and respective fatigue 

crack propagation model are summarised. Due to geometrical constraints close to the weld toe, a crack 

increment, Δ𝑎𝑖𝑛𝑐, of 2 mm was adopted for the first two iterations of the crack growing. In general, for 

the remaining lengths, a standard Δ𝑎𝑖𝑛𝑐 equal to 5 mm was assumed. Thus, considering that the crack 

length increment, Δ𝑎, related to each traffic loading is much lower than Δ𝑎𝑖𝑛𝑐, the equivalent number of 

traffic loading blocks, 𝐵𝑛, was calculated. Concerning the adopted initial crack length, 𝑎𝑖, in the present 

work, a postulated value of 1 mm was assumed in order to obtain accurate fatigue life predictions. For 

smaller crack dimensions, relevant constraints in terms of numerical modelling were found concerning 

the geometry of the crack box. 

 

4.5.3.2. Dynamic loading – Alcácer do Sal Bridge 

The planned fatigue analyses of the postulated cracked structural detail were carried out assuming 

realistic traffic scenarios, taking into account that the bridge is currently in operation. As a superior 

boundary for the admissible traffic loading, the heavy traffic mix proposed in EN1991-2 (CEN, 2017) 

was considered. Also, it was taken into account the real traffic scenario characterised by Albuquerque 

(2015), using shear strain gauges welded to the rails for axle loads estimate, and instrumented rail pads 

for quantifying axles spacing and train speeds. For the latter traffic mix, a loading block of 565 real 
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trains were weighed for 2 months, with a total tonnage of 0.52 million. Consequently, it should be noted 

that the evaluated real traffic was found to have an equivalent annual volume of 3.1 million tons, which 

is considerably lower than the traffic volumes suggested in the applicable Eurocode and presented in 

Chapter 3 (approximately 25 million t/year). 

 

4.5.3.3. Crack propagation assessment from an initial small crack 

After establishing the assumptions underlying the crack propagation investigation, the computational 

algorithm outlined in Figure 4.30, based on the modal superposition of local quantities, was 

implemented. The presented traffic scenarios and postulated initial crack length were admitted and the 

numerical simulations of the crack growing were performed (for example, see Figure 4.47). 

 

a) crack propagation increment 10 (𝑎=51 mm) 

 

b) crack propagation increment 25 (𝑎=126 mm) 

Figure 4.47 – Numerical crack propagation for the heavy traffic mix: increments 10 and 25  
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As an example, for the normative heavy traffic mix, the numerical simulation of intermediate crack 

lengths of 51 mm and 126 mm are shown, respectively, in Figure 4.47 a) and b). Qualitative von Mises 

stress maps are presented for reference. For both traffic scenarios considered, the crack propagation was 

performed numerically until the material toughness was achieved (Table 4.9).  

Table 4.9 – Predictions for the residual fatigue life associated with crack propagation 

Analysis 
nº of 

modes 
Traffic scenario 

𝑎𝑖 

(mm) 

nº 

increments 

Computational 

time 

𝑎𝑐 

(mm) 

Remaining      

fatigue life 

(1) 1500 
Heavy traffic mix 

EN1991-2 (CEN, 2017) 
1 31 64 hours 156 

2 years and 

1 months 

(2) 685 
Heavy traffic mix 

EN1991-2 (CEN, 2017) 
1 31 27 hours 156 

2 years and 

1 months 

(3) 685 
Real traffic: 

Albuquerque (2015) 
1 35 33 hours 176 44 years 

 

In Table 4.9, the results of several crack propagation simulations are presented. The data related to the 

reference calculation (1), considering 1500 vibration modes, are shown. The comparison with the results 

of analysis (2) allows concluding concerning the relevance in terms of computational time of not 

considering vibration modes with negligible contributions for the calculation of the stress intensity factor 

time histories. A reduction from 64 to 27 hours was achieved, using the same personal computer 

previously presented (3.40GHz Intel(R) Core(TM) i7-6700CPU processor and 16GB RAM memory). 

Comparing calculations (2) and (3), it is clear that the heavy traffic scenario is considerably more severe 

for the bridge in terms of fatigue damage, as expected. Taking into account that the structure was 

designed to accommodate two tracks and only the one in operation was considered in the performed 

calculations, one may conclude that the results achieved reveal that an initial defect may put at risk the 

structural safety and challenge the principles underlying the designing methodologies proposed in the 

most important standards and guidelines. Also, the risk of a local collapse at short-term highlights the 

importance of reliable advanced numerical tools to be implemented in the context of detection of defects 

after standard maintenance operations. 

The presented times in Table 4.9 are related to a single computational process. Aiming to evaluate the 

margins to increase the calculation efficiency, a parallel processing similar to the one outlined in Figure 

4.28 and Figure 4.29 was implemented, properly framed in the calculation strategy associated with 

approach 2. In terms of the adopted workflow, the one presented in Figure 4.30 was slightly adapted to 

include the possibility of parallel computing. Such a hypothesis was already mentioned in subsection 

4.5.1.2 and its applicability is easily understandable taking into account that the modal quantities are 
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independent of each other, which means that the boundary displacements of the mode 𝑗-1 may be 

inputted into the submodel and the respective modal stress intensity factor evaluated independently of 

the calculations related to 𝑗 or 𝑗+1. In this case, the outcomes of the parallel computing were the modal 

𝐾𝐼 and 𝐾𝐼𝐼, which were then considered in the modal superposition to compute the respective time history 

values, 𝐾𝐼(𝑡) and 𝐾𝐼𝐼(𝑡). Therefore, similar to the outlined in Figure 4.29, a parallel computing process 

was implemented using a single personal computer 𝑘, in which four parallel computations were 

performed. Three calculation events took into account 171 vibration modes and the last one the 

remaining 172. For a straight comparison in terms of calculation times, the same personal computer 

previously considered was used. The results obtained are summarised in Table 4.10. 

Table 4.10 – Predictions for the residual fatigue life associated with crack propagation (parallel computing) 

Analysis 
nº of 

modes 
Traffic scenario 

𝑎𝑖 

(mm) 

Computational 

time  

(1 process) 

Computational 

time  

(4 processes) 

𝑎𝑐 

(mm) 

Remaining      

fatigue life 

(4) 685 
Heavy traffic mix 

EN1991-2 (CEN, 2017) 
1 27 hours 11 hours 156 

2 years 

and 1 

months 

(5) 685 
Real traffic: 

Albuquerque (2015) 
1 33 hours 14 hours 176 44 years  

 

In Table 4.10, the data related to the analyses carried out considering the parallel computing are detailed. 

Naturally, taking into account that the assumptions underlying the fatigue analyses were not changed, 

the predictions for the remaining fatigue life were found identical to those presented in Table 4.9. 

Regarding the computational time, a reduction of around 60% was obtained when the parallel computing 

was implemented. No linear relation was found between the number of computing processes and the 

decrease in terms of computational time. The depletion of the hardware processing capabilities should 

explain such a fact. Nonetheless, it may be easily understood that the parallel computing may be 

extended to a network process considering several personal computers, as showed in Figure 4.29 and 

implemented for the crack initiation assessment according to approach 3 in the calculations presented 

in subsection 4.5.2.9 b). However, taking into account that the successive iterations associated with each 

crack increment are dependent, in each iteration, a master and controlling process must be established 

to gather all modal quantities from the different computers, performing the modal superposition and 

subsequent calculation tasks suggested in the algorithm outlined in Figure 4.30. Naturally, this 

computational requirement is not verified for the calculations related to the crack initiation. Thus, 

considering the goals of the present work, this additional development of the proposed computational 

algorithm was not performed and may be defined as a future task of interest. Despite that, taking into 
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account the elastic nature of the performed analysis, according to the adopted principles of LEFM, the 

use of more computers should lead to an almost linear relation in the reduction of the calculation time, 

i.e. two equivalent personal computers should lead to a calculation time of approximately 5h30m and 

7h, respectively, for the heavy traffic mix and the real one. Consequently, the calculation times achieved 

are compatible with the pace of Civil Engineering tasks related to design, maintenance or strengthening, 

even considering a single computing process, opening relevant hypothesis for detailed structural analysis 

of fatigue-critical connections. 

 

4.5.3.4. Crack initiation assessment in an unnotched detail 

Despite the apparently threatening results related to the crack propagation, the risk of short-term 

structural collapse must be prudently checked bear in mind that the crack previously investigated was 

postulated. Therefore, the computed and presented predictions would only be accurate after completed 

the formation of a macroscopic crack, which may represent a relevant part of the fatigue life.  

Aiming to evaluate the initiation of a crack at the identified hot-spot, the computational algorithm 

outlined in Figure 4.26 was implemented. For the loading scenarios assumed, considering that 

preliminary calculations showed local responses in the elastic domain, no elastoplastic post-processing 

was required and the stress-life relation of Basquin (1910) accounting for the influence of the mean 

stress was implemented, after applying the rainflow algorithm. Taking into account the steel grade that 

composes the bridge, S355, the required material parameters 𝜎𝑓
′ and 𝑏 were assumed equal to 952.2 MPa 

and -0.089, respectively, as in the calculations presented in subsection 4.5.2 and according to Jesus et 

al. (2012). Consequently, considering the analysis assumptions defined, the fatigue strength was 

computed and expressed in terms of the number of traffic blocks to reach the initiation of a crack, 𝐵𝑛, 

for each traffic scenario associated with a given period of circulation (Table 4.11).  

Table 4.11 – Predictions for the initiation of a crack at the hot-spot 

Analysis 
nº of 

modes 
Traffic scenario 

1 traffic 

block (trains) 

𝜎 𝑀 

(MPa) 
𝐵𝑛 

(1) 685 
Heavy traffic mix 

EN1991-2 (CEN, 2017) 
(daily traffic) 51 307.25 1.49x1012 

(2) 685 
Real traffic: 

Albuquerque (2015) 

(bi-monthly 

traffic) 
565 293.07 3.00x1012 

 

In Table 4.11, the results obtained related to the crack initiation are presented, in particular the maximum 

values for the evaluated von Mises stress, 𝜎 𝑀. Such equivalent stress quantities were adopted in order 
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to take into account the expected multiaxiality of the local response. The local stress time histories were 

evaluated assuming the average of the stress fields through the thickness of the structural elements, 

presuming the appearance of a thru crack. For both traffic scenarios, the maximum results for 𝜎 𝑀 are 

inferior to the yielding value, 355 MPa, as expected after preliminary calculations. Consequently, a 

massive number of traffic blocks would be required to generate a macroscopic crack at the concentration 

point with the highest stress value. Therefore, the fatigue life related to the crack initiation may be 

assumed as theoretically infinite for the verified levels of stress. Concluding, the previously calculated 

remaining fatigue life predictions related to the crack propagation are accurate when, for accidental 

reasons or defective construction, an initial defect exists. However, even in such a defective situation, 

with the development of the crack propagation, it should be evaluated a hypothetical local redistribution 

of stresses, due to the global and local redundancy of the bridge, that may reduce the fatigue crack 

propagation rate. If necessary, a periodical updating of the modal properties may be considered to 

properly assess this structural behaviour. 

 

4.5.3.5. Concluding remarks: crack initiation and propagation in a welded detail 

The implementation of the principles underlying approach 2 in the analysis of the metallic railway bridge 

over the river Sado allowed investigating the propagation of a postulated small crack and the initiation 

of a real one at the same hot-spot, ensuring the structural integrity of the operating structure. The 

combination of the modal superposition method with a successful submodelling relation, established 

between the global model and a local one, made it feasible to assess local responses and respective 

fatigue life predictions with a basis on a local notch method and Fracture mechanic concepts. From the 

results achieved, valuable information may be obtained concerning the impact of eventual non-detected 

damage derived from defective construction or accidental reasons, giving valuable insights for standard 

maintenance activities. 

In the investigation of the Alcácer do Sal Bridge, it was possible to explore a particular characteristic of 

the implementation of the modal superposition concepts related to the non-consideration of certain 

modes with a negligible contribution to a given local response in the time domain. In terms of 

computational times, accounting only for the relevant modes allowed reducing greatly the calculation 

demands. Concerning the crack initiation and according to the principles underlying approach 2, only 

initial numerical calculations were required, with the subsequent analyses being based on the modal 

superposition of local quantities. On the other hand, regarding the propagation of the postulated crack, 

the numerical modal calculations dependent on the global model were performed only at the beginning 

of the investigation, but for each crack increment it was necessary to evaluate numerically the modal 

stress intensity factors, with such quantities valid for all circulating trains. 
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In general, the fatigue life predictions obtained were achieved in computational times in line with the 

pace of Civil Engineering activities. Also, the assessment of the initiation or propagation of a certain 

crack proved to be compatible with structural investigation works developed on a daily basis, e.g. 

monitoring tasks. Recovering the concept of digital twinning, the conceived and calibrated numerical 

models of the Alcácer do Sal Bridge may be assumed as numerical tools to investigate local fatigue 

issues. For example, a long-term monitoring system using data streamers may be established to 

continuously validate certain experimental points and the defined submodelling relations, extrapolating 

the number of digital sensors and increasing the reliability and scope of further structural analyses. 

 

4.6. CONCLUDING REMARKS 

In the present chapter, the theoretical bases underlying global and local methods for fatigue assessment 

were presented, namely: i) stress-life approaches; ii) notch strain method; and iii) Fracture Mechanics 

based approaches. Also, the limitations associated with the global calculation strategies based on S-N 

curves and nominal stresses were mentioned, considering that this method is currently the most 

implemented in the analysis of Civil Engineering structures. Taking into account such drawbacks, the 

possibility of applying local approaches to evaluate fatigue issues in existing bridges was assumed, 

following the generalised practice in several industries and some recent implementations in the analysis 

of bridges. The fundamentals of several local methods, covering the initial stages of fatigue cracking 

until the unstable propagation, were broadly presented. Furthermore, a comprehensive description 

concerning several Fracture Mechanics concepts was performed, highlighting different principles 

required to perform the numerical simulation of a propagating crack. In particular, the basics underlying 

the procedures used to evaluate stress intensity factors, based on results obtained from finite element 

models, were described, namely the Displacement Extrapolation Technique (DE) and the Virtual Crack 

Closure Technique (VCCT). 

After establishing the main principles associated with fatigue analysis, the combination of modal 

superposition concepts, submodelling techniques and local notch methods or Linear Elastic Fracture 

Mechanics principles was suggested for crack initiation or crack propagation assessment, respectively. 

In this regard, two approaches grounded on the mentioned theoretical bases were defined and proposed, 

aiming to systematise the implementation of local fatigue methods for the investigation of existing 

metallic railway bridges. Consequently, computational algorithms properly adapted were proposed, 

including numerical and analytical tools to overcome multiscale based problems. Despite being 

suggested for the investigation of large structures, the so-called approaches 2 and 3 were implemented 

and validated using two case studies derived from an idealised simply supported beam. Concerning the 

crack initiation, the accuracy of the results based on the elastoplastic post-processing associated with 
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the Glinka proposal was verified for localised and confined local plasticity. More conservative values 

were found related to the equivalent Neuber relation. With the increase of the multiaxiality of the local 

response, higher deviations were found in relation to the reference results (approach 1). In such cases, 

the implementation of alternative proposals to perform the required elastoplastic post-processing was 

suggested. Furthermore, approach 3 based on the modal superposition of 𝐵𝐶𝐷𝑂𝑠 proved to properly 

address the existence of clamping forces and local contact nonlinearities. Regarding the crack 

propagation, the implementation of the modal superposition considering either local quantities or 

𝐵𝐷𝐶𝑂𝑠, respectively, approaches 2 or 3, allowed obtaining accurate results for the stress intensity factor 

time histories, but with different computational efficiencies. Nonetheless, approach 3 may be found as 

critical to evaluate the early stages of crack propagation in details affected by relevant contact 

nonlinearities. Additionally, the implementation of approach 2 to a real case study allowed showing the 

potential of the developed calculation strategies when applied to real structures. It may be said that the 

performed analyses would not be possible in reasonable calculation times and in such a detail without 

the implementation of the proposed computational algorithms. The numerical simulation of a 

propagating crack as the one performed for the Alcácer do Sal Bridge may be particularly useful in the 

investigation of already cracked details, inherently fatigue-critical, overcoming a relevant drawback of 

the normative procedures for fatigue assessment based on nominal stress, which do not distinguish the 

crack initiation from the crack propagation. 

In general, the combination of approaches 2 and 3 and respective computational algorithms may allow 

investigating a wide variety of connections with several local, material and contact nonlinearities. These 

calculation strategies may be considered for advanced and detailed analyses to be implemented to 

investigate fatigue-critical details. Nevertheless, such a classification should be obtained after applying 

normative methods associated with conservative margins, when these latter are applicable and no 

relevant secondary effects are foreseen, in order to achieve a compromise between conservatism and 

calculation efficiency. Therefore, an integrated and more comprehensive methodology for fatigue life 

prediction is proposed, considering several phases of analysis.  
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5 
5. METHODOLOGY FOR FATIGUE LIFE PREDICTION OF 

EXISTING METALLIC RAILWAY BRIDGES 

 

 

5.1. INTRODUCTION 

Railway bridges are critical infrastructures for the efficient circulation of passengers and freight traffic. 

The safe and reliable structural performance of these structures has important economic and social 

positive impacts, maximising the advantages and benefits associated with this mean of transport. 

Considering the specific characteristics of the railway operation and the relevance of the fixed costs 

related to infrastructures, the proper conservation of existing bridges is critical for the long-term 

sustainability of the movements by train. Consequently, it is essential to develop methodologies to 

perform two fundamental engineering checks: i) firstly, assess the structural safety concerning service 

and ultimate limit states; and ii) after, optimise standard maintenance procedures and design repairing 

or strengthening interventions, if required. Naturally, both tasks are deeply interdependent. 

Metallic bridges have different typologies concerning the geometry of the structural system, type of 

connections and material that compose them, depending on the year of construction. These structures 

may be vulnerable to dynamic effects caused by time-varying traffic loadings, which may lead to 

relevant implications on structural integrity and safe performance due to poor dynamic structural 

responses. Concerning the dynamic behaviour of bridges, several investigations have been carried out 

to maximise the efficiency of calculations underlying the required safety checks. The implementation 

of modal superposition principles has been allowing to carry out detailed analyses considering 

comprehensive and exhaustive traffic scenarios, taking into account multiple velocities of circulation, 

in calculation times compatible with the pace of the analysis of Civil Engineering structures. The 

circulating traffic has been significantly growing in the past decades, in particular the demand for higher 

freight volumes. Also, with the aim of meeting the increasingly imperative environmental issues and 

maximising the sustainability of the railway transport, it is admissible that higher axle loads may be 

adopted to raise the carrying capacity of each train in the future. Likewise, for the same reasons, the 
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range of velocity of circulation may increase. Therefore, the necessity of exploring additional structural 

resistance margins is highly expected and established by the current European policies, which may put 

at risk the safety and durability of existing bridges.  

Regarding the ultimate limit states, for a certain structural member, the fatigue damage is progressively 

accumulated over the service life. Depending on the relevance and redundancy of the associated detail, 

such a damage process may threaten the global stability of the structure or the integrity of local structural 

subsystems. As previously noted, international standards and guidelines have been progressively 

suggesting stress-life methods based on nominal stresses and S-N curves for fatigue assessment. 

Nonetheless, due to important limitations of these global approaches, their consideration to investigate 

existing bridges may be doubtful for certain details, either due to not properly addressing the local 

characteristics or because an overly conservatism may be assumed. In order to answer to those 

drawbacks, approaches 2 and 3 were proposed in Chapter 4, accounting for the implementation of local 

notch methods and Fracture Mechanics concepts to investigate the initiation and propagation of cracks. 

Also, the associated computational algorithms may be considered to fully understand the fatigue 

phenomenon, allowing to investigate both cracking stages sequentially or independently. 

In particular for existing metallic railway bridges, the suggested approaches may be essential to perform 

detailed analyses of fatigue-critical details with an important role for structural integrity. However, the 

implementation of such calculation strategies to multiple connections, many times in the order of dozens 

or hundreds of details, may not be the most efficient and optimal procedure for certain types of bridges, 

e.g. truss structural systems. Consequently, these approaches may be part of advanced fatigue analyses 

phases properly combined with global S-N normative procedures when these last are applicable. Despite 

the listed drawbacks of such stress-life methods based on nominal stresses, the respective 

implementation may allow classifying as fatigue-safe a large number of details of a certain investigated 

structure, taking into account relevant margins of safety. The remaining ones defined as fatigue-critical 

may be subsequently fully analysed by implementing the proposed computational algorithms related to 

approaches 2 and 3, as part of advanced fatigue calculations, properly addressing the local geometry, 

material properties and contact nonlinearities. Thus, a complementary relation may be established 

between the proposed calculation strategies based on local methods and the normative ones. In cases for 

which the latter are not applicable, the former must assume critical importance to evaluate the 

progression and severity of fatigue damage. 

Taking into account the presented framework and the growing traffic demands, the definition of an 

integrated methodology for fatigue life prediction of existing metallic railway bridges, combining the 

implementation of global and local fatigue methods, each with a certain range of application, may be 

useful to investigate possible threats to structural integrity and optimise maintenance, repairing and 
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strengthening strategies. The importance of systematising the fatigue assessment of existing bridges was 

highlighted by Kühn et al. (2008), which proposed a procedure to investigate the fatigue capacity. In the 

present chapter, a comprehensive integrated methodology for fatigue analysis, divided into four phases 

associated with several fatigue approaches, is presented with the aim of increasing the reliability of the 

foreseen structural analyses. The suggested sequence of calculation strategies is proposed to address a 

wide variety of connections with particular geometries and composed of materials with different 

characteristics, part of multiple types of structural systems. A comprehensive description of each 

planned phase is performed. 

 

5.2. OVERVIEW OF THE FATIGUE ASSESSMENT METHODOLOGY 

Historically, transport systems have been constantly growing since the industrial revolution and the 

railway experienced an expeditious development during the decades around the turn of the 19th to the 

20th century. Until the 1960s, a large number of riveted metallic bridges, that are now approaching the 

end of their expected service life, was built and should deserve a particular concern from management 

authorities. Also, due to less careful construction methods in comparison to present day, early welded 

and bolted bridges currently with many years of constant use should be checked. 

Very often, many existing bridges do not show any visible sign of deterioration or fatigue issues, which 

is not sufficient information to guarantee the safety of such structures, in particular for riveted 

connections in which the crack initiation phase shows to be dominant concerning the fatigue life. In 

addition, when modifications in the operating conditions are foreseen or planned, e.g. axle loads 

increasing or changes in the traffic volume, detailed structural analyses must be performed. For a certain 

railway network, prior to critical decisions about future interventions, a classification of the details part 

of the respective existing bridges is advisable concerning their susceptibility to fatigue phenomena. Such 

an evaluation aims at producing evidence about the capacity of a given structural system to safely work 

over a residual service life. These comprehensive endeavours should be based mainly on information 

related to geometrical and material properties, as well as on data concerning the past, present and 

planned railway traffic. The proposed methodology is divided into four phases sequentially dependent: 

i) Initial Assessment; ii) Standard Evaluation; iii) Detailed Analysis; and iv) Critical Decision. 

In general terms, the proposed four phases of calculations should allow identifying the fatigue-critical 

connections of the investigated structure and evaluate the necessity of further interventions to ensure the 

safe operation during the planned remaining life. A general flowchart for the suggested methodology is 

presented. The sequential dependency of the required calculation strategies, as well as the progressive 

necessity of updated information, is highlighted (Figure 5.1). 
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Figure 5.1 – Workflow of the proposed integrated methodology for fatigue life prediction 

 

As outlined in Figure 5.1, in order to define the characteristics of a certain bridge, the available 

information must be collected. Several types of data may be useful to properly define the fatigue 

assessment problem. The process of gathering information is a continuous work shared by all phases of 

the proposed methodology. Several sources of data should be considered. 
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For a certain bridge, the structural drawings are critical to define the dimensions of the structure and 

subsequently to establish the basis of the fatigue life prediction, such as the required numerical models. 

Naturally, the detail of this information directly influences the accuracy of the modelling, which is 

particularly important when structural systems are geometrically complex. These types of data should 

be of easy access, with the respective conservation being part of the responsibility of the bridge 

management authority, in general. In cases of incomplete or non-existing information, a geometrical and 

topographic survey should be considered. Furthermore, experimental tests may be performed in order 

to clarify eventual uncertainties concerning the material properties. 

Also from the bridge management authority, inspection and maintenance reports may provide helpful 

data about the structural integrity of the structure. Before starting the fatigue assessment, visual 

information must be mandatorily collected. All deviations from existing documents must be flagged. 

When nonconformities are detected, a comprehensive visual inspection, the most common method to 

detect deterioration, including fatigue cracks, should be planned in order to update missing or incorrect 

data. In existing connections, coating detachment should be carefully investigated to evaluate whether 

relevant movements have been occurring and whether fatigue cracks may exist as a consequence. 

Additionally, the corrosion state should be checked. In case of significant damage, the thickness of the 

structural components must be measured and correctly assumed in the numerical modelling. Ultrasonic 

non-destructive tests (NDT) may be performed. In this regard, it should be noted that the fatigue 

assessment approaches considered in the present work only allow small defects due to corrosion pits. 

For advanced corrosion damage, the proposed methodology should be adapted and appropriate methods 

for fatigue analysis under corrosion must be considered. 

Usually, it is expected that experimental data may be available for the most important bridges. Relevant 

information may be used to evaluate or confirm the characteristics of materials that compose a certain 

structural system. Also, concerning the dynamic behaviour, modal properties should be considered to 

calibrate or optimise the required numerical models. In the absence of such data, it is the responsibility 

of the structural engineer(s) to decide whether the initial information is sufficient or whether additional 

data are required. In order to increase the reliability of results, global and local experimental campaigns, 

conceived to evaluate modal shapes, related frequencies and damping values, are advised before Phase 

II, Standard Evaluation (see Figure 5.1). 

Regarding the loading, the characterisation of the real traffic circulating on the investigated bridge may 

be essential to the accuracy of the fatigue assessment. In general, the normative load models and traffic 

scenarios are conservative assumptions, which for a certain detail may be the difference between infinite 

or limited fatigue life. Consequently, the real traffic scenario may acquire a critical preponderance in 

certain cases. The operating railway companies should have records of the past and present traffic. Also, 
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information about a future increase in railway traffic volumes and loads should be gathered or 

statistically inferred to establish reasonable future traffic scenarios. In case of insufficient information, 

the structural engineer(s) should decide about the relevance of these data. Commonly, when Phases II 

and III are performed as outlined in Figure 5.1, such information is important to assess as accurately as 

possible the remaining fatigue life of critical details. Therefore, experimental campaigns may be planned 

to evaluate the real traffic circulating on the investigated bridge. Also, realistic assumptions for past and 

future traffic may be defined using probabilistic approaches based on current traffic measurements and 

additional available information. 

The detailed analyses suggested in Phase III are based on approaches 2 and 3 introduced in Chapter 4, 

which consider the implementation of submodelling techniques. After defining the fatigue-critical 

details, submodels should be conceived to refine the calculation of fatigue damage by implementing 

local methods. The geometrical information used to build the required global models may not be 

considered sufficiently accurate to define the local modelling. In these situations, local geometrical 

surveys and NDT tests may be performed. In addition, coinciding with the assessment of the real traffic 

in circulation, experimental plans to obtain stress-strain time histories should be planned. The 

comparison of such data with the respective numerical values is considered critical to Phase III, allowing 

to validate the implemented submodelling relations and accuracy of the local numerical results. 

Additionally, the bridge management authority should define the core basis for fatigue assessment. For 

Phases II and III, the minimum admissible remaining fatigue life for a critical detail is a decisive 

criterion, which largely depends on the planned future railway operation on the bridge. In Phase IV, the 

design of admissible remedial measures should be performed according to the restrictions established 

by the management authority. Naturally, these inputs influence the principles of the proposed integrated 

methodology, supported by fatigue assessment methods suggested in standards and guidelines, properly 

framed by experimental data evaluated in situ and in a laboratory and by the current engineering 

practices related to fatigue analysis. In further descriptions, the Eurocodes are adopted as a reference, 

but adjustments to other guidelines may be assumed if required. Also, it should be noted that the 

suggested stepwise methodology is applicable to existing metallic railway bridges, but the extrapolation 

of the respective main principles may be performed to investigate other ageing structures. 

Associated with the proposed four phases, the suggested sequential fatigue calculations consider an 

increasing level of detail, from global approaches to local ones. In order to maximise the accuracy of 

results and minimise uncertainties related to the evaluation of fatigue life predictions for critical details, 

increasingly local and less conservative calculations are suggested. Therefore, after investigating all 

structural members in Phase I, a progressively reduced number of analyses is expected in the subsequent 

phases (Figure 5.2). 
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Figure 5.2 – General framework of the proposed integrated methodology for fatigue life prediction 

 

According to Figure 5.1 and Figure 5.2, a brief description of the proposed four phases is performed. 
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should be considered and the linear damage accumulation method subsequently 

implemented. A fatigue classification of the fatigue-prone details should be produced and 

those that cannot be classified as safe must be defined as fatigue-critical. 

Phase III: A Detailed Analysis with the aim of investigating the fatigue-critical details, for which the 

fatigue life predictions computed in Phase II are not considered satisfactory, is foreseen. As 

in the Standard Evaluation, experimental information should be taken into account. Strain 

time histories evaluated in situ related to known train loadings and material properties 

associated with the fatigue behaviour are defined as critical. Advanced submodelling 

techniques should be implemented, using a global model to obtain the boundary conditions 

to be imposed on the detailed submodel of a certain connection. For crack initiation analysis, 

local fatigue methods based on the relations of Basquin (1910), Coffin (1954) and Manson 

(1954), Basquin-Coffin-Manson (Manson and Hirschberg, 1964) and Morrow (1965, 1968) 

should be considered. Also, LEFM concepts are suggested to analyse the stable crack 

propagation. According to the computed fatigue life predictions, the updating of the 

classification of the fatigue-critical details identified in Phase II is planned. 

Phase IV: A Critical Decision to plan future structural interventions, in order to guarantee the safety of 

the railway operation on the investigated bridge, is foreseen. When a certain detail is not 

classified as fatigue-safe in any of the three previous phases and standard inspections cannot 

be assumed as sufficient procedures to ensure the regular structural performance, a critical 

analysis concerning the implementation of remedial measures underlying this stage should 

be carried out. Depending on the level of safety defined as a function of the computed fatigue 

life prediction, it is advised the definition of monitoring plans, the limitation of loads and/or 

the design of remedial measures. In extreme cases, the replacement of the structural members 

related to the identified fatigue-critical connections or the decommissioning and substitution 

of the entire structure may be considered. As a conclusion, Engineering advice based on 

detailed structural analyses is expected.  

In the following subsections, a more comprehensive description of the suggested four phases is 

presented. For each stage of the proposed integrated methodology, a detailed flowchart is outlined in 

order to systematise the suggested fatigue calculations in terms of theoretical background and 

combination between normative global methods and local approaches, both implemented properly based 

on detailed information to increase the respective reliability. Also, such required data are carefully 

characterised, identifying admissible strategies to improve the detail of available information. In this 

regard, experimental campaigns are suggested. The sequential dependency between phases is defined. 

Furthermore, the expected outcomes are described. 
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5.3. PHASE I - INITIAL ASSESSMENT 

As briefly described in section 5.2, the main goal of the Initial Assessment is to clarify existing doubts 

concerning structural safety using simple fatigue assessment methods. A classification of the proneness 

to fatigue should be established for each structural member and associated detail (Figure 5.3).  

 

Figure 5.3 – Phase I: Initial Assessment, integrated methodology for fatigue life prediction 

 

As outlined in Figure 5.3, Phase I is composed of seven relevant subtasks, divided into two subphases: 

i) analysis and updating of available information (subphase I.1); and ii) initial fatigue assessment 

(subphase I.2). Concerning subphase I.1, three subtasks associated with gathering data and conceiving 

the necessary global numerical modelling are emphasised. Regarding subphase I.2, four subtasks related 

to the fatigue calculation and corresponding decision-making are highlighted. 
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information (structural drawings, inspection reports and site visit); ii) visual inspection; and iii) 

development of the numerical modelling. 

In subtask i), the information gathered should be sufficient to characterise all structural members from 

the geometrical and material point of view. Such data should result from an exhaustive examination of 

three sources of information: i) structural drawings; ii) inspection reports; and iii) visual information 

(site visit). The comparison between the information gathered may allow identifying eventual 

differences, drawbacks and limitations. In this regard, it should be highlighted that the site visit is 

mandatory, with the aim of observing in loco the structure, collecting general information available to 

the naked eye. If significant discrepancies or drawbacks are found, in subtask ii), a visual inspection 

must be planned in line with the necessary data to be collected or updated. The following aspects should 

be carefully investigated: 

i. Evaluate all differences in relation to the original structural drawings and concerning 

structural drawings of repairing or strengthening works, if existing; 

ii. Check for possible non-documented structural modifications due to rehabilitation, 

strengthening or other types of operations; 

iii. Assess all evidence of degradation, namely, cracks, loss of rivets or bolts, malfunctioning 

expansion joints or damaged bearing support devices, etc.; 

iv. Evaluate the level of corrosion in the different elements of the bridge, in particular whether 

the net cross-section of the structural members is found reduced. 

In this regard, it should be highlighted that the visual inspection should be fully articulated with the 

bridge management authority, respecting all requirements defined and safety specifications applicable. 

A systematic and comprehensive photographic record, properly referenced concerning the geometry of 

the structural system, is advised. A specific section should be prepared and included in the partial report 

in which the assumptions underlying the calculations of Phase I should be characterised and the results 

achieved described. Also, together with the bridge management authority, if concluded that the existing 

information is insufficient or outdated, experimental campaigns must be carried out. Depending on the 

lack of information, geometrical surveys, measurement operations and localised material testing may be 

planned.  

After, in subtask iii), based on the information gathered about the existing structure, a representative 

global numerical model should be conceived. Depending on the size and type of structural system and 

material that compose it, beam or shell finite elements may be considered. Generally, for common 

bridges, it is not expected that experimental data for calibration and optimisation is available and may 

not be found as critical for this stage of analysis. As for a new bridge, it is the responsibility of the 

structural engineer(s) to define the required detail of the modelling. 
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5.3.2. SUBPHASE I.2 - INITIAL FATIGUE ASSESSMENT 

Regarding the fatigue calculations and corresponding decision-making, as outlined in Figure 5.3, four 

main subtasks are defined: iv) evaluation if existing cracks were previously detected; v) definition of 

the type of analysis to be performed; vi) fatigue equivalent damage calculation; and vii) fatigue safety 

assessment. 

As shown in Figure 5.3, the initial fatigue analysis should be started by subtask iv). According to the 

input information gathered, if existing fatigue cracks were detected, the fatigue calculation of those 

details should be focused on the remaining fatigue life and Phase III, Detailed Analysis, should be 

initiated. Otherwise in subtask v), following the flowchart proposed in subsection 6.4.4 of EN1991-2 

(CEN, 2017), it should be evaluated if dynamic analyses are required. In the case of a positive outcome, 

Phase II, Standard Evaluation, should be planned. Otherwise, in subtask vi), quasi-static analyses 

considering the applicable load model LM71 (and SW/0, if required), properly amplified by the 

appropriate factors, should be carried out following the normative specifications. 

In subtask vi), when no dynamic analyses are mandatory, the equivalent constant amplitude stress range 

method, as described in Chapter 3 of the present document and according to EN1993-1-9 (CEN, 2010c), 

should be implemented, if applicable. Such a verification aims to indirectly verify whether a certain 

detail has infinite fatigue life by establishing an allowable stress for the fatigue resistance limit. 

 𝜇𝐹𝐷𝐹 =
𝛾𝐹𝑓 . ∆𝜎𝐸2

∆𝜎𝑐 𝛾𝑀𝑓⁄
=
𝛾𝑀𝑓 . 𝛾𝐹𝑓 . ∆𝜎𝐸2

∆𝜎𝑐
 (5.1) 

In equation (5.1), the concept of the fatigue safety level of a certain structural connection is expressed 

by the fatigue damage factor, 𝜇𝐹𝐷𝐹. ∆𝜎𝑐 represents the fatigue resistance at 2x106 cycles and Mf the 

applicable partial safety factor (resistance side), while ∆𝜎𝐸2 expresses the equivalent constant amplitude 

stress range at 2x106 cycles and Ff the corresponding partial safety factor (loading side).  

Depending on the geometry of the detail, construction method and inspection conditions, direction of 

the acting loading and location where the crack initiation may take place, the applicable S-N curve and 

respective ∆𝜎𝑐 value should be defined. In this stage, only S-N curves foreseen in EN1993-1-9 (CEN, 

2010c) are advised. However, when riveted connections are investigated, considering that no guidelines 

are given in this standard, the detail category 71 should be considered (∆𝜎𝑐=71 MPa, 𝑚1=3 and 𝑚2=5), 

taking into account the performed research concerning its applicability. Such an option has been largely 

investigated and may be conservatively assumed, as described in Chapter 2.  

As defined in equation (3.22), ∆𝜎𝐸2 is dependent on LM71 and respective maximum stress ranges, ∆𝜎71, 

computed after static analyses. Also, the dynamic amplification factor, , equations (3.11) or (3.12), 

and the damage equivalence factor, 𝜆, equation (3.24), have to be considered (Figure 5.4). 
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a) load model LM71 (EN1991-2 (CEN, 2017)) b) generic configuration of the S-N curve 

Figure 5.4 – Phase I: Initial Assessment - calculation for direct stresses (∆𝜎𝐸2) (schematic representation) 
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Evaluation, Phase II. On the other hand, those with low 𝜇𝐹𝐷𝐹  should be classified as fatigue-safe and the 

regular inspection schedule should be maintained if the in situ visual inspections allow verifying that no 

local damage process has occurred and the conditions of conservation are similar to those existing in the 

early ages of the structure. Naturally, in general, if it is verified that all structural details of a certain 

bridge have low 𝜇𝐹𝐷𝐹, no further analyses are required. Nonetheless, when relevant structural subsystems 

are part of the investigated structure, it should be confirmed that all local effects were properly 

considered in the performed calculations. In case of doubts, the refinement of both the numerical global 

model and analysis assumptions, foreseen in Phases II or III, should be evaluated. 

Independently of the results achieved, a standardised report should be produced after concluding the 

Initial Assessment. The main structure for this partial document should be defined and subsequently 

adopted in all phases of the proposed methodology. The following aspects should be clearly stated in 

such a partial report: 

i. Identify the existing information gathered and respective limitations; 

ii. Detail the assessment criteria defined by the bridge management authority, namely the 

safety requirements, e.g. limits to the admissible service life; 

iii. Characterise the experimental campaigns planned to complement and update the required 

data related to geometrical and material properties of the bridge; 

iv. In function of the structural system and eventual existing local subsystems, characterise in 

detail the numerical model(s) conceived, as well as the modelling options considered; 

v. Describe the applicable normative specifications, admissible recommendations eventually 

adopted from the literature and justify the assumed analysis assumptions; 

vi. Detail the results achieved and classify the investigated connections depending on the 

calculated fatigue damage factor; 

vii. Define recommendations for future fatigue calculations; 

viii. Propose suitable maintenance or inspection standard procedures. 

Such a report should provide to the bridge management authority the information required for future 

assessment calculations. In this stage, the information gathered should be sufficient to fully characterise 

the structural system. In the following phases of the proposed integrated methodology, all information 

collected in Phase I should be available, including numerical models conceived for fatigue calculations. 

A similar procedure should be adopted in the next Phases, more specifically, the information of the 

previous stages should be the basis of subsequent calculations. 

As outlined in Figure 5.3, after finishing the Initial Assessment, Report I should be produced according 

to the established structure.  
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5.4. PHASE II - STANDARD EVALUATION 

After defining the fatigue-prone connections, additional calculations must be performed with the aim of 

refining the fatigue analysis carried out in Phase I, Initial Assessment. Improvements in the numerical 

modelling and quasi-static analyses or dynamic calculations, properly amplified, based on normative or 

real traffic scenarios, should be considered (Figure 5.5).  

 

Figure 5.5 – Phase II: Standard Evaluation, integrated methodology for fatigue life prediction 
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As outlined in Figure 5.5, Phase II is composed of seven main subtasks, divided into two subphases: i) 

analysis and updating of available information (subphase II.1); and ii) standard fatigue evaluation 

(subphase II.2). Regarding subphase II.1, three subtasks related to gathering complementary information 

and modelling improvements are highlighted. Concerning subphase II.2, four subtasks associated both 

with fatigue analyses and respective decision-making are emphasised. 

 

5.4.1. SUBPHASE II.1 - ANALYSIS AND UPDATING OF AVAILABLE INFORMATION 

As depicted in Figure 5.5, in subphase II.1, regarding the definition of the basis for the standard fatigue 

evaluation, three interdependent subtasks should be considered: i) analysis of the information and results 

from Phase I; ii) plan and perform experimental tests; and iii) improvement, calibration and optimisation 

of the numerical modelling.  

In subtask i), depending on the results and conclusions achieved after the Initial Assessment and detail 

required for Phase II, the information available from Phase I should be analysed and the respective 

drawbacks should be highlighted. Also, the limitations of the conceived numerical modelling and 

admissible improvements should be identified. Furthermore, criteria related to the maximum admissible 

damage for the fatigue-critical details should be established. In this respect, it should be noted that if 

Phase I was not performed, subphases I.1 and II.1 must both be carried out before subphase II.2. 

Once defined the limitations of the available information after Phase I, depending on the necessity of 

updating or increasing the level of detail of the existing data, experimental tests may be planned. In this 

regard, in subtask ii), three sources of information may be defined: 

i. Ambient Vibration Tests (AVT); 

ii. Material testing; 

iii. Weighing traffic. 

The process of collecting additional information is linked to the necessity of calibrating and optimising 

the numerical modelling. In this respect, the importance of considering a properly validated global 

model, using results from ambient vibration tests and reliable data associated with the materials of 

structural and non-structural members, should be noted. When such information is not fully available, 

something that is expected for the large majority of structures, experimental campaigns are advised. In 

order to evaluate modal properties related to the global response of the structural system and those 

associated with the local behaviour of eventual structural subsystems, global and local ambient vibration 

tests should be planned. Concerning the material testing, relevant information may be evaluated based 

on small samples. In this stage, only data associated with the Young’s modulus, 𝐸, and density, 𝜌, are 

required, taking into account the elastic regime of the foreseen calculations. 
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Also, the normative traffic scenarios proposed in EN1991-2 (CEN, 2017) may be considerably 

conservative in relation to the real traffic mix. In order to reduce the uncertainties associated with the 

loading and increase the accuracy of fatigue results, if the bridge management authority and operating 

railway companies do not have sufficient information to properly define the past and present rolling 

stock, an experimental campaign may be carried out to characterise the real traffic circulating on the 

bridge, namely, the traffic volume and the characteristics of trains (axle loads, distance between axles 

and velocity). A long-term campaign based on a WIM or B-WIM weighing system may be considered. 

After gathering the required information, with the aim of improving the quality of the numerical 

modelling, subtask iii) should be performed and may be divided into: i) improvement of the geometry 

of the model or the type of finite elements used; and ii) calibration and optimisation procedures. Such 

works may be related but not necessarily dependent, which means that the implementation of calibration 

and optimisation methodologies may be performed considering the global model used in Phase I, if this 

is found as accurate. Concerning the first, the improvements in the quality of the modelling may be 

performed depending on the results obtained after the Initial Assessment. Typically, as a reasonable first 

approach, the global models conceived should wisely conciliate the accuracy of results and 

computational efficiency. For existing metallic railway bridges, truss structural systems are common, 

which leads to the necessity of adopting essentially beam finite elements. However, depending on the 

investigated details, such line elements may not be able to reproduce certain three-dimensional local 

structural responses accurately. In such cases and if it is computational admissible, in Phase II, shell 

finite elements may locally replace the line ones to improve the modelling of fatigue-prone details and 

local structural subsystems. In this regard, when there are uncertainties concerning the capability of the 

global model used in the Initial Assessment to correctly reproduce a given local behaviour, a two-step 

calculation strategy may be performed in Phase II. More specifically, a first calculation considering the 

same global model used in Phase I and a second analysis using a more detailed one, updated with shell 

finite elements, may be sequentially carried out. Eventually, the first of these fatigue assessments may 

allow classifying certain details as fatigue-safe, whose numerical structural responses are assumed as 

accurately reproduced, reducing further tasks related to increasing of the modelling detail. Regarding 

the calibration and optimisation methodologies, such procedures should be implemented in order to 

reduce errors between the modal properties experimentally and numerically evaluated. Depending on 

the number of uncertain geometrical and material parameters of the model, several calibration and 

optimisation methodologies may be considered. For complex cases, optimisation procedures based on 

genetic algorithms are recommended.  

Once finished subphase II.1, all input data (information and numerical modelling) required to perform 

the necessary fatigue life predictions for the prone details are defined. 
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5.4.2. SUBPHASE II.2 – STANDARD FATIGUE EVALUATION 

Concerning the fatigue structural analyses and respective decision-making, as outlined in Figure 5.5, 

four main subtasks are foreseen: iv) definition of the type of analysis to be performed; v) fatigue damage 

calculation; vi) fatigue safety assessment; and vii) remaining fatigue-life evaluation. 

As depicted in Figure 5.5, for a certain bridge, the Standard Evaluation should be initiated by subtask 

iv). According to the flowchart proposed in subsection 6.4.4 of EN1991-2 (CEN, 2017), it should be 

verified if dynamic analyses are mandatory. If Phase I was implemented, such a verification and 

respective information must already be available. A relevant decision is expected in order to characterise 

the calculations to be performed in subphase v). 

After defining the input data required, regarding the fatigue life assessment, the Standard Evaluation 

phase may be performed by implementing the linear damage accumulation method. As described in 

Chapters 2 and 3, the fatigue damage, 𝐷, may be evaluated using the Palmgren-Miner rule. Either for 

static or dynamic analyses, several tasks should be performed (Figure 5.6). 

  

a) loading sequence: typical load cycle (x n-times) b) nominal stress time history and cycle counting 

  

c) stress range spectrum d) S-N curve: cycles to failure (∆𝜎𝑖-𝑛𝑖) 
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Figure 5.6 – Phase II: Standard Evaluation - calculation for direct stresses (∆𝜎) (schematic representation) 
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Regarding the loading, schematically represented in Figure 5.6 a), normative mixes suggested in 

EN1991-2 (CEN, 2017) or real traffic scenarios experimentally assessed should be considered. As 

previously mentioned, it is the responsibility of the bridge management authority and operating railway 

companies to have records concerning the past and present traffic volumes. If such information is 

sufficiently detailed, plausible real traffic scenarios may be quantified and defined (axle loads, distance 

between axles and velocity per train). Otherwise, the data collected after weighing the traffic in situ may 

be assumed as reference. In EN1991-2 (CEN, 2017), as described in Chapter 3, three normative traffic 

mixes are proposed. Depending on the type of railway traffic, a representative scenario may be adopted. 

Regarding the numerical representation of the loadings, a moving loads approach should be 

implemented. Either for static or dynamic analyses, respectively subtasks v.1) and v.2) (see Figure 5.5), 

the appropriate normative specifications suggested in the mentioned Eurocode were detailed in 

subsection 3.2.1, namely the applicable amplifications factors. In this regard, when dynamic analyses 

are performed, the enhancement coefficients related to the dynamic loading, 𝜑′, are obtained by a 

straight comparison of the dynamic results with the static outcomes, allowing to refine the suggested 

normative coefficients. Also, for the amplification factor associated with the irregularities of the track 

and vehicle imperfections, 𝜑′′, more realistic values may be considered. For each structural member 

related to a critical detail, calibrated coefficients may be defined after doubly comparing the benchmark 

results achieved based on a representative bridge-train interaction calculation, assuming the profile of 

the irregularities of the track, with the values obtained for a moving load approach and subsequently 

with the respective static outcomes. 

As outlined in Figure 5.6 b), after defining the required nominal stress time histories, a cycle counting 

method should be implemented, e.g. rainflow algorithm. A stress range spectrum, as schematically 

represented in Figure 5.6 c), should be defined and for each stress range, ∆𝜎𝑖, the corresponding number 

of acting cycles, 𝑛𝑖, is calculated. Depending on the structural detail, using the appropriate S-N curve as 

schematically outlined in Figure 5.6 d), the fatigue resistance, 𝑁𝑖, related to ∆𝜎𝑖 is calculated. In this 

respect, it should be highlighted that S-N curves proposed in the literature may be considered if properly 

justified and verified that all secondary effects are properly accounted for, e.g. the S-N curves proposed 

by Taras and Greiner (2010b) for riveted connections. As represented both in Figure 5.6 e) and equation 

(3.28), for each ∆𝜎𝑖, the corresponding damage is calculated dividing 𝑛𝑖 by 𝑁𝑖. The damage summation, 

𝐷, allows verifying if the calculated value is inferior or superior to the damage limit, 𝐷𝐿. In general, 𝐷𝐿 

is assumed equal to the unit, although a smaller value may be adopted, if reasonable. 

For each structural detail, a fatigue classification should be defined as a function of the computed 

damage. In subtask vi), the structural safety is evaluated depending on this parameter. Moreover, when 

such a value is equal or superior to the limit, the fatigue safety requirements are considered not satisfied 
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and the respective connection must be classified as fatigue-critical. In this stage, if quasi-static analyses 

were carried out, the details classified as unsafe should be investigated refining the analysis assumptions, 

i.e. improving the considered loading scenarios, increasing the modelling detail and performing dynamic 

calculations. After such refinements and respective dynamic analyses, the fatigue damage of the 

investigated details should be re-evaluated and the corresponding classification updated.  

In subtask vii), from the values calculated of 𝐷, the fatigue life predictions should be computed 

considering the admitted past, present and estimated future traffic scenarios. Concerning the foreseen 

traffic volumes, the bridge management authority and operating railway companies should provide 

relevant information and reasonable predictions related to the existing plans for the railway network. 

Depending on the established safety criteria, an engineering-based decision concerning the suitability 

of the remaining fatigue life should be assumed. In addition to the main criterion related to the required 

service life, a preliminary critical analysis of the risk acceptance should be carried out based on the 

general information gathered about the bridge, taking into account the conclusions achieved after the 

successive structural analyses. In general, the following points should be evaluated: 

i. Structural redundancy - the failure of a non-redundant structural detail has different 

implications for the global stability of the bridge from those originated by the collapse of a 

certain member with redundancy; 

ii. Consequences of failure - the relevance of a mild or severe failure event depends on the 

social-economic relevance of the bridge, e.g. the social perception concerning a failure of 

an important or historical bridge tends to be less acceptable than a similar event in a less 

relevant bridge; 

iii. Inspection level - the accessibility conditions should strongly influence the safety criteria 

and structural details classified as fatigue-critical inaccessible to regular inspections should 

be analysed considering more limited safety criteria. 

Such a logical thinking may the basis of further critical analysis concerning the remaining life 

acceptance. Naturally, for each detail, specific safety requirements may be defined, influencing the 

fatigue classification. Typically, the structural connections which cannot be classified as fatigue-safe 

must be investigated in the Detailed Analysis, Phase III. However, for a certain detail, as a function of 

both the computed damage and local geometry, an engineering-based decision is expected concerning 

the advantages of implementing the advanced calculations associated with Phase III. The possibility of 

going directly to the Critical Decision, Phase IV, should be allowed and advisable if the structural 

analyses carried out in Phase II are considered sufficiently accurate. On the other hand, the details with 

a satisfactory remaining fatigue life are classified as fatigue-safe and the regular inspection schedule 

should be maintained. Finally, if considered that all global and local effects have been correctly 
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accounted for in the analysis of the identified fatigue-prone details and all of them satisfactorily fulfil 

the safety requirements, no further fatigue calculations are required. 

As outlined in Figure 5.5, after finishing the standard fatigue evaluation, Report II should be produced, 

describing the calculation methods and underlying assumptions, as well as the results and conclusions 

achieved. Such a document should provide the necessary information for future fatigue calculations and 

recommendations for standard maintenance or inspection procedures. 

 

5.5. PHASE III - DETAILED ANALYSIS 

Once defined the fatigue-critical connections, detailed analyses based on local methods should be 

performed, in order to increase the reliability in the definition of the fatigue life. Local notch methods 

and LEFM concepts, respectively, for crack initiation and crack propagation assessment, should be 

considered by implementing approaches 2 and 3 and respective computational algorithms proposed and 

validated in Chapter 4. In terms of modelling, refinements in the global model may be performed, 

combined with the development of the required submodels of the critical details (Figure 5.7).  

 

Figure 5.7 – Phase III: Detailed Analysis, integrated methodology for fatigue life prediction 
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As outlined in Figure 5.7, Phase III is composed of six critical subtasks, divided into two subphases: i) 

analysis and updating of available information (subphase III.1); and ii) detailed fatigue assessment 

(subphase III.2). Concerning subphase III.1, three subtasks associated with gathering additional data and 

modelling improvements are emphasised. Regarding subphase III.2, three subtasks related to fatigue 

calculations and fatigue life prediction are highlighted. 

 

5.5.1. SUBPHASE III.1 - ANALYSIS AND UPDATING OF AVAILABLE INFORMATION 

As depicted in Figure 5.7, in subphase III.1, associated with the definition of the basis for the detailed 

fatigue analysis, three interdependent subtasks should be taken into account: i) analysis of the 

information and results from Phase II; ii) plan and perform additional experimental tests; and iii) 

improvement of the global modelling and conceive the required submodels. 

After the Standard Evaluation, the fatigue-critical details are defined and more exhaustive fatigue 

investigations must be performed. The results previously achieved and associated analysis assumptions 

should be the basis of further calculations performed in Phase III. In subtask i), depending on the 

classified fatigue-critical connections, the required additional information and modelling tasks related 

to the implementation of submodelling techniques should be defined. In this regard, it should be stressed 

that if Phases I and II were not fully performed, e.g. for already cracked details, eventual drawbacks in 

the information related to subtasks foreseen in subphases I.1 and II.1 should be properly addressed and 

fulfilled before subphase III.1. 

In subtask ii), information about the fatigue properties of the material of the bridge should be obtained. 

If authorized by the bridge management authority, experimental tests using structural members removed 

from the existing bridge may be performed. In particular, material properties and information concerning 

the rate of crack propagation should be evaluated. Alternatively, data available in the literature for 

similar materials may be considered. Also, in this stage, experimental campaigns to evaluate stress and 

strain time histories at structural members associated with critical details should be performed. 

Consequently, aiming to assess experimental values to validate the corresponding numerical stress and 

strain results, a detailed plan to install a system of strain gauges should be defined. Naturally, in order 

to establish a relation between the applied loading and a given local structural response of interest, either 

experimentally or numerically, the respective circulating trains must be defined. After Phase II, the 

suggested weighing system may already be installed. Otherwise, its implementation may be performed 

in the context of Phase III. Considering the same train loading, a comparison between certain 

experimental stress or strain time histories and the corresponding numerical values must allow one to 

validate the conceived numerical models and submodelling relations. 
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After, in subtask iii), concerning the global model, the improvement of the numerical modelling depends 

both on the modification already carried out and on the conclusions achieved in Phase II. If the required 

refinement considering shell elements was not previously performed, in Phase III, the investigated 

connections must be modelled with planar finite elements incorporated into the global model, if 

computationally admissible. This improvement may allow refining the assessment of the local dynamic 

behaviour of the structural members associated with the critical details, namely the out-of-plane bending 

and local distortions. Also, the local detailing may be extended to the modelling of local structural 

subsystems. In this stage, the implementation of submodelling techniques is suggested. The shell finite 

elements considered in the global model enable an accurate assessment of the boundary displacement 

fields, which are subsequently inputted into the corresponding submodels. These local modelling tasks 

should be conceived based on high geometrical precision aiming to represent all metallic profiles and 

plates, part of the critical connections. Local geometrical surveys and NDT tests may be performed if 

the required information is not detailed enough. Consequently, volumetric finite elements should be 

adopted to conceive the local model(s) and compute local stress and strain time histories at hot-spots 

and crack tips, allowing to implement local notch methods and LEFM based approaches, respectively. 

The described fundamentals are grounded on the common hypothesis of establishing a shell-to-solid 

submodelling, considering that the shell refinement can be incorporated into the global model, with the 

latter composed of line elements. Nonetheless, depending on the computational demands, alternative 

techniques may be adopted, e.g. beam-to-solid or beam-to-shell and subsequently shell-to-solid. 

 

5.5.2. SUBPHASE III.2 – DETAILED FATIGUE ASSESSMENT 

Regarding the fatigue calculations and corresponding decision-making, as outlined in Figure 5.7, three 

main subtasks are defined: iv) fatigue damage calculation; v) fatigue safety assessment; and vi) 

remaining fatigue life evaluation. 

In subtask iv), dynamic analyses considering submodelling approaches should be performed. As in 

Phase II, the assumed traffic scenarios should account for past, present and future traffic demands. In 

general, a moving load approach may be implemented combined with modal superposition principles, 

taking into account the values for the amplification factor related to the track irregularities calibrated as 

described in subphase II.2, subsection 5.4.2, after performing representative calculations applying a 

bridge-train interaction methodology. Such values of 𝜑′′ may be assumed as a refinement of those 

proposed in EN1991-2 (CEN, 2017). When this calibration process was not previously performed, it 

should be carried out in the current stage. In this regard, it is worth noting that bridge-train interaction 

approaches are more accurate but require the implementation of direct time-integration algorithms, 

which may hinder dynamic calculations in admissible computational times. Also, despite theoretically 
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possible, establishing the required submodelling relations would be more difficult and time-consuming 

in comparison with the cases in which the modal superposition principles are considered. After defining 

the calculation strategy to perform dynamic analyses, approaches 2 and 3 and respective computational 

algorithms should be applied, depending on the local characteristics of the investigated critical detail, as 

demonstrated in Chapter 4. For approach 2, the modal superposition of local quantities is foreseen, which 

means that the amplification factors should multiply the local results, obtained from the modal quantities 

evaluated in the submodel: 

 𝜓( )(𝑡) = [𝜓𝑠𝑡𝑎 + ∑ 𝜓𝑗𝑗 . 𝑌𝑗  (𝑡)] / [1 + 𝜑′] x [1 + 0.5(𝜑′ + 0.5𝜑′′)]  (5.3) 

where, 𝜓(φ) is a certain local parameter properly amplified, with 𝜓𝑠𝑡𝑎 + ∑ 𝜓𝑗𝑗 . 𝑌𝑗  (𝑡) calculated as in 

equation (4.44). Also, in equation (5.3), [1+𝜑′] is the relation between the dynamic and static outcome, 

at a given instant 𝑡, with the total dynamic amplification factor, 𝐷𝐴𝐹, which should multiply the local 

static response, represented by [1+0.5(𝜑′+0.5𝜑′′)]. On the other hand, for local approach 3, due to the 

influence of eventual contact nonlinearities, the modal superposition should be performed considering 

the boundary displacement fields evaluated in the global model, being the obtained result in the time 

domain, 𝐵𝐷𝐶𝑂𝑠 (𝑡), related to the respective static outcome, with the latter multiplied by the 𝐷𝐴𝐹: 

 𝐵𝐷𝐶𝑂𝑠( )(𝑡) = [𝐵𝐷𝐶𝑂𝑠𝑠𝑡𝑎 + ∑ 𝐵𝐷𝐶𝑂𝑠𝑗𝑗 . 𝑌𝑗  (𝑡)] / [1 + 𝜑′] x [1 + 0.5(𝜑′ + 0.5𝜑′′)]  (5.4) 

where, 𝐵𝐷𝐶𝑂𝑠( ) are the boundary displacement fields to input into the submodel properly amplified 

and 𝐵𝐷𝐶𝑂𝑠𝑠𝑡𝑎 + ∑ 𝐵𝐷𝐶𝑂𝑠𝑗𝑗 . 𝑌𝑗  (𝑡) the term adapted from equation (4.44). After imposing the amplified 

𝐵𝐶𝐷𝑂𝑠 on the submodel, the required local quantities may be obtained in the time domain considering 

the applicable amplification factors, 𝜓(φ) (𝑡). Once computed the time histories of the necessary local 

parameters, for crack initiation assessment, elastoplastic post-processing is carried out, if required. Local 

values for stress and strain time histories evaluated at hot-spots should be considered to implement 

appropriate local stress or strain-life methods. On the other hand, regarding the crack propagation, a 

sequential numerical analysis of the crack progression may be performed, as demonstrated in subsection 

4.5.3. Also, as previously mentioned in the description of Phase I, section 5.3, if an existing crack is 

found during visual inspections in a certain detail, Phase I and Phase II are not applicable and the fatigue 

assessment of that connection should start in the present stage of calculations. In such cases, the 

respective propagation must be carried out based on the characteristics of the crack detected. Accurate 

predictions for the remaining fatigue life should be achieved.  

Despite not being the focus of the current stage, combining the fatigue results obtained after 

experimental testing of the material extracted from the investigated bridge with relatable data available 

in the literature, a S-N curve for nominal stresses may be established for certain details. Thus, taking 

advantage of this information, the nominal stress method underlying Phase II may be re-implemented 
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considering the modelling refinements performed and fatigue strength redefined. Such a calculation 

strategy may allow one to validate the results achieved in the second stage of the fatigue assessment and 

update the respective fatigue life prediction. 

For each structural detail, the previously defined fatigue classification should be updated according to 

the recalculated damage. It should be noted that for predictions related to the crack propagation, the 

remaining fatigue life may be represented by the sum of traffic blocks required to achieve the unstable 

regime, 𝐵𝑛, with such a parameter as an indirect measure of the local damage, 𝐷. Therefore, in subtask 

v), the structural safety is evaluated. Subsequently, in subtask vi), the remaining fatigue life is quantified 

and defined as satisfactory or not, concerning the safety requirements assumed for the investigated 

structure. The details with fatigue life predictions not compatible with the classification of fatigue-safe 

must be analysed in the context of Phase IV. After the Detailed Analysis, Phase III, Report III should 

be produced, describing the fatigue calculation, presenting the results and conclusions achieved, as well 

as the assessment methods and underlying assumptions. 

 

5.6. PHASE IV - CRITICAL DECISION 

The fatigue analysis foreseen in the three described stages of the proposed methodology should provide 

a comprehensive fatigue classification of the details of the investigated bridge. If it is verified that some 

connections cannot be classified as fatigue-safe, appropriate remedial measures must be planned. 

Structural health monitoring systems, reduction of admissible loadings, repair or substitution of the 

members associated with the most critical or damaged details, global or local strengthening or 

demolition and replacement of the structure may be considered and advised (Figure 5.8). 

 

Figure 5.8 – Phase IV: Critical Decision, integrated methodology for fatigue life prediction 
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As outlined in Figure 5.8, Phase IV is composed of four critical subtasks, divided into two subphases: 

i) analysis of the fatigue results and additional information (subphase IV.1); and ii) quantification of the 

safety level and critical analysis (subphase IV.2). Regarding subphase IV.1, two subtasks associated 

with analysing the conclusions from the previous phases and gathering additional criteria from the bridge 

management authority are highlighted. Concerning subphase IV.2, a decision-making process related to 

the remedial measures to be adopted should be carried out. 

 

5.6.1. SUBPHASE IV.1 - ANALYSIS OF THE FATIGUE RESULTS AND ADDITIONAL INFORMATION 

Typically, Phase IV is initiated after the Detailed Analysis, aiming to perform a critical evaluation of 

the results obtained. Also, as described in Phase II, for a certain detail, when it is considered that no 

significant improvements may be achieved by implementing the third stage of calculations, the Critical 

Decision, Phase IV, may be directly started if properly justified, e.g. for secondary members related to 

details with poor response to fatigue issues. In subphase IV.1, two subtasks should be considered: i) 

analysis of the results from previous Phases; and ii) gathering additional criteria defined by the bridge 

management authority concerning future interventions. 

After defining the fatigue-critical details, in subtask i), the available information resulting from the 

performed calculations should be analysed. In this stage, the existing data must be sufficient to fully 

characterise the fatigue-critical details in terms of geometrical and material properties, location of the 

hot-spots and nature of the local fatigue response. Also, the numerical models, analysis assumptions, 

results achieved and values for the computed fatigue-life predictions should be known. Such information 

is essential to plan and design future required interventions. In addition, the influence of applicable 

criteria defined by the bridge management authority should be decisively considered, e.g. the tolerable 

remaining fatigue life, the importance of the investigated structure, admissible interventions and 

monetary restrictions. In subtask ii), these input data, which should be partially known after the 

sequential implementation of the calculation strategies associated with the previous phases, should be 

completed considering the specificities of the present stage of analysis and related risks of local or global 

structural failures. Taking into account such information, the decision-making process with the aim of 

planning admissible future structural interventions should be initiated. 

 

5.6.2. SUBPHASE IV.2 - QUANTIFICATION OF THE SAFETY LEVEL AND CRITICAL ANALYSIS 

Based on detailed data, the critical decision concerning the necessity of planning and performing future 

interventions to increase the level of safety, as outlined in Figure 5.8, should be divided into two main 

subtasks: iii) risk analysis; and iv) planning of future interventions. 
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In subtask iii), the information obtained from the previous fatigue calculations, in particular the 

classification of the investigated details and computed fatigue life predictions, should be crossed with 

the additional information obtained from the bridge management authority, respectively associated with 

subtasks i) and ii). Considering such a comprehensive set of data, a risk analysis should be performed 

to define the level of safety. The characteristics of a certain fatigue-critical detail and the consequences 

of the respective failure should be carefully evaluated. Also, the importance of the associated structural 

member for the global or local structural behaviour should critically influence this assessment. The 

acceptable damage for a non-redundant detail must be considerably lower than for a redundant one. 

Therefore, for a given connection, depending on the accumulated damage and fatigue life prediction, 

three different levels of safety may be defined: i) acceptable; ii) low; and iii) unacceptable. In function 

of the established classification, different interventions may be planned.  

After, in subtask iv), associated with the defined level of safety, different remedial measures may be 

designed, namely: i) for an acceptable level of safety, control measures; ii) for a low level of safety, 

critical measures; and iii) for an unacceptable level of safety, ultimate measures. For more severe cases, 

after implementing the appropriate remedial interventions, a combination with those defined for higher 

levels of safety may be established to maximise the remaining fatigue life of critical connections. The 

typology of a fatigue-critical detail (riveted, welded or bolted) and the corresponding importance of the 

crack initiation and crack propagation phases for the respective fatigue life should influence the 

definition of the type of admissible measures to be adopted. Depending on whether fatigue damage has 

already been detected or not, different structural interventions may be designed.  

 

5.6.2.1. Control measures 

In cases of acceptable local fatigue damage, the limitation of the railway loads may be assumed as a 

transitory measure to respond to short-term concerns and contain the eventual progression of existing 

damage. For important bridges, this option may have relevant indirect costs due to the perturbation of 

the regular operation on the bridge, but for less important structures the constraints may not be 

significant. On the other hand, in order not to overly extend the restrictions to the circulation, alternative 

measures may be adopted to follow the evolution of existing damage or the appearance of new ones, 

such as the installation of monitoring systems. 

After defining the hot-spots in the fatigue-critical details, a reasonable and low-cost approach may be 

considerably increasing the frequency of bridge inspections, obtaining relevant discrete data concerning 

the progression of the fatigue damage (Righiniotis, 2006; Herter, 2012). Also, short or long-term 

monitoring systems may be adopted to assess continuous records of information over a certain period 
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of time. The experimental information may be used combined with numerical models to extend the 

fatigue assessment to non-monitored structural members, implementing validation procedures to 

additional numerical models, multiplying the digital sensors. As part of the proposed integrated 

methodology, short-term in situ campaigns are suggested for calibrating submodelling relations or 

weighing traffic. In this stage, the same or similar experimental equipment may be used to obtain records 

of data periodically (Leander et al., 2010; Lippi et al., 2013; Nagy et al., 2013; Zhou et al., 2013). 

Alternatively, long-term monitoring systems may be designed. The development of the computational 

capabilities has been allowing to generalise such an approach, which may originate data streamers that 

produce useful information to be considered as input in numerical or analytical fatigue analyses 

(Magalhães et al., 2008; Albuquerque et al., 2015). These experimental results may be assumed as 

valuable data concerning the assessment of the fatigue damage (Marques, 2016). In this regard, it should 

be noted that the implementation of approaches 2 and 3 and associated computational algorithms may 

allow obtaining important numerical results that may be compared or validated by experimental ones, 

in particular for propagating cracks (Albuquerque et al., 2015; Horas et al., 2018). Nonetheless, a 

relevant experimental and logistical plan is required to implement a long-term monitoring system, 

involving the in situ installation of sensors (e.g. strain gauges, accelerometer, LVDT displacement 

transducers), several acquisition systems and wireless communication systems (Meyer et al., 2010; 

Garcia-Palacios et al., 2012), as well as hardware and software capable of receiving and processing the 

streamed results. The implementation of such a task may have relevant monetary cost and may only be 

a hypothesis for important bridges. Periodic inspections and short or long-term monitoring systems are 

not mutually exclusive measures and may be properly combined. The mentioned types of interventions 

may be useful to enable the regular operation on the bridge in cases of mild fatigue phenomena, allowing 

one to obtain data for further interventions to mitigate the development of damage.  

The adoption of control measures does not exclude additional strengthening works but should guarantee 

a safe railway operation. After a certain period of time, in the order of decades for the magnitude of 

damage compatible with this kind of remedial interventions, a new risk analysis based on more 

experimental and numerical data may be performed. Additional and more robust measures may then be 

adopted to slow or stop the progression of damage and extend the fatigue life. 

 

5.6.2.2. Critical measures 

For the present and foreseen traffic demands, when the computed fatigue life predictions and related 

level of safety are defined as low to certain critical details, remedial interventions may be planned 

depending on the existing damage and type of connections. In Chapter 2, subsection 2.3.3, some relevant 

works performed to investigate methodologies to improve the fatigue capacity of existing metallic 
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railway bridges were presented, illustrating the associated main principles. Two different types of these 

remedial approaches may be defined: i) localised interventions, affecting the region of the hot-spot; and 

ii) broad measures, modifying the response of a set of structural members or even the global one. 

In metallic bridges, a typical localised intervention consists of reducing the local stiffness and 

consequently the magnitude of the stress concentration, assumed to be at the origin of fatigue damage. 

For welded details, the so-called repairing cuts may be performed (Lippi et al., 2013). On the other hand, 

for riveted or bolted connections, some mechanical fasteners may be removed close to hot-spots, 

replacing some of the remaining ones with high strength preloaded bolts (Roeder et al., 2001). Also, 

aiming to repair locally critical details, the replacement of damaged rivets or bolts should be carried out 

(Correia et al., 2017). At the tip of a propagating crack, stop holes may be performed or a steel cover 

plate may be welded or bolted, in order to reduce the propagation rate or even fully retain the progression 

of the damage (Al-Emrani et al., 1999; FHWA, 2013). Nonetheless, for older metallic bridges, the 

original material may not be weldable, which reduces the applicability of local strengthening measures 

involving welding. As an alternative, CFRP patches may be glued at the tip of such a crack in 

progression (Bassetti et al., 1999; Mohabeddine et al., 2021), but geometrical constraints may make it 

difficult to permanently bond the patch to the steel material, e.g. existence of rivets or bolts. The 

repairing and strengthening methodologies described are mainly aimed at reducing the progression of 

the fatigue damage, modifying locally the structural response in a certain fatigue-critical detail, which 

may be effective in reasonably increasing the fatigue life prediction for magnitudes of accumulated 

damage compatible with the implementation of control measures. 

Recently, the development of CFRP has been opening new perspectives for the strengthening of existing 

metallic bridges, adopting broad measures which affect the structural response of several members. 

Following main principles identical to those underlying the application of external prestressing 

unbonded cables in concrete structures, external prestressed CFRP bands may be implemented 

(Ghafoori et al., 2014; Ghafoori and Motavalli, 2015). The consideration of friction clamps and spacers 

allows imposing external compression forces and bending moments to the structural system, which must 

be of opposite signal to a part of the acting loading (see Figure 2.68, for example). Consequently, the 

characteristics of the local response of the affected structural members are modified. The effective stress 

ranges and respective mean stress values may be significantly reduced, which has relevant impacts in 

terms of fatigue life predictions, considering the nonlinearities associated with the assessment of the 

fatigue strength. The proposal of broad strengthening measures based on CFRP may be assumed as a 

further development of the current work. 

It should be noted that the implementation of critical measures does not exclude the application of 

control ones in order to follow the evolution of the damage in a certain critical detail, as well as to 
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evaluate the structural response of the associated member. A reasonable approach might be to combine 

inspections and monitoring tasks with the implementation of repairing or strengthening operations. 

 

5.6.2.3. Ultimate measures 

The calculation of reduced remaining fatigue lives associated with a level of safety defined as 

unacceptable may lead to critical interventions to preserve the safe railway operation. Two major 

situations may occur: i) unacceptable fatigue damage in reasonable few connections; or ii) generalised 

fatigue damage. 

Concerning the first, the replacement of structural members and related connections may be carried out. 

For secondary elements, the substitution of damaged components may be performed without major 

perturbations to the regular operation on the structure. On the other hand, for members associated with 

principal connections, such an operation of replacement may not be easily carried out without assuming 

more severe restrictions to the circulation. In both cases, the nature and origin of the detected damage 

must be fully understood to avoid future degradation of the structural integrity. The replacement of 

members should not exclude the implementation of control and critical measures to maximise the fatigue 

capacity of the investigated bridge. 

For more severe cases involving generalised damage, the substitution of structural elements may not be 

sufficient to properly address the evolution of the traffic demands at short or medium-term. Therefore, 

it may be advisable to decommission the investigated bridge and build a new one. Additionally, in order 

to avoid immediate structural problems, control measures may be implemented, such as the limitation 

of the circulating loads. It should be noted that some bridges, due to their historical relevance cannot be 

demolished and may be preserved out of service (e.g. Maria Pia Bridge in Portugal). Naturally, the 

construction of a new bridge can be planned for a given required service life, taking into account the 

foreseen traffic demands. 

 

5.7. CONCLUDING REMARKS 

In the last century, the development of railway transport led to the design and construction of a 

significant number of bridges that are still in full operation, but currently reaching the end of the 

respective service life and careful structural analyses are required to ensure the present and future 

structural safety. The design of these structures using superseded standards and guidelines, without 

addressing the fatigue phenomena, may lead to the appearance of relevant and unexpected damage. 

Currently, a set of normative methods is suggested to consider fatigue issues in the design of new 
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structures. Nonetheless, when applied to the analysis of existing bridges, local geometrical, material and 

contact characteristics of the investigated details may not be correctly considered and overly 

conservative results may be obtained. On the other hand, as demonstrated in Chapter 2, for some 

connections, such as the stringer-to-floor-beam ones, the secondary structural responses may not be 

reflected by the concept of nominal stress and unsafe assessments may be achieved. In order to overcome 

such limitations, approaches 2 and 3 considering local notch methods and LEFM concepts were 

proposed in Chapter 4 to comprehensively address the fatigue phenomenon in existing bridges. In order 

to allow the application to large structures, modal superposition principles and submodelling techniques 

were assumed to increase the computational efficiency and the detail of local analyses, overcoming an 

inherent multiscale problem. However, the implementation of such calculation strategies and associated 

computational algorithms may require comprehensive information concerning the existing structure and 

detailed numerical modelling, which is compatible with advanced stages of fatigue investigation. 

Consequently, a complementary relation may be established between the proposed approaches and 

normative methods, if these latter are applicable assuming an inherent conservatism.  

In this chapter, an integrated methodology composed of four phases of analysis, sequentially dependent, 

is proposed. In the first two, normative procedures are suggested, properly supported by detailed 

information about the existing bridge. Naturally, such data cannot be gathered for new structures, but it 

is essential to establish the basis of the proposed multiphase calculation strategy. Concerning the 

normative proposals, as mentioned in Chapter 3, in subsection 6.4.6.5 of EN1991-2 (CEN, 2017) it is 

defined that the results obtained from the implementation of the equivalent constant amplitude stress 

range method, as proposed in Figure 5.3 for Phase I, should always be considered for designing new 

structures, even if the investigated structural configuration is expected to be sensitive to resonant 

phenomena. In this latter case, dynamic calculations are mandatory, implementing for the fatigue 

assessment the nominal stress method with subsequent damage accumulation, as suggested in Figure 

5.5 for Phase II. Also, when dynamic analyses to evaluate possible resonant effects are not mandatory, 

the most unfavourable loading between xLM71(SW/0) and [1+0.5(𝜑′+0.5𝜑′′)]x(SFT and RT) must be 

considered after quasi-static calculations, as respectively assumed in Phase I and Phase II. Nonetheless, 

in the proposed integrated methodology, the sequential implementation of such methods and loadings is 

suggested, as long as properly framed by comprehensive information related to the characteristics and 

structural behaviour of the existing bridge. Therefore, Phase I aims to be more conservative covering all 

details of a given structure, allowing to classify them as fatigue-safe or fatigue-prone, depending on the 

computed fatigue damage factor, advising respectively standard inspections or fatigue calculations 

related to Phase II. In the second phase, normative or real traffic scenarios should be considered. 

Subsequently, after evaluating the fatigue strength for each nominal stress range, the corresponding 

damage accumulation should be carried out. The assumed railway loading based on normative or real 
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trains, instead of the load models admitted in the first phase of calculations, allows obtaining structural 

responses more in line with the real ones. Also, the foreseen refinements of the numerical models and 

the possibility of performing dynamic analyses, even if those are not mandatory, may reduce the level 

of conservatism admitted in the calculations. From this second phase of analysis, an updated 

classification of the details should be produced. Thus, part of those previously defined as fatigue-prone 

may be classified as fatigue-safe due to the decrease of the assumed safety margins. On the other hand, 

the remaining ones that do not meet the safety requirements must be classified as fatigue-critical and in 

general further investigated in Phase III, which considers advanced methods for fatigue analysis. 

In the third phase, approaches 2 and 3 must be implemented to carry out innovative fatigue analyses. As 

validated in Chapter 4, the proposed computational algorithms allow analysing the local responses in 

the fatigue-critical details, performing more reliable analyses. In this regard, it should be noted that in 

this stage of calculations, a small number of details should be investigated in relation to the total amount 

which composes the structural system, with the first two phases being important to progressively 

decrease the number of required analyses. Also, due to the limitations of the methods associated with 

nominal stresses and S-N curves, the connections that cannot be investigated using such procedures 

must be analysed in Phase III, e.g. details with propagating cracks or those composed of materials with 

characteristics that may decisively influence the nature of the local damage. Furthermore, the fatigue 

methods based on nominal stresses may not correctly address local out-of-plane responses and distortion 

fatigue issues, which should lead to the necessity of implementing the proposed approaches 2 and 3. 

After applying the calculation strategies underlying Phase III, the structural safety should be evaluated 

and fatigue life predictions achieved. A new update of the classification established in the previous 

stages of calculation should be performed. The results obtained, combined with the range of data related 

to the preceding phases, provide a solid basis for decision-making concerning future structural 

interventions to mitigate the evolution of fatigue damage and preserve the structural integrity, allowing 

a safe operation with maximised sustainability. 

The last phase of the proposed methodology aims to plan remedial measures to increase the fatigue life 

of the critical details and inherently of the respective structural system. Depending on the relevance of 

the members associated with the critical connections and the magnitude of the fatigue phenomena, 

different interventions may be planned, after performing a risk analysis. For structural members that 

cannot be easily replaced, the full understanding of the nature of the fatigue phenomenon is critical and 

such information is directly linked to the results achieved in Phase III. Naturally, the further tasks related 

to the design of mitigation measures may be largely based on calculation tools developed after 

performing the three stages of fatigue assessment, taking advantage of the implementation of 
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sequentially dependent phases of calculation. In the definition of the remedial measures, the criteria 

related to structural safety must prevail, but direct and indirect monetary restrictions should be weighed. 

Overall, the proposed multiphase methodology aims to integrate a set of normative methods and 

advanced local approaches for fatigue analysis of a wide range of existing bridges, which short-term 

replacement would have unaffordable economic and financial impacts. The suggested systematisation 

of the calculation procedures allows standardising the fatigue analysis strategies to be implemented in 

such structures, part of interoperable railway networks that should support the same level of operating 

criteria. In the scope of this work, after proposing the integrated methodology described in this chapter, 

the respective implementation in a real case study, the Várzeas Bridge located in Portugal, is performed 

and presented in the following chapters.  
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6 
6. PHASE I, INITIAL ASSESSMENT: 

THE VÁRZEAS BRIDGE CASE STUDY  

 

 

6.1. INTRODUCTION 

During the last decades, important advances were achieved in the investigation of fatigue phenomena, 

mainly in welded and bolted connections. Nonetheless, a considerable number of riveted bridges, 

designed without any specific fatigue verification, are still operating and are expected to remain in 

service for a maximised period of time to reduce the costs related to railway infrastructures. Naturally, 

due to the development of the traffic demands, the circulation of heavier trains at higher velocities have 

been required, which may lead to poor dynamic performance and relevant structural damage. In this 

framework, the Várzeas Bridge located in Portugal is a relevant case study, which should be investigated 

by implementing the calculation procedures and numerical tools suggested in the previous chapters, 

aiming to evaluate the fatigue safety associated with the admissible traffic scenarios. 

In normative terms, the existing standards and in particular the Eurocodes were essentially developed 

and proposed for designing new structures and not for verifying existing ones. Although several methods 

for fatigue analysis are suggested, no proposals or systematised methodologies are presented to address 

the susceptibility to fatigue damage of the details of a certain bridge in operation. In this context, as 

described in Chapter 5, the present work proposes several sequential calculation stages based on 

normative procedures and on the most advanced knowledge of the state-of-the-art, properly framed by 

experimental data evaluated in situ and in a laboratory. 

For a certain case study, the fatigue calculations must be initiated by the analysis of whether the 

structural system may be susceptible to effects of excessive vibration. In this regard, the diagram 

presented in subsection 6.4.4 of EN1991-2 (CEN, 2017) should be considered to evaluate if dynamic 

analyses are mandatory. From this analysis, one of two different procedures must be implemented to 

initiate the calculations, namely: i) dynamic analyses are not required and the calculation phases 

suggested in the proposed methodology and associated subtasks should be implemented sequentially; or 
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ii) dynamic analyses are mandatory and quasi-static calculations suggested in Phase I are advised, but 

optional according to the philosophy of the integrated methodology, with the structural calculations 

starting in Phase II. In the latter case, the subtasks associated with gathering information foreseen in 

Phase I, Initial Assessment, must be performed preceding Phase II and the corresponding updating of 

data about the structure. In this regard and following the aforementioned diagram, presented in 

subsection 6.4.4 of EN1991-2 (CEN, 2017), the existing general information concerning the Várzeas 

Bridge and respective circulating traffic, i.e. it is a continuous bridge and the railway traffic does not 

exceed the 200 km/h, allow one to conclude that the structural analysis of this case study does not require 

mandatory dynamic analyses and the calculation path described in i) must be implemented. 

After verifying the normative requirements, the λ-coefficient method defined in EN1993-2 (CEN, 2006) 

and EN1993-1-9 (CEN, 2010c) should be applied. As described in Chapter 3, several parameters related 

to the characteristics of the investigated structure, respective connections and railway traffic must be 

defined to calculate equivalent stress ranges associated with 2x106 cycles to be compared with the values 

of the fatigue strength derived from the assumed detail categories (allowable stresses). The results 

obtained by such an approach are binary, allowing to classify a connection as fatigue-prone or as not 

susceptible to fatigue damage. For analysis of railway bridges, the λ-coefficient method was calibrated 

considering the load models LM71 and SW/0. These loadings are proposed as a superior envelope for 

non-resonance effects taking into account circulating trains such as those that currently may be found in 

European networks. Depending on the characteristics of the structural element associated with each 

detail analysed, the equivalent nominal stress is amplified in order to account for the dynamic effects 

due to the loading, irregularities of the track and vehicle imperfections. 

Naturally, in the first stage of the fatigue analysis, it is critical to collect information about the existing 

structure, considering the data provided by: i) the bridge management authority; ii) documents of the 

original design project and of possible relevant subsequent interventions; and iii) reports of past visual 

inspections and associated schedule. The critical information to conceive the numerical models required 

in Phase I must be obtained, consolidated and as detailed as possible. Such data should be the basis of 

the modelling tasks and fatigue calculations foreseen in the Initial Assessment, as well as a solid starting 

point for further subtasks that compose Phase II.  

Regarding the Várzeas Bridge case study, after defining the analyses assumptions according to the 

applicable calculation approaches, normative specifications and requirements of the bridge management 

authority, the results obtained in Phase I, Initial Assessment, must be the basis of a classification 

concerning the susceptibility of each detail to fatigue phenomena. Such information should play a 

critical role to plan future fatigue calculations and associated modelling refinements, as well as to define 

standard inspection procedures.  
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6.2. SUBPHASE I.1 - ANALYSIS AND UPDATING OF AVAILABLE INFORMATION 

Once identified the case study, as outlined in Figure 5.3, three interdependent subtasks should be 

performed: i) evaluation of the available information (structural drawings, inspection reports and site 

visit); ii) visual inspection; and iii) development of the numerical modelling. In this regard, all available 

historical data concerning the case study were collected and complemented with a visual inspection, 

with the aim of developing an accurate global model of the structure. 

The Várzeas Bridge is a metallic riveted structure located at the km +59.478 of the international railway 

line of Beira Alta, which links Portugal to Spain (Figure 6.1). This bridge was designed by the Krupp 

House in 1958 as part of an investment plan in the Portuguese railway network, replacing the previously 

existing structure built in 1882 according to the Eiffel House design.  

 

a) global perspective of the structure 

  

b) partial perspective of the trussed structure c) partial perspective of the ballastless track 

Figure 6.1 – General view of the Várzeas Bridge (site photos) 

 

The lack of information or scattered data concerning the characteristics and geometrical definition of 

the structural system, construction processes and important maintenance works is a relevant issue 

associated with the investigation of existing bridges built between the beginning and the middle of the 
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20th century. Naturally, due to the difficulties in preserving information on the part of the bridge 

management authorities, such problems are common to a large part of this type of old structure. In order 

to overcome these issues, several field works must be carried out.  

Therefore, for the Várzeas Bridge case study, after analysing the available information, in order to 

characterise all components of the structural system and to verify the accuracy of the existing data 

concerning mostly geometrical and material issues, several visits to the structure were performed, 

including visual inspections and measurement surveys (Figure 6.2). 

   

a) measuring with the total station b) measurement of the supports c) partial perspective of the bridge 

  

d) local measurements of the superior flange e) inspection and measurements below the track 

Figure 6.2 – Photos of the performed visual inspections and measurements surveys 

 

In Figure 6.2, photos of several works performed in situ are presented. In addition to the existing 

information, the visual inspections and measurements surveys carried out allowed obtaining the required 

detail in terms of geometrical and material definition to conceive an accurate numerical global model. 

The structure has a total length of 281 m divided into three central spans of 60 m and two extreme ones 

of 50.50 m. Concerning the typology of the structural system, different groups of elements may be 

defined: i) two inverted Warren truss girders are connected by cross-girders, materialising the deck and 
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supporting the ballastless railway track; ii) three different levels of longitudinal bracings connect the 

longitudinal elements (inferior, superior and noising bracings); iii) the cross-sectional bracings are 

regularly spaced and connected to the inferior flanges, vertical-posts of the inverted Warren trusses and 

cross-girders; iv) four trapezoidal shape trusses of different heights act as columns; and v) one granite 

masonry column (on the west side) and one granite masonry abutment (on the east side) also support the 

railway loadings. In addition, on the west side, a simply supported span 20 m long links the railway 

station of Luso to the Várzeas Bridge (Figure 6.3). 

 

a) elevation view of the Várzeas Bridge (m) 

 

b) partial plan of the inferior bracing (m) c) partial plan of the superior bracing (m) 

 

d) partial plan of the nosing bracing (m) e) partial plan of the railway track (m) 

Figure 6.3 – General view of part of the structural elements of the Várzeas Bridge  

 

Regarding the main dimensions of the structural system, the two inverted Warren trusses are 5.95 m 

high and 4.40 m wide, being the first and last five girder panels 6.50 m long and the remaining ones of 

6.00 m (5x6.50 + 3x6.00 m in the extreme spans). Also, the metallic columns have different heights 

between 10.10 m and 30.20 m and the one composed of granite masonry is 12.20 m tall. 
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The superior flanges of the inverted Warren trusses are composed of two U-shaped sections of 400 mm 

in height, connected by a continuous plate 650 mm wide and 12 mm thick. The inferior flanges have a 

similar geometry, but such a plate is 13 mm thick, which increases to 20 mm close to the columns (6 m 

for each side). Regarding the diagonals, a general cross-section was found, composed of two U-shaped 

sections of 350 mm in height, being modified at the truss panels close to the columns to a cross-section 

defined by two U-shaped sections of 400 mm in height. The vertical-posts have an I-shaped cross-section 

with 348 mm in height and 297 mm in width, modified to an I-shaped section with 348 mm in height 

and 560 mm in width at the connections truss-to-column. The cross-girders support the longitudinal 

stringers under the railway track, both composed of I-shaped sections, the former of 688 mm in height 

and 297 mm in width and the latter of 550 mm in height and 200 mm in width. Also, three levels of 

longitudinal bracings (inferior, superior and nosing bracings) and cross-sectional bracings, composed of 

L-shaped, half I-shaped or U-shaped sections, were found (Figure 6.4). 

  

a) cross-section at the columns (m) b) general cross-section (m) 

Figure 6.4 – Cross-sections of the Várzeas Bridge (schematic drawings) 

 

The number of confluent structural members at certain nodes leads to connections of considerably 

complex geometry. Numerous angles and filling plates, with a general thickness of 14 mm, are used to 

establish and level the union between line elements. Also, a large number of rivets was found, with two 

different ranges for the nominal diameter: i) 22 mm to 32 mm for connections between the most 

important structural elements (truss flanges, diagonals, vertical-posts, cross-girders and longitudinal 

stringers); and ii) 9 mm to 20 mm for the remaining details involving bracing members (Figure 6.5). 
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a) nodal connection with confluent diagonals b) nodal connection at a column 

Figure 6.5 – Cross-sections of the Várzeas Bridge (site photos) 

 

The metallic bearing supports allow free rotations around the yy-direction (longitudinal plane). On the 

west side, the longitudinal displacement is also free, allowing to accommodate movements caused by 

horizontal forces, e.g. thermal loading, traction and braking forces. On the other hand, at the remaining 

supports, the longitudinal displacement is constrained. Nevertheless, due to the flexibility of the metallic 

columns, the east abutment absorbs the majority of forces caused by horizontal deformations. 

 

6.2.1. DEVELOPMENT OF THE GLOBAL NUMERICAL MODEL 

The multiplicity of line elements and respective connections gives the structural system of the Várzeas 

Bridge a considerable complexity, which has relevant implications in the structural analysis but also in 

any numerical modelling to be conceived. In addition, as previously described, the variability of the 

girder panels geometry, the different bracing levels and the complexity of the nodal connections lead to 

the necessity of adopting a careful numerical modelling approach to capture accurately the global and 

local dynamic behaviour of the bridge. 

The types of elements to be considered in the modelling of Civil Engineering structures are largely 

influenced by their complexity and length, namely by the number of structural members and size. In 

general, depending on the structural typology and characteristics, beam and shell elements are 

reasonable options to build global models. Therefore, taking into account the described structural 

complexity of the Várzeas Bridge, as well as the considerable length, it seemed reasonable to conceive 

a global model using beam elements as a first approach. As mentioned in Chapter 5, in further phases, 

local refinements using shell elements may be considered. For the sake of better understanding, the 

global model conceived in this stage only with beam elements is hereinafter identified as Model A. 

Naturally, such a modelling approach was built assuming an adequate detail to reproduce with sufficient 

accuracy the dynamic behaviour and allow reliable results to be obtained to identify the fatigue-prone 
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connections, using a global fatigue method based on S-N curves associated with nominal stresses. 

Therefore, taking into account the collected data concerning the geometry of the structural elements and 

nodal connections, material properties and types of supports, a global numerical model was conceived 

using ANSYS software (ANSYS, 2018) (Figure 6.6 and Figure 6.7).  

 

Figure 6.6 – Numerical model of the Várzeas Bridge (global view, schematic representation) 

 

  

a) first span (x=50.50 m) b) detail of the deck: over the column (x=110.50 m) 

Figure 6.7 – Numerical model of the Várzeas Bridge (partial view, schematic representation) 

 

Beam elements (BEAM188, ANSYS (2017a)) were employed to model all the metallic elements that 

compose the structural system of the Várzeas Bridge (deck and columns). Rails and wooden sleepers, 

part of the ballastless railway track, were explicitly modelled considering BEAM188 elements as well. 

Additionally, spring-damper elements (COMBIN14, ANSYS (2017a)) were used to numerically 

represent the elastic stiffness of the metallic pads between the rails and wooden sleepers and between 

the wooden sleepers and longitudinal stringers. Also, COMBIN14 elements were employed to model 

the stiffness of the foundation of the metallic columns. Nodal mass elements (MASS21, ANSYS 

(2017a)) were used to account for the mass of the rivets, filling plates and non-structural elements, e.g. 

sidewalk and deck inspection access. Lastly, in order to connect the centre of gravity of the beam 

elements modelling the railway track, rigid connections (MPC184, ANSYS (2017a)) were employed. 

X

Z
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6.2.1.1. Geometrical and material characteristics 

In the present subsection, the geometrical and material properties of the structural elements which 

compose the bridge are characterised and described, as considered in the modelling. Concerning the 

cross-sectional characteristics, the most relevant properties are presented, such as the area, A, and the 

local inertias according to the assumed local axis, Iy and Iz. Nonetheless, it should be noted that the 

parameters related to the torsional behaviour were evaluated and properly considered for all the 

structural members, with the aim of accurately representing the local characteristics. Regarding the 

nodal connections, representative local models were conceived and investigated under static loading.  

In general, for the model parameters about which uncertainties were verified and admitting a future 

modelling optimisation, intervals of possible uniform variation and reasonable initial values were 

established. Also, the properties of all the materials that compose the structural and non-structural 

elements of the Várzeas Bridge, as well as the characteristics of the foundation soil, are presented. 

a) Inverted Warren trusses 

The inferior and superior flanges, diagonals and vertical-posts, which are a critical part of the structural 

system and support longitudinally the dead loads and remaining variable loadings, compose the two 

inverted Warren trusses. The geometrical characteristics attributed to such structural elements and the 

local axis systems adopted are summarised in Table 6.1.  

Table 6.1 – Geometrical characteristics of the cross-sections: inverted Warren trusses 

Section Location Properties 

Inferior flange  

general section  

 
2 UPN400 

+ 
 13 mm Flange  

 
 

(scheme: side view) 

A=2.675x10-2 m2 

Iy=6.537x10-4 m4 

Iz=1.114x10-3 m4 

Inferior flange  

at columns 

 
2 UPN400 

+ 
 20 mm Flange   

 (scheme: side view) 

A=3.130x10-2 m2 

Iy=7.427x10-4 m4 

Iz=1.319x10-3 m4 

Superior flange  

 
2 UPN400 

+ 
 12 mm Flange 

 (scheme: side view) 

A=2.610x10-2 m2 

Iy=6.392x10-4 m4 

Iz=1.136x10-3 m4 

z

y

z

y

z

y
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Table 6.1 – Geometrical characteristics of the cross-sections: inverted Warren trusses (continued) 

Section Location Properties 

Diagonal 

general section  

 
2 UPN350  

(scheme: side view) 

A=1.545x10-2 m2 

Iy=2.569x10-4 m4 

Iz=3.592x10-4 m4 

Diagonal 

at columns 

 
2 UPN400   

(scheme: side view) 

A=1.830x10-2 m2 

Iy= 4.071x10-4 m4 

Iz=4.136x10-4 m4 

Vertical-post 

general section  

 
(297x18)x(348x10.5) mm  

 
(scheme: side view) 

A=1.435x10-2 m2 

Iy= 7.867x10-5 m4 

Iz=3.266x10-4 m4 

Vertical-post 

at columns 

 
(560x30)x(348x25) mm 

  
(scheme: side view) 

A=4.080x10-2 m2 

Iy= 8.785x10-4 m4 

Iz=9.017x10-4 m4 

 

Despite the age of the bridge, the material that composes the structural members is expected to have 

characteristics of a typical modern structural steel. The results achieved in material tests carried out on 

samples of the Trezói Bridge, located on the same line and built by the same constructor at the same 

period, are used as a reference to justify such an option (Jesus and Correia, 2008). For the main structural 

elements, the St52 grade defined in the original design information is assumed as the S355 modern 

structural steel grade. Therefore, a Young’s modulus, 𝐸, of 210 GPa, density, 𝜌, equal to 7850 kg/m3, 

yielding stress, 𝑓𝑦𝑑, of 355 MPa and a Poisson’s ratio, 𝜐, equal to 0.27 were adopted. 

b) Cross-girders and longitudinal stringers 

The two inverted Warren trusses are connected by the cross-girders that support the longitudinal 

stringers, which support the ballastless railway track (rails, sleepers and pads). The cross-girders and the 

inverted Warren trusses may be defined as the main structural elements of the bridge. The geometrical 

characteristics attributed to the cross-girders and longitudinal stringers are summarised in Table 6.2.  
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Table 6.2 – Geometrical characteristics of the cross-sections: cross-girders and longitudinal stringers 

Section Location Properties 

Cross-girder 

 
(688x28)x(297x15) mm 

 
 

 
(scheme: cross-section) 

A=2.674x10-2 m2 

Iy=2.188x10-3 m4 

Iz=1.226x10-4 m4 

Longitudinal stringers 

 
(550x30)x(200x19) mm 

  
(scheme: cross-section) 

A=2.121x10-2 m2 

Iy=9.899x10-4 m4 

Iz=3.488x10-5 m4 

 

Also, for the cross-girders and the longitudinal stringers, the St52 originally specified was assumed as 

the S355 steel grade, adopting the same mechanical characteristics associated with modern steel, as for 

the members of the inverted Warren trusses. The cross-girders connected to these latter elements 

compose the part of the structure that supports and distributes the railway loading to the supports, 

assuming a critical role for the load-carrying capacity of the bridge. 

c) Bracings 

In addition to the main structural elements, characterised in the previous subsections, three levels of 

longitudinal bracings were found: i) inferior bracing at the level of the inferior flanges of the Warren 

trusses; ii) superior bracing connected to the superior flanges of the trusses and to the cross-girders; and 

iii) nosing bracing between the longitudinal stringers. Also, cross-sectional bracings linked to the 

inferior flanges, vertical-posts and cross-girders are part of the structural system. The geometrical 

characteristics of the bracing elements are summarised in Table 6.3, Table 6.4, Table 6.5 and Table 6.6. 

Table 6.3 – Geometrical characteristics of the cross-sections: inferior bracing 

Section Location 
Properties 

A (m2) Iy (m4) Iz (m4) 

1 – Inferior flange 

 
 (scheme: plan) 

- - - 

2 – UPN140 2.037x10-3 6.050x10-6 6.200x10-7 

3 – half I-shaped 

(140x10.1)x(120x12) mm 
2.733x10-3 5.120x10-6 1.740x10-6 

z

y

z

y

3

2

1
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Table 6.4 – Geometrical characteristics of the cross-sections: superior bracing 

Section Location 
Properties 

A (m2) Iy (m4) Iz (m4) 

1 – Superior flange 

 
 (scheme: plan) 

- - - 

2 – Cross-girder - - - 

3 – half I-shaped 

(140x10.5)x(140x15) mm 
3.388x10-3 5.630x10-6 3.440x10-6 

 

Table 6.5 – Geometrical characteristics of the cross-sections: nosing bracing 

Section Location 
Properties 

A (m2) Iy (m4) Iz (m4) 

1 – Long. stringers 

 
 (scheme: plan) 

- - - 

2 – 2 x L250.90.10 6.600x10-3 3.350x10-6 1.175x10-4 

3 – L100.150.10 2.400x10-3 5.580x10-6 2.000x10-6 

4 – L80.80.10 1.511x10-3 8.800x10-7 8.800x10-7 

 

Table 6.6 – Geometrical characteristics of the cross-sections: cross-sectional bracing 

Section Location 
Properties 

A (m2) Iy (m4) Iz (m4) 

1 – L80.80.10 

general section 

 
(scheme: cross-section) 

1.511x10-3 8.800x10-7 8.800x10-7 

2 – 2 x L140.140.13 

at columns 
6.990x10-3 2.707x10-5 2.707x10-5 

3 – 2 x L90.90.11 

at columns 
3.744x10-3 6.400x10-6 6.400x10-6 

 

The longitudinal and cross-sectional bracings are assumed to be composed of the St37 grade, according 

to the original design information and experimental testing on a related bridge, equivalent to the modern 

S235 structural steel grade. Therefore, a Young’s modulus, 𝐸, of 210 GPa, density, 𝜌, equal to 7850 

kg/m3, yielding stress, 𝑓𝑦𝑑, of 235 MPa and a Poisson’s ratio, 𝜐, equal to 0.27 were adopted. 
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d) Nodal connections 

Naturally, the stiffness of the nodal connections is much higher than that resulting from the punctual 

joining between the line elements previously described. The structural characteristics of such a 

confluence of members are not easily modelled using beam finite elements. Thus, increased geometrical 

properties must be locally considered to artificially simulate the stiffness of the connections.  

Four main nodal connections were identified and analysed: i) inferior node with confluent diagonals 

with gusset plate; ii) superior node with confluent diagonals with gusset plate; iii) superior node without 

confluent diagonals; and iv) cross-girder-to-vertical-post connection (Figure 6.8).  

 

a) side view (structural drawing) b) side view (numerical model) 

  

c) cross-section (structural drawing) d) cross-section (numerical model) 

Figure 6.8 – Principal nodal connections modelled with beam finite elements 

 

In terms of numerical modelling, the local stiffness of the identified nodal connections must be 

artificially considered taking into account multiplication factors, 𝑚𝑓, which modify the relevant 

geometrical properties of the plain structural elements. In order to calibrate such parameters, 

representative shell models (SHELL281, ANSYS (2017a)) of the identified nodal connections were 

statically loaded and the resulting displacements were compared with those obtained in similar 

calculations using equivalent beam models (Figure 6.9).  

i)

iii)
ii)

i)

iii)
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iv)

Detail
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a) nodal connection i) b) nodal connection iii) and iv) c) nodal connection ii) 

Figure 6.9 – Beam models and corresponding shell models 

 

For the sake of better understanding, each line element was numbered and the 𝑚𝑓 associated with each 

geometrical property was labelled in correspondence, as shown in Figure 6.9, e.g. 𝑚𝑓_𝐼𝑦_32 should 

multiply the yy-inertia of the cross-section of the length of the vertical-post, part of the nodal connection 

ii). Also, as in the previous example, in general, the 𝑚𝑓 adopted were designated after the coordinate 

systems assumed for each cross-section in Table 6.1 and Table 6.2. Preliminary calculations showed 

that the local bending stiffness is largely influenced by the geometry of the gusset plates and, therefore, 

the same 𝑚𝑓 was considered for the inferior and superior flanges, respectively part of nodal connections 

i) and ii). In addition, due to similar reasons, despite the differences between the cross-sections for a 

given type of structural member, e.g. vertical-posts and diagonals strengthened at columns, only one 𝑚𝑓 

was adopted for each geometrical property of each element type. 

At this stage and assuming a future optimisation of the global model as a hypothesis, admissible ranges 

of values for each 𝑚𝑓 were defined. Naturally, it should be stressed that the calibration process did not 

account for the 3D behaviour of the truss structural system, which may underestimate the local 

geometrical properties, as the compose responses were not considered. However, the values assumed as 

initial parameters were found as reasonable assumptions and the corresponding variation may be 

controlled when performing any optimisation task. Thus, based on the calibration of the beam models, 

realistic initial values were assumed for each 𝑚𝑓 (Table 6.7). 

Table 6.7 – Multiplication factors of geometrical characteristics: nodal connections 

Line element # Inferior value Initial value Superior value 

Inferior and superior flanges 

mf_A_1 1 3 6 

mf_Iy_1 1 15 20 

mf_Iz_1 1 3 3.5 

     

Diagonals 

mf_A_2 1 3 7 

mf_Iy_2 1 15 20 

mf_Iz_2 1 3 5 
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Table 6.7 – Multiplication factors of geometrical characteristics: nodal connections (continued) 

Line element # Inferior value Initial value Superior value 

Superior vertical-post (node 

without confluent diagonals) 

mf_A_31 1 3 6 

mf_Iy_31 1 15 20 

mf_Iz_31 1 1.50 10 

     

Superior vertical-post (node 

with confluent diagonals and 

gusset) 

mf_A_32 1 3 6 

mf_Iy_32 1 15 20 

mf_Iz_32 1 1.50 10 

     

Inferior vertical-post (node 

with confluent diagonals and 

gusset) 

mf_A_4 1 3 6 

mf_Iy_4 1 15 20 

mf_Iz_4 1 1.50 10 

     

Cross-girder mf_Iy_5 1 1 1.61 

 

Regarding the material, the same S355 structural steel grade that composes the plain cross-sections was 

adopted. Nonetheless, since increased areas were assumed, an artificial density of 0 kg/m3 was 

considered. The masses of such lengths, as well as the masses of gusset plates, filling plates and rivets, 

were calculated considering a density of 7850 kg/m3 and inputted into the model as nodal masses.  

e) Columns 

Four trapezoidal truss structures of different heights act as columns. P2, P3 and P4 have a similar 

development and for this reason the same structural system (Table 6.8). The shortest one, P5, has a 

comparable structural configuration but is composed of different cross-sections (Table 6.9). 

Table 6.8 – Geometrical characteristics of the cross-sections: columns P2, P3 and P4 

Section Location Properties 

1 – Flanges 

 
2 UPN400 

+ 
 22.5 mm Flange  

 

 
 

(scheme: frontal view) 

A=7.349x10-2 m2 

Iy=3.782x10-3 m4 

Iz=1.812x10-2 m4 

2 – Diagonals and 

posts 

 
2 UPN160 

 

A=4.803x10-3 m2 

Iy=1.850x10-5 m4 

Iz=1.494x10-4 m4 

z

y

1
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z
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Table 6.8 – Geometrical characteristics of the cross-sections: columns P2, P3 and P4 (continued) 

Section Location Properties 

3 – Superior-post 

 
2 UPN400 

+ 
 22.5 mm Flange  

 

(scheme: frontal view) 

A=4.630x10-2 m2 

Iy=8.960x10-4 m4 

Iz=1.178x10-2 m4 

4 – Inferior-post 
 

2 UPN400 
 

A=1.805x10-2 m2 

Iy=4.129x10-4 m4 

Iz=9.504x10-3 m4 

 

Table 6.9 – Geometrical characteristics of the cross-sections: column P5 

Section Location Properties 

1 – Flanges 

 
2 UPN400 

+ 
 20 mm Flange 

 
 

 
 

(scheme: frontal view) 

A=3.470x10-2 m2 

Iy=7.890x10-4 m4 

Iz=1.788x10-3 m4 

2 – Diagonals and 

posts 

 
2 UPN160 

 

A=4.803x10-3 m2 

Iy=1.850x10-5 m4 

Iz=1.195x10-4 m4 

3 – Superior-post 

 
2 UPN400 

 

 

(scheme: frontal view) 

A=1.830x10-2 m2 

Iy=4.071x10-4 m4 

Iz=1.959x10-3 m4 

4 – Inferior-post 
 

2xL160.80.12  

A=5.503x10-3 m2 

Iy=1.441x10-5 m4 

Iz=2.069x10-4 m4 
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The columns flanges and the superior horizontal-post are composed of the S355 steel grade, while the 

S235 steel grade was employed for the remaining elements. A Young’s modulus, 𝐸, of 210 GPa, density, 

𝜌, equal to 7850 kg/m3, yielding stress, 𝑓𝑦𝑑, of 355 MPa or 235 MPa, depending on the steel grade, and 

a Poisson’s ratio, 𝜐, equal to 0.27 were adopted. 

f) Supports: deck-columns 

Due to the configuration of the metallic columns, the stiffness of the bearing supports between the deck 

and the columns is particularly relevant to the structural behaviour of the bridge, namely for the 

transversal and torsional responses. The technical specifications of these elements were not found and 

the respective interior geometry is currently unknown. Considering such constraints, configurations of 

comparable supports used in similar bridges built at the same period were analysed and investigated to 

estimate admissible geometrical properties for the bearing supports. 

In order to accurately numerically represent these structural elements, an equivalent cross-section was 

assumed as a first approach, adopting dimensions for the gross contact area of 192x540 mm. However, 

the vertical contact stiffness (global zz-direction, see Figure 6.6) and the inertia in the out-of-plane 

direction (global yy-direction, see Figure 6.6) are highly influenced by the interior geometry of the 

support, assuming the allowed free rotations defined in the longitudinal plane of the bridge. With the 

aim of analysing such geometrical properties, a numerical model built with volumetric finite elements 

(SOLID185, ANSYS (2017a)), considering the contacts between the metallic components using contact 

pairs (CONTA174-TARG170, ANSYS (2017a)), was conceived (Figure 6.10).  

 

a) structural drawing from a similar bridge (mm) b) numerical model 

Figure 6.10 – Geometry of the supports and respective numerical model 

 

The static loading of the volumetric numerical model allowed calculating the vertical contact stiffness 

and estimate an equivalent area for the artificial cross-section. The ratio between the initial gross area 

and the admitted one was defined as the multiplication factor 𝑚𝑓_𝐴_6. Due to the uncertainty regarding 

the geometry of the support, several curvatures were investigated, which allowed establishing a range 

Column 
side

Deck 
side

Contact 
elements
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of variation for 𝑚𝑓_𝐴_6. In addition, an interval of values was estimated and considered for the inertia 

in the out-of-plane direction (global yy-direction, see Figure 6.6), defining the multiplication factor 

𝑚𝑓_𝐼𝑧_6, according to the local axis assumed. In this regard, it should be highlighted that such inertia 

depends also on the interior geometry of the bearing supports, but not proportionally to the area. In order 

to account for the relevant existing uncertainties, 𝑚𝑓_𝐴_6 and 𝑚𝑓_𝐼𝑧_6 were considered as independent 

variables. However, the variation trend between both parameters must be controlled in an admissible 

hypothesis of modelling optimisation. From the conceived representative model and based on 

preliminary calculations, reasonable initial values were assumed for the 𝑚𝑓 (Table 6.10). 

Table 6.10 – Multiplication factors of geometrical characteristics: supports 

Representative line element # Inferior value Initial value Superior value 

Supports 
mf_A_6 0.07 0.11 0.25 

mf_Iz_6 0.75 0.91 1.10 

 

Despite the mentioned uncertainties, considering both the type of steel grade that composes the structural 

members connected to the supports and the investigation of similar supporting devices, the properties 

of a typical modern steel were assumed. However, taking into account that equivalent areas were 

adopted, an artificial density of 0 kg/m3 was defined. The masses of such elements were estimated 

considering a density of 7850 kg/m3 and inputted into the global model using nodal masses. Regarding 

the remaining material properties, a Young’s modulus, 𝐸, of 210 GPa and a Poisson’s ratio, 𝜐, of 0.27 

were assumed. In this regard, it should be highlighted that in any circumstance compatible with the safe 

operation on the bridge, the material response of the bearing supports must remain in the linear elastic 

regime and, for this reason, the steel grade loses relevance in terms of the numerical modelling of the 

structural behaviour if an adequate Young’s modulus is adopted. 

g) Foundations: structure-soil interaction 

The height of the bridge, mainly at P2, P3 and P4 locations, increases the importance of the 

characteristics of the foundation. Depending on the geometry of such structural elements and the 

properties of the soil, equivalent values for the dynamic stiffness and the damping coefficient may be 

estimated. Nevertheless, sufficient information was not found to clearly define the properties of the soil. 

Considering such a lack of data, the geological map of the bridge location was analysed. Sandstones, 

slate and schist were found. Typical values were adopted for the soil density and the Poisson’s ratio, 

respectively, 2100 kg/m3 and 0.20. However, for the shear mode, 𝐺𝑠, equation (6.1), depending on the 

velocity of propagation of 𝑆 waves, 𝑣𝑠, and the soil density, 𝜌𝑠, a range of values may be assumed. 

 𝑣𝑠 = √𝐺𝑠 𝜌𝑠⁄  (6.1) 
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With the aim of accounting for the variability of the soil properties, inferior and superior limit values 

for 𝑣𝑠 were defined. Also, based on preliminary calculations, a reasonable initial value was adopted as 

a first approach (Table 6.11). 

Table 6.11 – Soil properties: velocity of propagation of S waves 

Representative line element # Inferior value Initial value Superior value 

Soil properties 𝑣𝑠 (m/s) 500 1000 2000 

 

In order to consider the structure-soil interaction, the substructure method was implemented. Taking 

into account the individual, superficial and direct foundations of the Várzeas Bridge, the stiffness and 

damping matrices without considering the cross-terms were established. The values of vertical and 

horizontal dynamic stiffness, respectively, 𝑘𝑣 and 𝑘ℎ, and the corresponding damping coefficients, 𝑐𝑣 

and 𝑐ℎ, were defined and assumed in the numerical modelling, according to the following equations: 

 𝑘𝑣 =
4. 𝐺𝑠. 𝑟0
1 − 𝜐

 (6.2) 

 𝑐𝑣 = 0.85. 𝑘𝑣 .
𝑟0
𝑣𝑠

 (6.3) 

 𝑘ℎ =
8. 𝐺𝑠. 𝑟0
2 − 𝜐

 (6.4) 

 𝑐ℎ = 0.58. 𝑘ℎ.
𝑟0
𝑣𝑠

 (6.5) 

where, 𝑟0 is a parameter dependent on the geometry of the foundation, namely, on the respective radius. 

Despite the rectangular shape of the foundations of the Várzeas Bridge, an equivalent 𝑟0 may be adopted 

for such cases (Lopes, 2015). Considering 𝑟0 equal to 1.41, the limits and initial values for 𝑘𝑣, 𝑐𝑣, 𝑘ℎ and 

𝑐ℎ were calculated (Table 6.12). 

Table 6.12 – Foundation characteristics: dynamic stiffness and damping coefficients 

Dynamic properties # Inferior value Initial value Superior value 

𝑘𝑣 N/m 3.70x109 1.48x1010 5.92x1010 

𝑐𝑣 N.s/m 8.87x106 1.77x107 3.55x107 

𝑘ℎ N/m 3.29x109 1.32x1010 5.26x1010 

𝑐ℎ N.s/m 5.38x106 1.08x107 2.15x107 

 

Due to the configuration of the columns and supports, which allow rotations in the longitudinal plane of 

the bridge, the horizontal stiffness was only considered in the out-of-plane direction (global yy-direction, 

see Figure 6.6). On the other hand, the rotational stiffness about the global xx-axis was not found as a 

relevant parameter for the response related to the soil-structure interaction effects, since the axial forces 

in the flanges of the columns control such structural behaviour. 
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h) Wooden sleepers 

Typically, the railway track of metallic truss bridges is composed of wooden sleepers, rails, steel pads 

and metallic fasteners, i.e. a ballastless track (Figure 6.11). Among these elements, the wooden sleepers 

are difficult to model, since the material properties of interest, such as the density and Young’s modulus, 

can only be accurately defined after performing appropriate laboratory tests.  

 
 

a) representative section (drawing) b) perspective of the track (site photo) 

Figure 6.11 – Wooden sleepers, part of the ballastless railway track 

 

For the Várzeas Bridge case study, both the type of wood and the characteristics of the impregnation 

applied are undefined. Nonetheless, according to the Portuguese bridge management authority (I.P.), 

wooden sleepers composed of Pinus pinaster Ait. or oak are typically used, with characteristics in 

agreement with the normative requirements of EN13145 (CEN, 2001). Considering such a major source 

of uncertainty, inferior and superior values for the wood density, 𝜌𝑤𝑠, and Young’s modulus, 𝐸𝑤𝑠, were 

defined according to EN338 (CEN, 2016) and Selig and Waters (2000). Also, based on such literature 

references, reasonable initial values were evaluated and assumed (Table 6.13). 

Table 6.13 – Material properties of the wooden sleepers 

Material properties # Inferior value Initial value Superior value 

Density 𝜌𝑤𝑠 (kg/m3) 530 575 890 

Young’s modulus 𝐸𝑤𝑠 (GPa) 7.30 10 15 

 

Furthermore, it should be highlighted that even for a certain wooden species the material characteristics 

may have a large dispersion. Concerning the remaining properties, without a considerable influence on 

the structural behaviour, typical values were assumed, namely, a Poisson’s ratio equal to 0.33. 

i) Rails, steel pads and mechanical fasteners 

After characterising the wooden sleepers, the properties associated with the remaining elements of the 

railway track were established. In order to define such structural members, careful visual inspections 
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and measurement surveys were performed. Regarding the rails, the information obtained in situ and the 

specifications of the bridge management authority allowed concluding that these elements are 

materialised by standardised profiles UIC60, common in the Portuguese railway lines and defined 

according to EN13674-1 (CEN, 2011) (Table 6.14). 

Table 6.14 – Geometrical characteristics of the cross-sections: rails 

Section Location Properties 

Rails Profile  

(UIC60) 

 
  

A=76.70x10-4 m2 

Iy=30.383x10-6 m4 

Iz=5.123x10-6 m4 

 

Concerning the material properties associated with the rails, it is expected that those structural members 

have been changed several times between 1958 and the present day. Therefore, characteristics of a 

typical modern steel were assumed, namely, a density of 7850 kg/m3 and a Young’s modulus of 210 

GPa. After performing visual inspections, steel pads were found at two different interfaces, more 

specifically, between rails and wooden sleepers and between wooden sleepers and longitudinal stringers. 

For modelling purposes, the vertical and horizontal stiffnesses of such pads were defined with a basis 

on the work developed by Almeida (2015). Also, as outlined in the schemes presented in Table 6.14, 

metallic fasteners are used to connect the rails to the wooden sleepers and to link the latter to the 

longitudinal stringers. Regarding the masses of the steel pads and mechanical fasteners, the respective 

nodal masses were considered in the numerical model, after being calculated taking into account a 

density of 7850 kg/m3 and the geometrical values measured in situ. 

j) Additional mass values 

In addition to the structural elements characterised in the previous subsections, also the masses of the 

planar structural elements, e.g. connection plates and filling plates part of the bracing systems, rivets 

and non-structural components were accounted for. Regarding the latter, despite the reduced importance 

in terms of stiffness for global analyses, the respective masses must not be neglect. In terms of material 

properties, a density of 7850 kg/m3 was considered to compute the equivalent nodal mass values to be 

inputted into the numerical model.  

The static analyses performed showed that the quantified additional masses represent about 12% of the 

total dead load, which proves the importance of considering such values in the investigation of metallic 

truss bridges. 

z

y
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6.2.2. MODEL A: NUMERICAL CHARACTERISTICS 

After quantifying all the geometrical and material characteristics of the Várzeas Bridge, with the aim of 

achieving a compromise between calculation efficiency and accuracy of results, a sensitivity analysis 

was performed and a maximum mesh size of 0.50 m was assumed. It should be stressed that at this point, 

no refined mesh was locally adopted at any structural member. 45296 elements and 24993 nodes were 

considered with a total number of 𝐷𝑂𝐹𝑠 equal to 121246.  

To evaluate the reasonableness of the numerical responses, static and dynamic, comprehensive 

preliminary analyses were performed, even considering that the latter type of calculations is not foreseen 

in Phase I. As expected, a global structural system was identified, composed of the structural members 

of the inverted Warren trusses (flanges, diagonals and vertical-posts) and cross-girders. Also, a relevant 

local structural subsystem defined by the railway track, longitudinal stringers and cross-girders exhibits 

an important contribution to the modal properties. For higher frequencies, it should be noted that a 

considerable number of irrelevant spurious modes was obtained. Thus, in order to avoid unnecessary 

computational demands, an alternative to the described Model A was conceived for further analysis 

concerning dynamic issues associated only with the local structural subsystem. In such alternative 

modelling, the densities of the materials associated with the flanges, diagonals and bracings were 

considered equal to 0 kg/m3 and the respective masses inputted as equivalent nodal masses into the nodal 

connections (hereinafter named as Model A*). In this work, additional information is provided 

concerning the latter modelling, when the corresponding analysis is required (see Chapter 7).  

 

6.3. SUBPHASE I.2 - INITIAL FATIGUE ASSESSMENT 

As outlined in Figure 5.3, the fatigue evaluation should be initiated by implementing the equivalent 

constant amplitude stress range method (also defined as λ-coefficient method) if the requirements 

defined in EN1991-2 (CEN, 2006) are fulfilled. For each applicable load model, such an approach 

considers a single stress range properly amplified by  and multiplied by the damage equivalence factor, 

λ, which allows converting the acting stress range in an equivalent value related to 2x106 cycles. The 

definition of , λ and applicable load models is dependent on the type of structural system and 

circulating railway traffic. Also, the resistance of a certain connection is defined by the respective detail 

category characterised by ∆𝜎𝑐, dependent on the geometrical properties and loading conditions.  

Considering the implementation of the λ-coefficient method, the assumptions of the fatigue analysis 

related to Phase I, Initial Assessment, are described and justified below. Naturally, it should be noted 

that such premises were defined with a basis on the characteristics of the investigated structure, being 

therefore extensible when required to the subsequent fatigue analysis stages. 
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6.3.1. FATIGUE ANALYSIS ASSUMPTIONS 

The analysis of the structural system of the bridge for modelling purposes allowed identifying the riveted 

structural connections that must be investigated concerning their susceptibility to fatigue phenomena. 

In this regard, two types of details may be defined: i) principal connections, which failure may lead to a 

structural collapse or difficult repairing interventions with severe restrictions for the regular railway 

traffic; and ii) secondary connections, which failure should not have severe consequences for the 

integrity of the structural system and the required repairing interventions may be carried out quickly 

without major implications for the circulation on the bridge.  

Concerning the principal connections, inherently to the respective definition, the most important details 

of the bridge are related to the structural members that compose the main structural system. Several 

types of riveted details along the length of the bridge were identified, as well as the finite elements in 

which the nominal stresses should be evaluated (Figure 6.12). 

 

a) inferior node with confluent diagonals and superior 

node without confluent diagonals 

b) inferior node without confluent diagonals and superior 

node with confluent diagonals 

 

c) cross-girder-to-vertical-post 

Figure 6.12 – Principal riveted connections analysed concerning fatigue damage 
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In Figure 6.12, depending on the geometrical characteristics but also on the expected global and local 

structural behaviour, the riveted connections between the different structural elements are identified. 

More specifically: i) D.1, associated with the inferior flanges at the nodes with and without confluent 

diagonals; ii) D.2, related to the superior flanges at the nodes with and without confluent diagonals; iii) 

D.3, associated with the vertical-posts at the inferior nodes, iv) D.4, related to the vertical-posts at the 

superior nodes; v) D.5, associated with the diagonals at the superior and inferior nodes; vi) D.6, related 

to the flanges of the cross-girders; and vii) D.7, associated with the web of the cross-girders. In this 

regard, it should be noted that a different structural response is expected at the nodes with and without 

confluent diagonals. However, in terms of fatigue analysis based on nominal stresses, no distinction can 

be performed due to the limitations related to the concept of nominal stress and respective S-N curves. 

As defined in the superseded BS5400-10 (BSI, 1980) for riveted connections and in the applicable 

EN1993-1-9 (CEN, 2010c) for structural elements with holes subjected to bending and axial loading, as 

well as for details with non-preloaded bolts, the nominal stresses should be evaluated considering the 

net properties of cross-sections, in order to consider the reduction of the gross area due to the existing 

holes. In this regard and concerning the internal behaviour of details, it should be noted that it may be 

assumed as conservative to relate riveted connections to details with non-preloaded bolts due to the low 

level of clamping stress, mainly when compared with details with preloaded bolts. In prEN1993-1-9 

(CEN, 2020), for non-preloaded bolts, it is suggested the calculation of modified net stress ranges, 

accounting for both the influence of the edges and the number of rows of bolts, according to: 

 
∆𝜎 = ∆𝜎𝑛𝑒𝑡 [𝑎 + (𝑏 − 𝑐

𝑑0
𝑤
)
3

] (6.6) 

where, ∆𝜎 is the corrected nominal stress range, ∆𝜎𝑛𝑒𝑡 the acting stress range computed considering the 

net properties, 𝑎, 𝑏 and 𝑐 the parameters related to the number of rows of bolts, 𝑑0 the hole diameter and 

𝑤 is the geometrical parameter associated with the influence of the edges defined in EN1993-1-8 (CEN, 

2010a). Taking into account the presented equation and the geometrical complexity of the cross-sections 

that compose the structural members of the Várzeas Bridge, for each cross-section a parametric study 

was performed to evaluate the influence of the number of lines of rivets in the calculation of the net 

properties. Regarding the relevance of the edges, representative shell models were also investigated. 

Therefore, considering the results of such parametric and numerical analyses, for each cross-section that 

materialise the investigated structural members, the net properties properly adjusted to account for the 

influence of the edges and the relevance of the number of lines of mechanical fasteners were adopted, 

assuming the approximation between rivets and non-preloaded bolts. 

According to Teixeira (2015), in details with several lines of rivets subjected to axial nominal stresses, 

the loading transference is distributed and the percentage of the total force transmitted by each line 
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depends on the riveted geometry. In this regard, the proposal suggested in prEN1993-1-9 (CEN, 2020), 

as well as the performed parametric and numerical analyses, may be assumed as a reasonable first 

approximation to this local response, taking into account the objectives of the Initial Assessment and 

the characteristics of the global model conceived using beam finite elements. Concerning the relevance 

of the number of lines of rivets for the mechanism of loading transference and related magnitude of local 

stresses, influencing the fatigue damage, further considerations are addressed in subsection 7.3.6. 

In addition to the definition of adjusted net properties, the positions of the rivets were assumed as 

reasonable points to evaluate the nominal stresses, allowing to consider a local average of the acting 

internal forces, transversally and longitudinally. Also, it should be noted that the positions of the rivets 

were evaluated for each cross-section after analysing the structural geometry, available information and 

in situ data assessed in the geometrical surveys performed (Figure 6.13). 

   

a) inferior flange b) diagonal c) cross-girder 

Figure 6.13 – Calculation points of nominal stresses relevant for fatigue analysis 

 

In Figure 6.13, concerning the yy and zz-directions, the positions of the relevant points in which the 

nominal stresses were computed are presented for three of the investigated cross-sections. Regarding 

the position according to the xx-direction, such points were assumed close to the first lines of rivets, by 

principle. Concerning the geometry of the principal riveted details, for the inferior flange at the inferior 

nodes with confluent diagonals, the existing connection identified in Figure 6.12 is materialised between 

the webs of the U-shaped sections (UPN400) and the gusset plates. Also, at the nodes without confluent 

diagonals, a connection between the inferior flange, the filling plates (with the same thickness of the 

gusset plates) and the vertical-post was identified. Regarding the diagonals, the transference of internal 

forces is performed from the webs of the U-shaped sections (UPN350 or UPN400) to the gusset plates. 

About the cross-girders, two different types of connections are materialised to transmit the forces 

resulting from bending and shear loading, respectively, D.6 and D.7. For the former, the connection of 

the superior flange of the cross-girder to the flange of the U-shaped section, part of the superior flange 
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of the inverted Warren truss, and the joining of the inferior flange of the cross-girder to the vertical-post, 

through a L-plate also connected to the cross-sectional bracing, were grouped for analysis purposes due 

to their relatable geometry and structural performance. Concerning the detail between the web of the 

cross-girder and the gusset or filling plates, then linked to the vertical-post, one additional calculation 

point was considered to evaluate the respective nominal stresses.  

For all the investigated details defined as principal connections, the fatigue damage factor was evaluated 

considering the stress ranges obtained after applying the required load models at the most unfavourable 

positions. For each connection type along the length of the bridge, the higher values calculated for 𝜇𝐹𝐷𝐹 

are assumed as a reference in the investigation performed in Phase I. 

In addition, according to the same assumptions established for the analysis of the principal details, the 

secondary connections associated with the existing bracings were investigated (Figure 6.14). 

 

a) inferior bracing b) superior bracing 

 

c) nosing bracing d) cross-sectional bracing 

Figure 6.14 – Secondary riveted connections analysed concerning fatigue damage 

 

In Figure 6.14, considering the geometrical characteristics and the expected structural behaviour, the 

riveted details, part of the bracings, are identified. As described for the principal connections, the 
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modified net properties were taken into account for the calculation of nominal stresses. Also, the 

positions of the existing rivets were assumed to evaluate the relevant values of axial forces and bending 

moments about the local axes yy and zz (see Table 6.3 to Table 6.6).  

As previously noted, this phase of fatigue calculation is conservative and assumes the existing bridge as 

a new structure, analysed according to the current and applicable normative specifications. For a given 

service life and circulating traffic volume, each detail should be investigated aiming to assess whether 

fatigue damage are expected. Recovering the calculation strategy foreseen in Chapter 5, considering the 

load model LM71, the equivalent constant amplitude stress range method was implemented through 

quasi-static analyses properly amplified, according to the following equation: 

 
𝜇𝐹𝐷𝐹 =

𝛾𝑀𝑓 . 𝛾𝐹𝑓 . (∆𝜎71. 𝜆.)

∆𝜎𝑐
 (6.7) 

Taking into account the characteristics of the Várzeas Bridge and the normative requirements defined 

in EN1993-1-9 (CEN, 2010c), the values for the parameters part of equation (6.7), which are the basis 

of the fatigue analyses required in the proposed Phase I, are described and justified below. 

As indicated, the fatigue verification assumed in this stage is in general based on the load model LM71. 

However, for continuous bridges, the load model SW/0 multiplied by the load classification factor, 𝛼, 

equal to 1 shall also be considered. The greatest stress range between ∆𝜎71 and ∆𝜎𝑠𝑤0 shall be taken into 

account. On the other hand, according to EN1991-2 (CEN, 2017), the load modal SW/2, which 

represents the static effect of vertical loading on continuous bridges due to the heavy traffic is not 

advised for fatigue verifications. As defined in EN1993-2 (CEN, 2006), in the λ-coefficient method, the 

magnitude of the traffic loading is considered in the definition of the damage equivalence factor, λ. 

As described in subsection 3.2.1, following the appropriate normative specifications, each applicable 

load model for fatigue analysis is characterised by a certain loading and geometrical configuration, 

which leads to particular stresses and strains fields. Due to the length of the bridge, the structural 

assessment associated with the mandatory configurations of the load models LM71 and SW/0 would 

require the calculation of an indeterminate high number of static analyses in order to accurately compute 

the necessary variations of nominal stresses as a function of the loading position. Therefore, an 

alternative and more efficient strategy for static analysis was implemented. 

For calculations performed in the elastic domain, assuming the small displacements hypothesis, the 

superposition principle of effects may be considered. For such cases, the application of a unitary loading 

and corresponding determination of the structural response related to a certain parameter (internal force, 

stress or displacement), depending on the position, 𝑥, allows defining the associated influence line, 𝐿𝑖𝑛𝑓. 

For each configuration of the applicable load models, the corresponding values for the required 

structural response may be computed by multiplying the nodal forces by the value of 𝐿𝑖𝑛𝑓  (𝑥). Taking as 
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example the calculation of the bending moment at the mid-span of a continuous beam, submitted to a 

generic loading, represented in Figure 6.15, the determination of the influence line and subsequent 

calculation of the parameter of interest may be performed considering the generalised equation (6.8). 

 

a) unitary loading at 𝑥𝑖 to compute 𝐿𝑖𝑛𝑓(𝑥𝑖) b) railway loading and respective values of 𝐿𝑖𝑛𝑓(𝑥𝑖) 

Figure 6.15 – Determination of the influence line for the bending moment in a generic beam 

 

 
 𝜓𝑠𝑎𝑡(𝑥𝑖) = ∫ 𝑞. 𝐿𝑖𝑛𝑓

𝑥2

𝑥1

(𝑥)𝑑𝑥 + 𝑄. 𝐿𝑖𝑛𝑓(𝑥3) (6.8) 

In equation (6.8), 𝜓𝑠𝑎𝑡 is a certain static quantity of interest, 𝑞 and 𝑄, respectively, the distributed and 

concentrated loads of a generic acting loading (see Figure 6.15 b)) and 𝐿𝑖𝑛𝑓 is the influence line for the 

parameter to compute. Therefore, in order to calculate the necessary nominal stresses for each detail of 

the investigated structure, the corresponding influence lines were evaluated. 

As previously noted, when implemented the λ-coefficient method for fatigue analysis of the Várzeas 

Bridge, both LM71 and SW0 have to be considered. According to EN1991-2 (CEN, 2017), such load 

models should be placed at the most unfavourable positions to evaluate a certain structural response. 

Concerning fatigue analysis, the applicable load models should be placed at the positions that allow 

evaluating the maximum and minimum nominal stresses, necessary to compute the highest nominal 

stress range. Therefore, in order to obtain the nominal ∆𝜎 for each detail as a function of the position of 

the loads, for both LM71 and SW/0, all the admissible loading configurations along the bridge were 

considered. Regarding LM71, partially represented in Figure 5.4, four concentrated loads and a 

uniformly distributed load, UDL, under unlimited length and interrupted only where the concentrated 

loads are applied, are foreseen. It should be noted that the UDL or even the concentrated loads may not 

be placed at given positions if those are the most unfavourable loading conditions for a certain detail, 

which leads to different loading configurations for continuous bridges (Figure 6.16). 
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b) LM71 configuration to calculate 𝑀𝑠𝑑
+  at the second span 

Figure 6.16 – Schematic representation of the application of LM71 to compute a parameter of interest 

 

In Figure 6.16, an admissible loading configuration of LM71 to compute the maximum nominal stress 

at the inferior flange of the 2nd span of the Várzeas Bridge is schematically represented. Based on the 

influence lines and considering the five spans of the structure, four different loading configurations for 

the UDL of LM71, 𝑄𝑣𝑘, were considered in order to ensure the accurate calculation of 𝜎sup(71) and 𝜎inf(71), 

as in equation (5.2). Also, the four concentrated loads, 𝑞𝑣𝑘, were placed at all the possible positions in 

each of the admissible geometries of the UDL. For the quantities of interest, 2128 loading configurations 

were evaluated for LM71. Regarding SW/0, two indivisible UDL of defined length are foreseen. This 

load model was placed along the length of the bridge giving origin to 584 loading geometries. Such a 

number of analyses highlights the relevance of adopting the previously characterised elastic 

superposition of effects, using the influence lines of the required nominal stresses. As foreseen in 

EN1991-2 (CEN, 2017), when fatigue was investigated, the eccentricity of vertical loads which 

characterise LM71 and SW/0 models was neglected. 

As noted in Chapter 3, the amplification factor, , allows obtaining an envelope for the dynamic effects 

out of resonance. In EN1991-2 (CEN, 2017), the one associated with careful maintenance of the track, 

2, is defined as applicable to the λ-coefficient method. Nonetheless, it may be reasonable to 

conservatively assume 3 in the verification of structures about which an additional degree of 

uncertainty may be found, such as the existing ones. Also, for a certain structural element, depending 

on the implemented philosophy for the bridge maintenance concerning fatigue damage and on the 

possible consequences of a collapse event, Mf may assume different values (see Table 3.5). Thus, four 

fatigue analysis scenarios are admissible by combining the values of Mf and  as shown in Table 6.15. 

Table 6.15 – Phase I: scenarios for fatigue analyses involving the amplification of fatigue loadings  

 Principal connections Secondary connections 

 Safe life Damage tolerant Safe life Damage tolerant 

Careful    

maintenance 
1.35 x 2 1.15 x 2 1.15 x 2 1.00 x 2 

Standard 

maintenance 
1.35 x 3 1.15 x 3 1.15 x 3 1.00 x 3 

qvk

4xQvk
qvk qvk

L
inf
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Considering the importance of principal and secondary connections for structural safety, the safe life 

approach and the standard maintenance hypothesis were assumed, respectively 1.35x3 and 1.15x3. 

Such an assumption allowed obtaining the highest values for the fatigue damage factor, 𝜇𝐹𝐷𝐹. 

As proposed in EN1991-2 (CEN, 2017), for the calculation of 2 and 3, equations (3.11) and (3.12) 

were defined for simply supported bridges. The determinant length, 𝐿Φ, influenced by the length of the 

influence line associated with the structural quantity in analysis, allows considering such expressions 

for other structural configurations. Such a concept of determinant length is therefore associated with the 

dynamic response of a structural element. In the mentioned standard, values for 𝐿Φ are recommended 

for different structural configurations, mainly related to a predominant global behaviour. However, the 

global and local responses of the Várzeas Bridge are defined by a complexity which is not approached 

in EN1991-2 (CEN, 2017), e.g. values for the diagonals, vertical-posts or bracings are not suggested. 

According to EN1993-2 (CEN, 2006), a different concept also associated with the influence line should 

be considered in the definition of 𝜆1, which affects the value of the damage equivalence factor, 𝜆 (see 

Chapter 3). For each structural member and type of acting stress, the critical length of the influence line, 

𝐿𝑖, directly related to the fatigue phenomena, should be evaluated. More specifically, considering a 

certain influence line, 𝐿𝑖 is defined as the length of the lobe creating the greatest stress range. Such as 

for 𝐿Φ, the proposed values in the applicable standard for 𝐿𝑖, for different structural configuration and 

acting stresses (related to bending moments and shear loading), are not easily applicable to a complex 

structural system such as the one of the Várzeas Bridge. Taking into account the theoretical definition 

of both parameters, the differences between 𝐿Φ and 𝐿𝑖 are more relevant for elements with a structural 

response influenced by the global behaviour of the bridge, precisely those for which the dynamic effects 

are less important. On the other hand, when the structural response is mostly influenced by a localised 

response, the values of 𝐿Φ and 𝐿𝑖 are similar. In the present work, conservative values for both parameters 

were adopted. Based on the proposed by the applicable standards, for cases in which such lengths are 

not clearly defined or those suggested are not applicable, the influence lines of interest were analysed 

for several positions along the length of the bridge and the most unfavourable values for 𝐿Φ and 𝐿𝑖 were 

assumed for each structural member, respective detail and associated nominal stresses. 

Considering the magnitude of the concentrated loads associated with LM71 as a reference, one axle of 

100 kN (50 kN per rail) was considered. Such loads were placed along the length of the bridge at every 

possible position separated by 0.25 m, which resulted in 1129 loadings. The corresponding static 

analyses allowed computing the nominal stresses defined as of interest depending on the applied loading. 

From these results, for each numerical assessment point (in general (1) to (4), as shown in Figure 6.13) 

of a certain investigated riveted detail, the required unitary relation between the assumed loading and 

the respective nominal stresses was established, i.e. 𝐿𝑖𝑛𝑓  (𝑥) (Figure 6.17 and Figure 6.18). 
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a) inferior flange, x=80.50 m b) superior flange, x=110.50 m 

 

c) inferior bracing (half I-shaped   

(140x10.1)x(120x12) mm), x=80.50 m 

d) superior bracing half I-shaped 

(140x10.5)x(140x15) mm, x=110.50 m 

Figure 6.17 – Influence lines: Várzeas Bridge (1) 

 

In Figure 6.17, the influence lines associated with some of the structural elements analysed are shown. 

Considering that the fatigue life assessment is highly influenced by the highest stress range, the critical 

length of the influence line is defined taking into account the length associated with the related cycles 

or half-cycles. In Figure 6.17 a), the influence line of the inferior flange for 𝜎(2) is presented, showing 

that the positions of the loading that lead to relevant values of the nominal stress are within a 

considerable length, influenced by the global behaviour of the structural system. Naturally, due to the 

geometrical configuration, the influence line presented in Figure 6.17 c) related to the inferior bracing 

is associated with the structural behaviour of the inferior flange. Similar values for 𝐿Φ and 𝐿𝑖 were found 

for both structural elements. Also, concerning the superior flange, the influence line for 𝜎(3) presented 

in Figure 6.17 b) confirms the relevance of the global structural behaviour for the nominal stresses of 

interest. Otherwise, in Figure 6.17 d), the influence line for the superior bracing, connected to the 

superior flanges and to the cross-girders, reveals a more localised structural behaviour influenced by the 
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response of the respective cross-girders, which directly receive the acting loading from the longitudinal 

stringers that support the ballastless railway track (local structural subsystem).  

 

a) cross-girder, x=80.50 m b) cross-girder, x=110.50 m 

Figure 6.18 – Influence lines: Várzeas Bridge (2) 

 

About the cross-girders, an analysis similar to that presented above was performed to investigate D.6 

and D.7. Comparing the influence lines for 𝜎(2) obtained at the mid-span and over column P3, 

respectively, at x=80.50 m and x=110.50 m, it was confirmed that the structural behaviour is influenced 

by a local response. For the elements close to the columns, a higher relevance of the global in-plane 

deformation was found, which should be related to the local bending about the weak axis (zz). 

For all the structural elements of the Várzeas Bridge analysed in Phase I, the critical and determinant 

lengths of the influence lines were calculated for the sections of the girder panels close to 1/4, 1/3 and 

1/2 of the spans lengths, over the columns and over the extreme supports. As a conservative assumption, 

the lowest values assessed were adopted for each type of structural member (Table 6.16). 

Table 6.16 – Phase I: influence lines length, 𝐿𝑖, respective 𝜆1 and 𝐿Φ and associated 2 and 3 

Structural element 
𝐿𝑖 

(m) 

𝜆1             

(railway 

traffic with 

25t axles) 

 
𝐿Φ 

(m) 

2 

(careful  

maintenance) 

3 

(standard 

maintenance) 

Inverted 

Warren 

trusses 

Inferior flange 55.50 0.660  76.50 1.000 1.000 

Diagonal (gen. section) 16.00 0.784  18.50 1.171 1.257 

Diagonal (at columns) 14.50 0.836  17.25 1.184 1.276 

Vertical-post (gen. section) 9.50 0.945  10.25 1.300 1.450 

Vertical-post (at columns) 18.75 0.705  23.50 1.130 1.195 

Cross-girder 9.50 0.945  9.75 1.313 1.469 

Cross-girder (at extremes) 8.00 0.990  8.25 1.359 1.538 

Superior flange 44.50 0.650  59.75 1.011 1.017 

D.6 D.6
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Table 6.16 – Phase I: influence lines length, 𝐿𝑖, respective 𝜆1 and 𝐿Φ and associated 2 and 3 (continued) 

Structural element 
𝐿𝑖 

(m) 

𝜆1             

(railway 

traffic with 

25t axles) 

 
𝐿Φ 

(m) 

2 

(careful  

maintenance) 

3 

(standard 

maintenance) 

Inferior 

bracing 

UPN140 51.50 0.660  68.50 1.000 1.000 

half I-shaped 

(140x10.1)x(120x12) mm 
55.50 0.660 

 
76.50 1.000 1.000 

Superior 

bracing 

half I-shaped 

(140x10.5)x(140x15) mm 
11.50 0.912 

 
14.50 1.219 1.329 

Nosing 

bracing 

2 x L250.90.10 10.50 0.870  12.25 1.256 1.385 

L100.150.10 11.25 0.915  13.25 1.239 1.358 

L80.80.10 10.25 0.927  12.00 1.261 1.392 

Cross 

sectional 

bracing 

L80.80.10 15.25 0.811  20.50 1.153 1.229 

2 x L140.140.13 17.50 0.730  22.50 1.137 1.205 

2 x L90.90.11 17.50 0.730  22.50 1.137 1.205 

 

In Table 6.16, the relevant values for 𝐿𝑖 and 𝐿Φ calculated for the structural system of the Várzeas Bridge 

are presented. In this regard, despite the variations of the cross-section in several structural elements 

previously identified in the current chapter, only for the diagonals and vertical-posts different values 

were considered. Regarding the diagonals, relevant variations in the structural behaviour were found 

close to the columns. Concerning the vertical-posts, the differences in the cross-sectional bracing at the 

columns clearly influence the structural response at such sections of the bridge (see Table 6.6). Also, 

the values for the amplification factors 2 and 3 are indicated, depending on 𝐿Φ. Despite of the 

adoption of 3 in Phase I, the comparison between 2 and 3 allows evaluating the respective linear 

influence. Naturally, the differences are more important for smaller 𝐿Φ related to local responses, e.g. 

for the extreme cross-girders the variation is 11.64%. In the context of fatigue, such a difference may 

be relevant. Therefore, the adoption of 2 assuming an average of the loading effects during the service 

life should be a decision based on engineering criteria concerning the characteristics of the railway 

loading on the bridge, type of maintenance and uncertainties associated with the Initial Assessment. 

According to EN1993-2 (CEN, 2006), depending on 𝐿𝑖 and based on the trains characterised in annex F 

of EN1991-2 (CEN, 2017), four different traffic scenarios are proposed. Also in Table 6.16, considering 

that the Várzeas Bridge is part of an international railway line with important freight traffic, the values 

for 𝜆1 related to the heaviest railway traffic, with a maximum of 25 tons per axle, are presented. In this 

regard, it should be noted that the normative trains suggested in annex F of EN1991-2 (CEN, 2017) on 

the basis of 𝜆1 are in general defined by lower axle loads than those presented in annex D of the same 

standard, in particular concerning the characteristics of the trains that define the heavy traffic scenario 
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in the latter. Due to the type of trains circulating on the bridge, such a traffic mix is a reasonable 

assumption to be assumed in Phase II, as indicated in Chapter 5. Therefore, the consistency between the 

loading scenarios admitted in the different stages of the proposed integrated methodology is further 

investigated in Chapter 7. According to EN1993-2 (CEN, 2006), alternative values for 𝜆1 may be defined 

by the applicable national annex. Nonetheless, when this recommendation is not performed and those 

proposed in this standard are not applicable, it seems prudent that the bridge management authority may 

specify reasonable values. In exceptional cases, when the definition of such parameters is not possible, 

the implementation of the equivalent constant amplitude stress range method should be evaluated.  

Also based on EN1993-2 (CEN, 2006), 𝜆2 is the parameter related to the volume of traffic per year. 

Naturally, taking into account the future maximisation of the operation on the bridge, the higher traffic 

volume of 25x106 tons was considered. It is relevant to mention that the traffic scenarios suggested for 

fatigue in EN1991-2 (CEN, 2006) have a similar annual tonnage. In this regard, no incoherence between 

applicable standards seems to exist. Concerning 𝜆3, related to the expected service life, a unitary value 

associated with a life span of 100 years was adopted. It should be stressed that the assumed expected 

life is often used in the design of new bridges. However, the consideration of such a value in Phase I 

does not allow any conclusions to be drawn about the remaining fatigue life of a certain detail. As 

previously mentioned, Phase I aims only to identify the fatigue-prone connections. For these, further 

calculations concerning the remaining fatigue life should be performed by implementing the linear 

damage accumulation method, as part of the calculation strategy foreseen in Phase II. Regarding 𝜆4, a 

unitary value was also adopted due to the existing single track. Logically, as consequence of the defined 

values, according to equation (3.24), the damage equivalence factor, 𝜆, for each structural element, 

assume the value of 𝜆1 defined in Table 6.16.  

As previously noted, concerning the maximum stress ranges related to LM71 and SW/0, ∆𝜎71 and ∆𝜎𝑆𝑊0, 

no cycle counting should be performed. As established in EN1991-2 (CEN, 2006) and in equation (5.2), 

such parameters are defined by the maximum and minimum values computed for the nominal stresses 

of interest. However, in non-welded details or stress-relieved welded ones, the influence of the mean 

stress on the fatigue strength should be taken into account by calculating a reduced effective stress range 

when part or all of the stress range is compressive. As specified in EN1993-1-9 (CEN, 2010c), this 

reduced range may be calculated by adding 60% of the magnitude of the minimum compressive portion 

to the maximum tensile value. Therefore, if there are compressive stresses due to the considered load 

models, ∆𝜎71 and ∆𝜎𝑆𝑊0 should be computed according to the following: 

 ∆𝜎 = |𝜎𝑚𝑎𝑥| + 0.6|𝜎𝑚𝑖𝑛|, If 𝜎𝑚𝑖𝑛 < 0 

(6.9) 

 ∆𝜎 = 0.6|𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛|, If 𝜎𝑚𝑎𝑥 < 0 
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Several results for experimental tests performed assuming different mean stress levels were shown in 

Figure 3.11, being clear that those with a negative value for 𝑅 are associated with higher fatigue lives. 

Considering the normative specifications, stress variations largely or completely in compression should 

be considered. However, such an assumption is highly conservative because the fatigue life associated 

with compression-compression cycles is considerably higher than the one related to tension-tension or 

tension-compression stress variations (fully reversed). Such a fact is explained by the characteristics of 

the primary stages of fatigue phenomena. As noted in section 2.2, the fatigue crack initiation is the result 

of the formation of slip bands allowing movements of dislocations in slip planes. If the acting cycles are 

in tension-tension or tension-compression (fully reversed), the movement of the dislocations may be 

relevant enough to create intrusions and extrusions after a reasonable number of cycles, leading to the 

formation of a macroscopic crack. On the other hand, for compressive-compressive cycles, the 

movement of the dislocations are largely inwards which leads to a substantially delayed or even ceased 

fatigue phenomena. Therefore, cycles largely in compression should not be evaluated using the same 

resistance parameters considered for tensile ones. Due to the characteristics of the nature of this 

phenomenon, in the context of the fatigue analysis using a global approach based on nominal stresses, 

S-N curves defined with a basis on a response largely dominated by tensile stresses are significantly 

conservative for compressive stress ranges. In BS5400-10 (BSI, 1980), the necessity of considering the 

effective stress range by multiplying the compressive portion by 60% is also suggested. Nonetheless, it 

is noted in this standard that for non-welded details, in which the stress ranges are entirely in the 

compression zone, the effects of cyclic loadings for the development of fatigue damage may be ignored. 

Despite that, considering the specifications of the applicable Eurocode, the compressive-compressive 

cycles were taken into account in the fatigue analysis and their relevance was properly investigated. In 

addition, it is worth mentioning that in prEN1991-9 (CEN, 2020) a similar approach to account for the 

influence of the compressive portion is proposed. 

Considering this background, aiming to accurately evaluate the compressive and tensile portions of the 

stress variation, the permanent acting loadings must be considered. According to EN1990 (CEN, 2009), 

in order to take into account the influence of the mean stress on fatigue phenomena, the relevant 

combinations of actions to be considered are suggested in EN1992 to EN1999. Concerning fatigue in 

steel structures, in EN1993-1-9 (CEN, 2010c) the calculation of the nominal stresses at the serviceability 

limit state is advised, but no specific fatigue combination is detailed. In the present work, considering 

both the cyclic nature of the fatigue damage process and the fact that there are no other relevant variable 

loadings for the fatigue phenomena acting on the structural system in addition to the railway traffic, the 

characteristic combination of actions was considered as follows: 

  ∑ 𝐺𝑘,𝑗
𝑗≥1

"+" 𝑄𝑓𝑎𝑡  (6.10) 
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In equation (6.10), ∑ 𝐺𝑘,𝑗𝑗≥1  is the summation of the characteristic values of the 𝑗𝑡ℎ permanent loadings 

and 𝑄𝑓𝑎𝑡  is the characteristic variable railway loading. The consideration of the dead loads allowed 

defining effective stress ranges accounting for the effect of the compressive portions. However, for 

tension-tension ranges, the methods advised in EN1993-1-9 (CEN, 2010c) do not take into account the 

influence of the mean stress on fatigue, which is a relevant limitation of such approaches. 

As defined in the most important standards and guidelines, fatigue analysis based on nominal stresses is 

mainly dependent on the geometry of the investigated details and the type of acting loading, which 

influence the selection of the applicable S-N curve. Nonetheless, as comprehensively noted in subsection 

2.3.1, no guidance is given in EN1993-1-9 (CEN, 2010c) for riveted details. After relevant investigations 

concerning such type of connection, the detail category 71, originally derived from welded joints, has 

been assumed as a lower and conservative bound for riveted ones, independently of the analysed 

geometry and loading. In this regard, several works have been performed in order to define S-N curves 

less conservative and adapted to specific riveted geometries. However, as stated by Leonetti (2020), the 

geometrical characteristics of this type of detail typically found in existing bridges may be hardly 

catalogued as efficiently as for welded or bolted connections. When it is possible, as foreseen in the 

proposed integrated methodology in Chapter 5, other S-N curves available in the literature or obtained 

after representative experimental tests may be adopted in further stages of fatigue analysis. Therefore, 

taking into account the state-of-the-art, in Phase I, the S-N curve defined by ∆𝜎𝑐=71 MPa and by two 

slopes, 𝑚1=3 and 𝑚2=5, was conservatively assumed. 

Considering the adopted analysis assumptions, the results of the fatigue assessment for the identified 

principal and secondary riveted connections are presented in the next subsections. A fatigue 

classification is produced and further actions are advised. Also, taking into account the results obtained 

after performing quasi-static calculations, the structural response is analysed. 

 

6.3.2. FATIGUE ANALYSIS RESULTS: PRINCIPAL CONNECTIONS 

As outlined in Figure 6.12, seven types of details mainly associated with the structural performance of 

the inverted Warren trusses and cross-girders, which failure may have critical consequences for the 

integrity of the structure, were identified and investigated. In correspondence, the results of Phase I for 

such connections are presented and the consistency with the expected structural behaviour is discussed. 

Naturally, due to the symmetry of the bridge about the plane 0xz, as defined in Figure 6.6, only the 

results for the details related to one side of the structure are shown. Also, as previously mentioned, 

taking into account the suggested by the applicable EN1991-2 (CEN, 2017) and considering the 

continuous typology of the structural system of the Várzeas Bridge, the results presented for the fatigue 
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damage factor are those obtained considering the maximum stress range between the values related to 

the load models LM71 and SW/0, respectively, ∆𝜎71 and ∆𝜎𝑆𝑊0.  

Concerning the inferior flange, both existing cross-sections characterised in subsection 6.2.1.1 and the 

associated 88 nodal riveted connections (half of the existing 176 due to the mentioned symmetry), with 

and without confluent diagonals, D.1, were analysed (Figure 6.19). 

 

a) general section 

 

b) at the columns 

Figure 6.19 – D.1, Fatigue Damage Factor (𝜇𝐹𝐷𝐹): inferior flanges 

 

In Figure 6.19, the results achieved for 𝜇𝐹𝐷𝐹, as a function of the position of the details along the length 

of the bridge, are presented. The inferior flanges are mainly subjected to axial forces rather than bending 

moments, which leads to greater results for 𝜇𝐹𝐷𝐹 where tensile stresses are higher, more specifically, at 
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the mid-spans and their proximities. The values computed for the fatigue damage factor are compatible 

with the structural behaviour expected for an inferior flange, part of a continuous inverted Warren truss. 

Considering the results achieved, the structural details for which a value for 𝜇𝐹𝐷𝐹 superior to the limit 

(1.00) was obtained must be analysed in Phase II, Standard Evaluation. 

Concerning the results evaluated for the nodal connections without confluent diagonals related to the 

inferior flange, it should be noted that similar values for the fatigue damage factor were calculated on 

both sides of the associated vertical-posts. Also, it is worth saying that the steel profile pieces used to 

materialise such structural members have lengths between 12.00 m and 13.00 m (double of the length 

of the girder panels) and the transition between adjacent steel components is performed at the nodal 

connections with confluent diagonals. Considering this information and analysing the geometry depicted 

in Figure 6.12, investigating fatigue issues in such connections considering the nominal stresses 

evaluated at the finite elements which numerically represents the inferior flanges and the detail category 

71 may be too conservative, as no axial forces or in-plane bending moments (about the local yy-axis, 

see Table 6.1) are transmitted between such elements and only out-of-plane or torsion moments 

(respectively, about the local axes zz or xx, see Table 6.1) may be induced by the vertical-posts. 

Therefore, for the Várzeas Bridge or similar cases, if the relevance of the mentioned distortion 

phenomena is found as residual, a higher fatigue resistance could be assumed considering the presence 

of rivets and respective holes only as notches in the parent material. The applicable EN1993-1-9 (CEN, 

2010c) suggests for this type of detail, subjected to axial forces and bending moments, a S-N curve 

defined by a value of 90 MPa for ∆𝜎𝑐 and two slopes, 𝑚1=3 and 𝑚2=5. However, as previously noted, 

taking into account the assumed conservative principles of Phase I, the S-N curve with ∆𝜎𝑐=71 MPa was 

considered and it is advised. According to the stepwise philosophy of the proposed methodology, in 

further analysis, if such details are classified as fatigue-critical in Phase II, Standard Evaluation, a 

refinement of the assumed fatigue resistance through the considered S-N curve may be performed. On 

the other hand, for details as those associated with the nodal connections with confluent diagonals, in 

which relevant axial forces are transmitted between structural elements, the adoption of different S-N 

curves based on nominal stresses should be carefully evaluated. 

As expected, the results obtained for the riveted connections associated with the inferior flange confirm 

the conclusions drawn from the analysis of the characteristics of the influence lines of such a structural 

element. For both considered loadings, the response proved to be largely influenced by the global 

behaviour of the inverted Warren trusses. 

As for the riveted connections associated with the inferior flange, for those related to the superior flange, 

92 nodal connections, with and without confluent diagonals, D.2, were identified and properly 

investigated (Figure 6.20). 
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Figure 6.20 – D.2, Fatigue Damage Factor (𝜇𝐹𝐷𝐹): superior flanges 

 

At each of the superior nodal connections, in addition to the longitudinal transference of the loading to 

the supports, as at the inferior ones, important internal forces are received from the cross-girder. 

Consequently, relevant out-of-plane and torsion moments (respectively, about the local axes zz and xx, 

see Table 6.1) were evaluated at these connections, due to the compatibility with the deformation of the 

cross-girders. Such local responses give origin to important torsions in the superior flanges and to 

relevant out-of-plane bending moments in the associated vertical-posts. In this regard, it should be noted 

that the induced torsional deformations were not found as relevant for the fatigue damage investigated. 

Regarding the longitudinal mechanism of loading transference, comparing the maximum tensile axial 

stresses in the inferior flange (mid-span sections) with the corresponding values in the superior flange 

(sections close to the supports), it was verified that the latter are considerably smaller. Naturally, such 

results are dependent on the magnitude of the global in-plane bending moments (global yy-direction, 

see Figure 6.6), influenced by the characteristics of the inverted Warren trusses and, in particular, by the 

rotational stiffness of the sections of the deck over the columns. Analysing the 𝜇𝐹𝐷𝐹 obtained, it may be 

concluded that the highest values for the fatigue damage factor were computed for the details close to 

the mid-spans, influenced by the relevance of the compressive stresses. More specifically, the calculated 

effective stress ranges, considering 60% of the compressive stress values, even for the cases of 

compression-compression variations, strongly influence the maximum results for 𝜇𝐹𝐷𝐹. Close to the 

columns, taking into account the calculated tensile stress ranges, the fatigue damage factors obtained 

were found to be lower. Therefore, even conservatively considering the values in compression, results 

for 𝜇𝐹𝐷𝐹 below to the defined limit were computed, as presented in Figure 6.20. No further fatigue 

analyses are requested for this type of detail concerning fatigue issues. 
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As part of the inferior nodal connections, for the riveted details associated with the vertical-posts, 45 

nodal connections, D.3, were found and analysed (Figure 6.21). 

 

a) general section 

 

b) at the columns  

Figure 6.21 – D.3, Fatigue Damage Factor (𝜇𝐹𝐷𝐹): vertical-posts (inferior nodes) 

 

As outlined in Figure 6.21, higher values for the fatigue damage factor were obtained for the nodal 

connections with confluent diagonals. Relevant in-plane and out-of-plane bending moments were found, 

in comparison with the corresponding values for the nodal connections without confluent diagonals. 

Regarding the latter, such outcomes showed to be consistent with the analysis previously performed to 

the results obtained for the details associated with the inferior flange and respective commentary 

concerning the conservatism of associating these details to the category 71. The calculated values for 
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𝜇𝐹𝐷𝐹 allowed identifying six connections as fatigue-prone, all of them close to the columns and related 

to nodal connections with confluent diagonals. Such results are justified by higher global in-plane 

rotations at these sections. Therefore, taking into account the values computed for the fatigue damage 

factor, further fatigue analysis must be performed in the foreseen second stage of calculations. 

Similarly, regarding the vertical-posts associated with the superior nodes, 45 nodal connections, D.4, 

were identified and investigated (Figure 6.22). 

 

a) general section 

 

b) at the columns 

Figure 6.22 – D.4, Fatigue Damage Factor (𝜇𝐹𝐷𝐹): vertical-posts (superior nodes) 

 

In contrast with the verified for D.3, concerning the vertical-posts at the superior nodes, smaller values 

for the fatigue damage factor were obtained for those in which confluent diagonals exist. Naturally, at 
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such nodal connections, both the in-plane and out-of-plane local rotational stiffness are higher due to 

the presence of the diagonals and gusset plates. On the other hand, the received internal forces from the 

cross-girders, which supports the structural subsystem associated with the ballastless railway track, are 

similar regardless of the existence or not of confluent diagonals. Thus, considering the differences in the 

rotational stiffness, the out-of-plane bending moments induced locally by the cross-girders originate 

different levels of stress in the vertical-posts. Also, as for D.3, higher global in-plane rotations were 

verified close to the columns, leading to higher stresses. The structural details for which a value for 𝜇𝐹𝐷𝐹 

superior to the limit (1.00) was obtained must be analysed in Phase II, Standard Evaluation. 

Concerning the diagonals, 92 nodal connections, D.5, were found and analysed (Figure 6.23). 

 

a) general section 

 

b) at the columns 

Figure 6.23 – D.5, Fatigue Damage Factor (𝜇𝐹𝐷𝐹): diagonals 
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In Figure 6.23, the values achieved for 𝜇𝐹𝐷𝐹, as a function of the position of the details along the length 

of the bridge, are shown. Analysing the results presented, the discrepancies between the values obtained 

for the same nodal connection are explained by the different inclination of the associated structural 

elements, a typical geometry of an inverted Warren truss. For the distributed loadings associated with 

LM71, as it is statically understandable, there are diagonals mainly submitted to tension and others to 

compression. On the other hand, for the concentrated loads of LM71 and for the distributed loadings 

with variable position associated with SW/0, both the inclination of the diagonals and the position of the 

loads may influence the tensile or compressive nature of axial stresses. Such a structural performance, 

combined with the reduction of 60% defined in EN1993-9 (CEN, 2010c) for the compressive extreme 

values of the computed stress ranges, explains the difference in the results obtained for the fatigue 

damage factor for the same nodal connection. Also, it should be noted that the nominal stresses 

calculated in the diagonals are mainly dependent on the acting axial forces, as expected. Considering 

the results achieved, the structural details for which a value for 𝜇𝐹𝐷𝐹 superior to the limit (1.00) was 

obtained must be further investigated in the planned second stage of calculations. 

Taking into account the results achieved, it should be stressed that the analysis of the structural 

performance is essential to identify the details to investigate, but also to define the computation of the 

nominal stresses as a function of the acting loading. The calculation approach to implement must be 

defined depending on the predominant acting forces and considering the variation of stress along the 

length of the investigated structural member. In elements subject predominantly to bending, the 

gradients of moments strongly influence the assessment of nominal stresses. For a given connection, a 

relevant variation in the installed forces may be found between rivets and lines of rivets. In the context 

of fatigue analysis based on S-N curves and nominal stresses, as a first approach, the calculation of 

stresses may be performed for the internal points of the detail at which greater values for ∆𝜎 are found, 

aiming to perform a conservative assessment of the related fatigue safety. In this regard, the mesh density 

of the numerical model is critical to accurately compute the internal forces in each investigated structural 

member. The number of adopted finite elements should be adequately defined to capture the 

corresponding local response. Considering a theoretical example of a simply supported beam submitted 

to a UDL, an insufficient mesh density may lead to an inadequate representation of the bending moment 

diagram, which must be approximated by the finite element solution to the analytical solution defined 

by a 2nd degree equation. Instead, a non-conservative linear variation between the results associated with 

each finite element may be obtained, which may be more worrying when dealing with very localised 

responses. However, an excessive mesh density may be incompatible with the global model used to 

carry out certain analyses, such as those underlying the fatigue investigation based on nominal stresses, 

in particular for complex large bridges. A model with an overly dense mesh may require performing 

time-consuming calculations or even make the structural assessment of all details impossible due to 
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computational limitations. Therefore, a compromise between conservatism of the analyses and 

efficiency should be achieved. In this regard, considering the multiphase philosophy of the proposed 

integrated methodology for fatigue life prediction, if required, a relevant refinement of the finite element 

mesh density may be adopted in Phase II or Phase III, in which a smaller number of structural elements 

should be simultaneously investigated. 

For the riveted details associated with the cross-girders, a ponderation concerning the required approach 

to compute the nominal stresses was performed and considered critical. In this regard, preliminary static 

analyses to assess the typical bending moment diagrams about the local axis (yy and zz, see Table 6.2), 

under the loadings of LM71 and SW/0, were performed. Depending on the mesh density, the capability 

of the global model to accurately reproduce the local behaviour of interest was investigated. 

Consequently, taking into account the variation of stresses along the riveted length, a local mesh size 

was defined, proving to allow conservatively balancing the accurate assessment of the bending moment 

diagrams and an efficient evaluation of the related nominal stresses. Concerning such details, 47 

connections, D.6, were identified and properly analysed (Figure 6.24). 

 

Figure 6.24 – D.6, Fatigue Damage Factor (𝜇𝐹𝐷𝐹): cross-girders (flanges) 

 

Considering the assumptions of the fatigue analysis, the cross-girders were proven to be susceptible to 

fatigue damage. In general, the values of 𝜇𝐹𝐷𝐹 along the length of the bridge present a similar trend to 

the global in-plane deformation of the structure (yy-direction, see Figure 6.6), which may be directly 

associated with the local out-of-plane bending moments of the cross-girders (zz-axis, see Table 6.2). At 

the columns, the geometrical properties of the vertical-posts are strengthened (see Table 6.1), modifying 

the bending moment of the cross-girder mainly about the weak axis (zz-axis, see Table 6.2) due to a 
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higher rotational constraint at the joints. In addition, at these sections, the cross-sectional bracing (see 

Table 6.6) influences the local response to the internal forces transmitted from the subsystem related to 

the ballastless track. The local out-of-plane bending of the vertical-post is restrained, increasing the local 

rotational stiffness of the nodal connection between the cross-girder and the vertical-post. As 

consequence, the diagram of the bending moment about the local yy-axis (see Table 6.2) is significantly 

modified. While in the general configuration of the cross-sectional bracing, a bending response of the 

cross-girder comparable to a typical simply supported beam is obtained, showing only a residual 

restriction to rotation at the joints, over the columns such constraint significantly increases, leading to 

an inversion of the signal of the moment near the riveted length. Furthermore, the maximum values for 

𝜇𝐹𝐷𝐹 were obtained for the cross-girders at x=6.50 m and x=274.50 m, due to a relevant local response 

influenced by the non-restriction of the longitudinal stringers at the extremes of the bridge, giving origin 

to an important local out-of-plane bending moment (zz-axis, see Table 6.2). For the structural elements 

at x=0 m and x=281 m, the local geometrical differences associated with the extremes of the bridge and 

the smaller 𝐿Φ explain the results obtained. Considering the values achieved of 𝜇𝐹𝐷𝐹, all the structural 

details related to the flanges of the cross-girders must be analysed in Phase II, Standard Evaluation. 

Similarly, regarding the connection of the web of the cross-girder to the vertical-post, 47 connection, 

D.7, were found and investigated (Figure 6.25).  

 

Figure 6.25 – D.7, Fatigue Damage Factor (𝜇𝐹𝐷𝐹): cross-girders (webs) 

 

As outlined in Figure 6.12, the connection of the web of the cross-girder to the vertical-post, materialised 

by two L-shaped sections, was identified for fatigue analysis. As demonstrated, the values achieved for 

the fatigue damage factor allow concluding that such type of connection is not a fatigue-prone detail, 

considering that the values calculated for 𝜇𝐹𝐷𝐹  are inferior to the limit (1.00). In addition, it should be 
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highlighted that small variations for the fatigue damage factor were found along the length of the bridge, 

which is consistent with both the constant geometry of these connections and the similar values of 

internal forces transmitted from the subsystem associated with the ballastless railway track. 

Furthermore, it should be noted that the smallest values for 𝜇𝐹𝐷𝐹 were obtained for the cross-girders at 

the extreme sections (x=0 m and x=281 m), influenced by the mentioned geometrical differences and 

by the area of influence, which leads to reduced values of the transmitted internal forces. Also, it should 

be noted that those cross-girders have the lowest values of 𝐿Φ and 𝐿𝑖, but the susceptibility to dynamic 

effects and fatigue issues loses relevance due to the smaller acting loadings. Therefore, taking into 

account the results achieved, no further analyses on fatigue phenomena are requested. 

The results presented allow classifying the principal connections of the Várzeas Bridge concerning the 

proneness to fatigue damage. Depending on the values computed for the fatigue damage factor, future 

actions are advised (Table 6.17). 

Table 6.17 – Phase I: principal connections (results summary) 

Detail id. Structural element 
𝜇𝐹𝐷𝐹  

(max. value) 
Classification Further action 

D.1 Inferior flange 1.366 Fatigue-prone Phase II – Standard Evaluation 

D.2 Superior flange 0.707 Fatigue-safe Standard inspections 

D.3 Vertical-post (inf. nodes) 1.001 Fatigue-prone Phase II – Standard Evaluation 

D.4 Vertical-post (sup. nodes) 1.383 Fatigue-prone Phase II – Standard Evaluation 

D.5 Diagonal 2.163 Fatigue-prone Phase II – Standard Evaluation 

D.6 Cross-girder 2.396 Fatigue-prone Phase II – Standard Evaluation 

D.7 Cross-girder (web) 0.732 Fatigue-safe Standard inspections 

 

In Table 6.17, the maximum values obtained for 𝜇𝐹𝐷𝐹  in Phase I, for each type of geometry identified as 

principal connection, are presented and assumed as reference. Also, as a function of such results, a 

fatigue classification is proposed, as well as general guidelines concerning advisable future actions for 

the fatigue-safe details. Regarding the fatigue-prone ones, further calculations should be mandatorily 

performed in Phase II, Standard Evaluation, in order to evaluate the respective structural integrity. 

 

6.3.3. FATIGUE ANALYSIS RESULTS: SECONDARY CONNECTIONS 

As depicted in Figure 6.14, six types of details, associated with the structural performance of the existing 

bracings, which failure should not have severe consequences for the structural system, were identified. 

The results of Phase I for such connections are presented and the corresponding relation with the values 

obtained for the principal details is analysed. Also, the consistency with the expected structural 
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performance is investigated. As previously noted, due to the structural symmetry about the plane 0xz 

defined in Figure 6.6, only the results for the connections of one side are shown. Furthermore, respecting 

the recommendations of EN1991-2 (CEN, 2017), it should be noted that the presented maximum values 

for the fatigue damage factor are those calculated considering the maximum stress range between the 

values associated with the load models LM71 and SW/0, respectively, ∆𝜎71 and ∆𝜎𝑆𝑊0. 

Concerning the inferior bracing, 177 riveted details (88 with the geometry identified as D.8 and 89 

related to D.9) were analysed (Figure 6.26 and Figure 6.27). 

 

Figure 6.26 – D.8, Fatigue Damage Factor (𝜇𝐹𝐷𝐹): inferior bracing (1) 

 

Figure 6.27 – D.9, Fatigue Damage Factor (𝜇𝐹𝐷𝐹): inferior bracing (2) 

 

In Figure 6.26 and Figure 6.27, the results achieved for 𝜇𝐹𝐷𝐹, as a function of the position of the details 

along the length of the bridge, are presented. As noted after analysing the respective influence lines, the 
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structural behaviour is highly influenced by the response of the inferior flanges of the inverted Warren 

trusses. Taking into account the values calculated for the fatigue damage factor, no further analyses 

regarding fatigue phenomena are required. 

Likewise, for the superior flange, 184 connections, D.10, were identified and investigated (Figure 6.28). 

 

Figure 6.28 – D.10, Fatigue Damage Factor (𝜇𝐹𝐷𝐹): superior bracing 

 

Concerning the superior bracing, the structural behaviour has proven to be influenced by both the 

superior flanges of the inverted Warren trusses and the cross-girders. As shown in Figure 6.28, for the 

details close to the supports of the deck, higher results for the fatigue damage factor were obtained. The 

global deformation of the structure importantly influences the response of the superior bracing, in 

particular at the lengths in which higher gradients of curvature related to the global in-plane bending 

moments of the inverted Warren trusses (yy-direction, see Figure 6.6) were verified. Also, as shown in 

Figure 6.17 d), the influence lines associated with such structural elements reveal a decisive localised 

behaviour related to the response of the closest cross-girders. Analysing Figure 6.24 and Figure 6.28, 

the trend associated with the values for the fatigue damage factor obtained for the cross-girders is in 

agreement with the corresponding results achieved for the superior bracing. More specifically, the 

influence of the global deformation of the structural system may be noted on the highest values for 𝜇𝐹𝐷𝐹 

close to the supports, also affected by the local out-of-plane deformation of the cross-girders. Such 

response is particularly relevant in the connections with maximum results for the fatigue damage factor, 

located at x=3.25 m and x=277.25 m, such as the highest results for the cross-girders. As previously 

noted, the non-restriction of the longitudinal stringers at the extreme sections of the bridge leads to a 

local response that is translated by an increase in local out-of-plane bending moments induced in the 
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cross-girders (zz-axis, see Table 6.2), giving origin to local in-plane bending moments in the superior 

bracing by compatibility. Considering the results achieved, the structural elements for which a value for 

𝜇𝐹𝐷𝐹 superior to the limit (1.00) was obtained must be analysed in Phase II, Standard Evaluation. 

Regarding the nosing bracing, 277 riveted details (184 with a geometry identified as D.11 and 93 

characterised as D.12) were found and analysed (Figure 6.29 and Figure 6.30). 

 

Figure 6.29 – D.11, Fatigue Damage Factor (𝜇𝐹𝐷𝐹): nosing bracing (1) 

 

Figure 6.30 – D.12, Fatigue Damage Factor (𝜇𝐹𝐷𝐹): nosing bracing (2) 

 

Naturally, the structural response of the nosing bracing is dependent on the longitudinal stringers and 

cross-girders, which support the former. In this regard, the response of the diagonals of the nosing 

bracing, associated with D.11, is importantly affected by the compatibility with the global deformation 
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of the longitudinal stringers, influenced by the global structural behaviour of the bridge. Such a response 

leads to greater results for the fatigue damage factor close to the mid-spans. However, it should be noted 

that in general each riveted detail D.11 is mainly influenced by the loading acting at the closer girder 

panels, which explains the conservative values adopted for 𝐿𝑖 and 𝐿Φ, approximately twice of the girder 

panels lengths. Concerning D.12, the deformation related to the cross-girders induces local bending 

moments about the local axes yy and zz (see Table 6.5), which greatly influences the 𝜇𝐹𝐷𝐹. On the other 

hand, for the transversal elements at the middle of the space between cross-girders, without the effect of 

such local bending moments, lower results for the fatigue damage factor were found. Also for D.12, 

smaller values for 𝜇𝐹𝐷𝐹 were obtained at the columns, which is explained by the distinct local behaviour 

due to the cross-sectional configuration and strengthened vertical-post. As outlined in Figure 6.30, for 

all the details associated with the nosing bracing, the values computed for the fatigue damage factor are 

lower than the limit (1.00). No further analyses concerning fatigue phenomena are necessary. 

Taking into account the structural symmetry and concerning the cross-sectional bracing, for each of the 

45 sections between x=6.50 m and x=274.50 m, 2 details D.13 were investigated and the maximum 𝜇𝐹𝐷𝐹 

assumed as a reference. Also, at the columns, the cross-sectional bracing has a different configuration 

and one additional detail was analysed. It should be noted that despite the distinct geometry of the 

mentioned riveted connections, a clustered analysis was performed considering the similar structural 

function of the related members. Therefore, 49 details identified as D.13 were considered (Figure 6.31). 

 

Figure 6.31 – D.13, Fatigue Damage Factor (𝜇𝐹𝐷𝐹): cross-sectional bracing 

 

For the details associated with the cross-sectional bracing, a distinct local response and higher values 

for the fatigue damage factor were obtained over the columns. As previously noted, at such locations, 

the structural configuration of the cross-sectional bracing is modified, affecting considerably the local 
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response of the vertical-posts. Naturally, associated with such a structural performance, the stress ranges 

calculated for the members at those sections were higher. Concerning the remaining details, similar 

values were found along the length of the bridge with differences between the sections with confluent 

diagonals at superior and inferior nodes. As shown in Figure 6.31, all the values achieved for 𝜇𝐹𝐷𝐹 are 

lower than the limit (1.00). No further analyses on fatigue phenomena are required. 

As for the principal details, the results presented allow classifying the secondary connections of the 

Várzeas Bridge regarding the proneness to fatigue damage. Depending on the values computed for the 

fatigue damage factor, future actions are advised (Table 6.18). 

Table 6.18 – Phase I: secondary connections (results summary) 

Detail id. Structural element 
𝜇𝐹𝐷𝐹         

(max. value) 
Classification Further action 

D.8 Inferior bracing (1) 0.639 Fatigue-safe Standard inspections 

D.9 Inferior bracing (2) 0.515 Fatigue-safe Standard inspections 

D.10 Superior bracing 1.628 Fatigue-prone Phase II – Standard Evaluation 

D.11 Nosing bracing (1) 0.229 Fatigue-safe Standard inspections 

D.12 Nosing bracing (2) 0.411 Fatigue-safe Standard inspections 

D.13 Cross-sectional bracing 0.425 Fatigue-safe Standard inspections 

 

In Table 6.18, the maximum values calculated for 𝜇𝐹𝐷𝐹 in Phase I, for each type of geometry identified 

as secondary riveted detail, are presented and assumed as reference. In addition, a classification 

concerning such results is performed and general guidelines concerning advisable future actions are 

suggested. Taking into account the results achieved, the superior bracing must be investigated in Phase 

II, Standard Evaluation, in order to evaluate the respective safety. 

 

6.4. CONCLUDING REMARKS 

In the present chapter, considering that the investigation of the Várzeas Bridge does not require 

performing mandatory dynamic analyses according to EN1991-2 (CEN, 2017), the first stage of the 

fatigue assessment was carried out as defined in Chapter 5. Based on properly amplified quasi-static 

analyses, in accordance with the applicable Eurocodes (EN1991-2 (CEN, 2017), EN1993-1-9 (CEN, 

2010c) and EN1993-2 (CEN, 2006)), the λ-coefficient method was implemented. As it is understandable 

after describing the assumed assumptions and taking into account the results obtained, the accuracy of 

the calculation method underlying Phase I is strongly dependent on: i) the characteristics of the structural 

members associated with the investigated details, namely on the corresponding determinant lengths and 

associated amplification factors, respectively, 𝐿Φ and ; ii) the load models and inherent conservatism 
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of the respective loading configurations in comparison with the railway trains; and iii) the 

reasonableness of the traffic scenarios proposed in EN1993-2 (CEN, 2006), related to the definition of 

the damage equivalence factors, 𝜆, concerning the real traffic circulating on the bridge. 

The calculation methods foreseen in the Eurocodes for the investigation of fatigue issues were developed 

to address standardised problems, considering certain types of bridges, in general with simple structural 

configurations. For complex bridges that may have local subsystems with an important influence on the 

dynamic behaviour and fatigue damage, several standard procedures may require additional analyses to 

define the necessary quantities, e.g. 𝐿Φ, , 𝐿𝑖 and 𝜆. In EN1991-2 (CEN, 2017), reference values for 

determinant lengths related to certain types of structural elements are suggested. However, these 

proposals do not consider a wide variety of structural configurations and the additional assessment of 

𝐿Φ for the members associated with each detail was required, involving laborious engineering tasks. 

Depending on such values, the adoption of 2 or 3 may have a relevant linear influence on the 

amplified values of ∆𝜎71 or ∆𝜎𝑠𝑤/0, as demonstrated in Table 6.16. In the current work, 3 was admitted 

to cover uncertainties related to the investigation of the existing bridge. Concerning the applicable load 

models, the foreseen LM71 and SW/0 were originally calibrated to provide an envelope of the loadings 

associated with the circulating traffic. Nonetheless, in the equivalent damage method, the values of the 

nominal stress range to be considered in the fatigue calculation are highly dependent on 𝜆1, defined with 

a basis on the critical length of the influence line, 𝐿𝑖. Thus, the coherence and conservatism of this 

method is significantly influenced by the accurate assessment of such values. As for the definition of 

𝐿Φ, for complex structures which may have relevant local subsystems with an important influence on 

the dynamic behaviour, the values proposed for 𝐿𝑖 in EN1993-2 (CEN, 2006) may not be representative 

for a relevant number of structural elements. In these cases, for each type of detail, 𝐿𝑖 may be defined 

individually or for representative structural elements, conservatively. Also, the suitability and 

reasonableness of the proposed values for 𝜆1 must be carefully evaluated concerning the type of the real 

traffic. Regarding the configuration of the suggested load models, the application of the distributed 

loading, 𝑄𝑣𝑘, part of the LM71, depends on the influence line of each detail in order to assess the 

favourable or unfavourable effects of such a loading, which significantly affects the calculation of the 

nominal stress ranges, ∆𝜎71. Overall, for continuous long bridges with complex structural systems, the 

implementation of the λ-coefficient method may be dependent on engineering time-consuming tasks, 

which may reduce the advantages associated with the usually expeditious implementation of this method 

of fatigue safety verification.  

Despite the number of geometries identified for the Várzeas Bridge case study, in terms of global 

analysis based on nominal stresses, no distinction was possible to consider between details. As it is 

understandable, performing experimental tests in representative specimens to defined applicable S-N 
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curves is unfeasible and the consideration of lower bounds may be an excessively conservative 

assumption. In addition, the influence of the number of rivets and lines of rivets in the mechanism of 

loading transference must be stressed. According to the investigation performed by Teixeira (2015), the 

internal forces are non-proportionally distributed by the line of rivets, which should lead to beneficial 

effects in terms of fatigue damage, influencing the local stresses at hot-spots. The concept of nominal 

stress may not be capable of reproducing the complexity of such a local response. These issues related 

to fatigue resistance highlight the importance of developing a robust integrated methodology for fatigue 

life prediction as the one proposed, considering advanced numerical tools applicable to a wide range of 

geometries, in order to explore accurately the safety margins of the fatigue-prone details. 

As described in Chapter 5 and as exemplified by analysing the Várzeas Bridge case study, the applied 

methodology allowed obtaining a classification regarding the susceptibility of a given detail to fatigue 

issues, classifying as fatigue-prone the connections with a fatigue damage factor, 𝜇𝐹𝐷𝐹, higher than the 

limit (1.00). When 𝜇𝐹𝐷𝐹 is below the defined safety limit value, it can be said that due to the low acting 

stress ranges, such a connection is not going to be affected by relevant fatigue phenomena and may be 

considered as safe if the in situ visual inspections allow verifying that no local damage process has 

occurred and the conditions of conservation are similar to those existing in the early ages of the structure 

(Kühn et al., 2008). Also, after the performed analysis, it should be guaranteed that no relevant 

secondary effects influence the local responses of the investigated details, in order to ensure the 

conservatism of the implemented fatigue method. When this conclusion is not clear for a given 

connection, an engineering-based decision is expected and the implementation of advanced fatigue 

approaches may be required (Phase III). Despite the considered service life of 100 years, it must be 

stressed that the λ-coefficient method does not allow obtaining a result associated with the remaining 

fatigue life and such a conclusion cannot be drawn from the values computed for 𝜇𝐹𝐷𝐹. In general, for 

the Várzeas Bridge case study, considering the main objective of Phase I, the results obtained allowed 

classifying 504 connections as fatigue-prone after analysing 2286 riveted details (252/1143 assuming 

the symmetry of the structural system). Taking into account the values given by 2 for the applicable 

amplification factor, 418 out of 2286 details would be classified as susceptible to fatigue (209/1143). 

For both cases, the conclusions of Phase I are similar. 

According to the principles of the proposed integrated methodology, only the details that revealed 

proneness to fatigue issues should be mandatorily analysed in Phase II. Nonetheless, taking into account 

the academic characteristics of the current work and aiming to analyse the consistency between 

sequential stages of fatigue investigation, all the connections along the length of the bridge associated 

with a certain type of detail classified as fatigue-prone for at least one location, as shown in Table 6.17 

and Table 6.18, are analysed in Phase II. 
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7 
7. PHASE II, STANDARD EVALUATION: 

THE VÁRZEAS BRIDGE CASE STUDY 

 

 

7.1. INTRODUCTION 

As demonstrated in Chapter 2, for Civil Engineering structures and in particular for railway bridges, the 

development of normative methods for fatigue assessment has been following the research regarding 

the nature of the phenomenon, as well as the growing requirements concerning structural safety due to 

the increasingly demanding and frequent railway loadings.  

The λ-coefficient method implemented in Phase I is a simplified approach for fatigue analysis, 

developed and calibrated to obtain an envelope of results for structures not susceptible to relevant 

resonant responses. In such cases and when the circulating traffic is adequately represented by the load 

models LM71 and SW/0, the level of conservatism associated with this method may be excessive for a 

given structural system, leading to the need for further fatigue analyses that must consider refinements 

of the calculation premises and additional and updated information. As proposed in Chapter 5, in Phase 

II, it is foreseen to carry out analyses based on real or normative traffic scenarios, with the fatigue 

damage computed for each nominal stress range evaluated and the corresponding summation obtained 

by implementing the damage accumulation. The combination of global approaches based on S-N curves 

for nominal stresses with laws such as the Miner rule is a method widely used in the design of Civil 

Engineering structures, allowing to calculate for each detail an ultimate fatigue life related to a certain 

railway loading. Despite the limitations of this approach, already exposed in the present work, the 

analyses suggested in Phase II enable computing the already consumed fatigue life and the remaining 

one. Thus, unlike the fatigue damage factor calculated in Phase I, the accumulated damage is directly 

related to the fatigue phenomenon, an admissible traffic scenario and a certain fatigue life. 

For new structures, as described in the previous Chapter 6 and in accordance with subsection 6.4.6.5 of 

EN1991-2 (CEN, 2017), even when dynamic analyses are required, the λ-coefficient method must also 

be implemented and the most adverse fatigue loading shall be used in the design. However, this 
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specification may be too restrictive for existing bridges, since the scope of such a standard does not 

cover the investigation of this type of structure. Despite the aforementioned requirements, it should be 

stressed that the proposed methodology aims to integrate calculation methods suggested in the 

applicable standards and the most advanced knowledge of the state-of-the-art to analyse existing bridges. 

Therefore, it is inherently admitted that due to the mandatory consideration of detailed information 

concerning the bridge and respective structural system, the equivalent constant amplitude stress range 

method may be assumed as optional and essentially to benchmark results. Consequently, in general, the 

results of the dynamic analyses and associated damage accumulation must prevail as the main 

parameters concerning fatigue phenomena, if the numerical models are properly calibrated and 

optimised and the information gathered about the bridge is sufficiently detailed to ensure that the 

calculation process allows obtaining numerical results representative of the real structural behaviour. 

On the other hand, when dynamic analyses are not mandatory, the calculations suggested in Phase I and 

Phase II must be performed sequentially as described in Chapter 5, analysing in the second stage of the 

fatigue assessment the details classified as fatigue-prone in Phase I. Also in such cases, when Phase II 

is initiated and only quasi-static calculations are required, the corresponding results should be considered 

as preponderant concerning those obtained after applying the λ-coefficient method. The eventual 

implementation of dynamic calculations may be assumed as a further refinement of the analysis 

assumptions, prevailing in relation to the quasi-static ones if properly framed with reliable information 

about the case study. 

In addition to the relevance for the definition of the calculation sequence, the need to carry out 

mandatory dynamic analyses also influences the process of gathering information about the investigated 

structure, in particular the planning of the experimental tests to be performed in situ, as well as the 

subtasks associated with conceiving numerical models. In this regard, it should be stressed that when 

Phase I and Phase II are not sequentially performed due to the requirement of dynamic analyses, all the 

subtasks associated with acquiring data and building numerical models foreseen in Phase I must precede 

the second stage of fatigue analysis. A similar detail to the cases in which the phases of the integrated 

methodology are sequentially implemented must be achieved. 

Taking into account that the investigation of the Várzeas Bridge does not require performing mandatory 

dynamic analyses due to the characteristics of the structural system and velocity of the circulating traffic, 

as described in Chapter 6, assuming as a reference the results achieved in Phase I, as well as the 

respective analysis assumptions, the calculation approaches associated with Phase II were implemented. 

The values of damage obtained must be assumed as the basis of a classification of the details concerning 

the fatigue life, which is set to be critically considered for planning future fatigue analyses and 

scheduling inspection. 
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7.2. SUBPHASE II.1 - ANALYSIS AND UPDATING OF AVAILABLE INFORMATION 

As a first approach to Phase II, as depicted in Figure 5.5, three interdependent subtasks should be carried 

out: i) analysis of the information and results from Phase I; ii) plan and perform experimental tests; and 

iii) improvement, calibration and optimisation of the numerical modelling. Naturally, the subtasks 

associated with Phase II should be based on the information previously gathered. Also, the results 

obtained after performing the required structural analyses in Phase I should assume a critical influence 

on the definition of the second stage of the fatigue assessment.  

In general, the initial subtasks related to the Initial Assessment were focused on gathering all the 

essential information concerning geometrical and material characteristics, in order to characterise the 

global model. In Phase II, additional data should be evaluated as the basis of the modelling 

improvements foreseen. Therefore, in situ experimental tests were planned and performed to implement 

optimisation methodologies, aiming to improve the accuracy of the conceived global model. In this 

regard, it should be noted that eventual validation tasks, based on results acquired under the loading 

associated with a given moving train, were not found as critical in this stage and their implementation 

should be considered to validate further refinements of the global model (see Chapter 8). 

 

7.2.1. AMBIENT VIBRATION TESTS 

The accuracy of fatigue investigations largely depends on the capability of the numerical modelling to 

represent the global and local behaviour of the real structure, including the responses of the existing 

structural members and associated details. In order to ensure this accuracy and reliability, the conceived 

numerical model must be validated and optimised through the comparison between numerical and 

experimental results evaluated after in situ testing. 

Ambient Vibration Tests (AVT) are widely recognised and implemented as part of methods to evaluate 

the dynamic properties of Civil Engineering structures (Magalhães et al., 2012). With the aim of 

investigating the dynamic response under ambient excitation and depending on the configuration of the 

structural systems, global and local AVT may be planned and performed. 

Concerning the Várzeas Bridge, two different tests were carried out: i) a global AVT, focused on 

evaluating the modal dynamic properties associated with the global behaviour of the structural system, 

mainly related to the truss chords, diagonals, vertical-posts and cross-girders; and ii) a local AVT, 

conceived to characterise the local response of the identified structural subsystem, associated with the 

ballastless railway track, including the longitudinal stringers. Such in situ experimental tests were 

performed as completely independent tasks and were planned to investigate different ranges of 

frequencies and respective modal shapes.  
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7.2.1.1. Global ambient vibration test 

A global AVT was performed on the Várzeas Bridge, covering the full length of the structure by 

monitoring a total of 58 points in 3 directions: i) vertical, zz; ii) transversal, yy; and iii) longitudinal, xx. 

Due to the limited number of available sensors, 9 different setups were performed. The results of such 

test configurations were related to each other using 3 reference points (RP), 2 monitoring exclusively 

the vertical direction and 1 monitoring the vertical and transversal directions simultaneously. 55 mobile 

points (MP) were considered.  

 

a) elevation of the Várzeas Bridge (m) 

 

b) partial view of the general cross-section (m) c) partial view of the superior bracing (x=140.5-152.5 m) (m) 

Figure 7.1 – Global AVT: monitoring directions and measurement points  

 

In Figure 7.1, the monitoring directions and measurement points, located on the superior flange of the 

inverted Warren trusses, are identified. The accelerometers used to evaluate the transversal direction 

were placed only on one side, as the compatibility of displacements between both Warren trusses was 

verified in such a direction due to the high axial stiffness of the cross-girders (Figure 7.1 b) and c)). 

Regarding the sensors, 16 piezoelectric accelerometers (PCB 393A03) with a high sensitivity of 10 V/g 

were used to record accelerations in the range of ±0.5 g and in the frequency interval between 0.15 Hz 

and 1000 Hz. Data acquisition was performed using a National Instruments cDAQ-9188 system with 

NI9234 IEPE input modules. The time series were acquired over 10-minute periods, considering a 

sampling frequency of 2048 Hz subsequently decimated to 256 Hz. Due to the length of the Várzeas 
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Bridge, coaxial cables up to 150 m were used to connect the accelerometers to the data acquisition 

hardware, placed at the central point of the structure (Figure 7.2). 

  

a) cDAQ system b) reference accelerometers, yy and zz-direction 

  

c) mobile accelerometers, zz-direction d) mobile accelerometers, xx-direction 

Figure 7.2 – Global AVT: sensors and data acquisition system 

 

The data acquired during the 9 setups were processed using the EFDD algorithm available in Artemis 

software (SVS, 2009). 18 vibration modes with different configurations were clearly identified, namely, 

transversal (yy-direction), pure bending (zz-direction) and torsion vibration modes. The frequency, 

mode shape and damping coefficient experimentally evaluated are progressively compared with the 

corresponding numerical results in the next subsections. 

 

7.2.1.2. Local ambient vibration test 

Focused on the investigation of the identified structural subsystem, a local AVT was performed, 

covering 30 m in length by monitoring a total of 42 points in the vertical direction, zz. The restrictions 

in terms of available sensors led to the implementation of 5 different setups, related to each other using 

5 reference points (RP). 37 mobile points (MP) were considered. 
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a) elevation of the Várzeas Bridge (m) 

 

b) partial view of the general cross-section (m) c) partial view of the nosing bracing (x=56.5-68.5 m) (m) 

Figure 7.3 – Local AVT: monitoring directions and measurement points 

 

In Figure 7.3, the measurement points, placed on the web of the longitudinal stringers, are identified. 21 

monitoring points spaced of 1.5 m were located on both longitudinal stringers to capture the vertical and 

torsion vibration modes. Also, a reference accelerometer placed on the superior flange of one Warren 

truss was considered in order to distinguish the local vibration modes from the global ones. 

Concerning the sensors and data acquisition hardware, the same equipment used in the global AVT was 

employed. Also, coaxial cables up to 20 m were used to connect the piezoelectric accelerometers to the 

data acquisition system, placed at the central point of the 30 m covered by the AVT (Figure 7.4).  

  

a) accelerometers, zz-direction b) cDAQ system and reference acc., zz-direction 

Figure 7.4 – Local AVT: sensors and data acquisition system 
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In the same way, as for the global AVT, the experimental values acquired during the 5 local setups were 

processed using the EFDD algorithm available in Artemis software (SVS, 2009). 10 vertical vibration 

modes with different shapes were clearly identified. The frequency, mode shape and damping coefficient 

evaluated after in situ testing are progressively compared with the respective numerical results in the 

following subsections. 

 

7.2.2. MODAL IDENTIFICATION 

Since it was proposed in 1982 by Allemang and Brown, the Modal Assurance Criterion (𝑀𝐴𝐶) has been 

widely considered to compare numerical and experimental modal shapes: 

 𝑀𝐴𝐶𝑖𝑗 =
(𝜙𝑖

𝑇 . 𝜙𝑗)
2

(𝜙𝑖
𝑇 . 𝜙𝑖)(𝜙𝑗

𝑇 . 𝜙𝑗)
 (7.1) 

In equation (7.1), 𝜙𝑗 is the numerical vector of the 𝑗𝑡ℎ vibration mode, considering only the degrees of 

freedom evaluated experimentally, and 𝜙𝑖 is the experimental vector related to the 𝑖𝑡ℎ modal shape. 

Naturally, the 𝑀𝐴𝐶 coefficient is a quotient between zero and one, corresponding the null value to the 

non-conformity between vibration modes and the unitary value to the complete agreement between 

them. Notwithstanding this criterion allows performing the pairing between two vectors independently 

of their normalisation, erroneous results may be obtained since the energy of the numerical modal shapes 

is not taken into account. 

In order to overcome such limitations, Brehm et al. (2010) proposed the Energy Modal Assurance 

Criterion (𝐸𝑀𝐴𝐶), which considers the strain energy of each numerical mode shape multiplied by the 

𝑀𝐴𝐶 coefficient. This method uses physical information of the stiffness matrix and its calculation 

involves rearranging the modal vectors and dividing the stiffness matrix into submatrices that relate 

different defined clusters. 

The normalisation of the numerical vectors in relation to the mass matrix allows establishing basic 

physical relations between the modal properties, namely, mass, stiffness, frequency and mode shape: 

 𝜙𝑗
𝑇 .𝑀. 𝜙𝑗 = 1 (7.2) 

 𝜙𝑗
𝑇 . 𝐾. 𝜙𝑗 = 𝑤𝑗

2 (7.3) 

where, 𝜙𝑗 is the numerical vector of mode 𝑗, 𝑀 and 𝐾 the mass and stiffness matrices, respectively, and 

𝑤𝑗
2 is the square value of the 𝑗𝑡ℎ modal frequency, equal to the modal stiffness. According to the 

configuration of the experimental modal shapes, 𝜙𝑗 may be re-written after divided into 𝑛 groups of 

degrees of freedom (clusters), e.g. all vertical 𝐷𝑂𝐹𝑠 of interest. 
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 𝜙𝑗
𝑇 = [𝜙𝑗1

𝑇 𝜙𝑗2
𝑇      … 𝜙𝑗𝑛

𝑇 ]
𝑇
 (7.4) 

In equation (7.4), 𝜙𝑗𝑛 is the vector containing the numerical information of the 𝑗𝑡ℎ vibration mode 

associated with the degrees of freedom of the cluster 𝑛. Also, the total stiffness matrix may be divided 

into clustered stiffness matrices that relate forces and displacements in the 𝐷𝑂𝐹𝑠 of different clusters: 

 𝐾 = [

𝐾11 𝐾21  𝐾1𝑛
𝐾12 𝐾22  𝐾2𝑛
⋮ ⋮ ⋱ ⋮

𝐾𝑛1 𝐾𝑛2  𝐾𝑛𝑛

] (7.5) 

where, 𝐾 is the global stiffness matrix and 𝐾21, for example, the stiffness submatrix which relates the 

displacements in the 𝐷𝑂𝐹𝑠 of cluster 1 and forces in the 𝐷𝑂𝐹𝑠 of cluster 2. Considering the 

aforementioned basis of the criterion, the Modal Strain Energy for the mode 𝑗 and cluster 𝑘, 𝑀𝑆𝐸𝑗𝑘, is 

given by the following relation: 

 𝑀𝑆𝐸𝑗𝑘 =
1

2
∑𝜙𝑗𝑘

𝑇 . 𝐾𝑘𝑙 . 𝜙𝑗𝑙

𝑛

𝑙=1

 (7.6) 

In equation (7.6), 𝜙𝑗𝑘 is the vector containing the numerical information of the 𝑗𝑡ℎ vibration mode, 

associated with the degrees of freedom of the cluster 𝑘, 𝐾𝑘𝑙 the submatrix that relates the 𝐷𝑂𝐹𝑠 of clusters 

𝑘 and 𝑙, and 𝜙𝑗𝑙 is the vector containing the numerical information of the 𝑗𝑡ℎ vibration mode associated 

with the degrees of freedom of the cluster 𝑙. Depending on the defined clusters, the total modal strain 

energy of the mode 𝑗, 𝑀𝑆𝐸𝑗, may be obtained according to: 

 𝑀𝑆𝐸𝑗 =
1

2
∑∑𝜙𝑗𝑘

𝑇 . 𝐾𝑘𝑙 . 𝜙𝑗𝑙

𝑛

𝑙=1

= 
1

2
. 𝜙𝑗

𝑇 . 𝐾. 𝜙𝑗 =
1

2
𝑤𝑗

2

𝑛

𝑘=1

 (7.7) 

Also, the relative strain energy, ∏𝑗𝑘, is the quotient between the energy mobilised by the vibration mode 

𝑗, considering only the degrees of freedom of the cluster 𝑘, and the total modal energy. Taking into 

account equations (7.6) and (7.7), such a relation may be calculated as follows: 

 ∏𝑗𝑘 =
𝑀𝑆𝐸𝑗𝑘

𝑀𝑆𝐸𝑗
=
∑ 𝜙𝑗𝑘

𝑇 . 𝐾𝑘𝑙 . 𝜙𝑗𝑙
𝑛
𝑙=1

𝑤𝑗
2  (7.8) 

For a certain experimental modal shape 𝑖, the implementation of the Modal Assurance Criterion may 

identify multiple viable possibilities of numerical pairing. However, only those with relevant high 

relative strain energy should be considered. The multiplication of the 𝑀𝐴𝐶 coefficients by the relative 

strain energies related to the different numerical modes, calculated for a given predefined cluster 𝑘, 

allows eliminating the incorrect pairing between numerical and experimental modal shapes. For the 

numerical vibration mode 𝑗, the 𝐸𝑀𝐴𝐶 coefficient is given by: 

 𝐸𝑀𝐴𝐶𝑖𝑗𝑘 = ∏𝑗𝑘𝑀𝐴𝐶𝑖𝑗 (7.9) 
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Naturally, for the experimental mode 𝑖, the pairing with the correct numerical mode is established for 

the highest 𝐸𝑀𝐴𝐶 coefficient. Considering the concepts presented, it can be said that the Energy Modal 

Assurance Criterion combines the mathematical capabilities of the Modal Assurance Criterion with 

important numerical information, which may be a valuable feature for the modal identification mainly 

related to local modes of complex structures. 

For large bridges with relevant structural subsystems, such as the Várzeas Bridge, it is worth noting that 

the 𝑛 groups of the degrees of freedom that should compose the clusters may be particularly focused on 

parts of the global stiffness matrix relevant to the investigated dynamic behaviour. Typically, a 

reasonable approach for the definition of the clusters should be based on the 𝐷𝑂𝐹𝑠 of the finite elements 

used to model the structural members corresponding to those experimentally evaluated, i.e. the points 

where the sensors were placed. 

 

7.2.2.1. Várzeas Bridge: experimental vs. numerical global vibration modes 

The improvement of the modal pairing using the criterion based on strain energy is strongly influenced 

by the accurate definition of the 𝐷𝑂𝐹𝑠 of interest that compose the clusters. For each experimental mode, 

depending on the characteristics of the respective modal shape, related groups of degrees of freedom 

should be established. Therefore, the critical procedure to define the mentioned groups of 𝐷𝑂𝐹𝑠 must be 

based mainly on the nature of the experimental vibration modes, corresponding modal shapes and on 

the understanding of the characteristics of the structural typology under analysis. 

As mentioned in subsection 6.2.1, a reference global model (Model A) was conceived and an alternative 

to investigate higher frequencies was also built, adopting a different mass distribution in the structural 

elements not relevant for the local structural subsystem (Model A*), in order to reduce spurious modes. 

However, according to preliminary analyses, due to the replacement of the distributed self-weight for 

nodal masses, the latter modelling cannot capture the torsional global modes. Therefore, different ranges 

of application were defined for the two numerical models, with Model A adopted for global analyses. 

As shown in Figure 7.1, the global AVT was conceived to capture all relevant transversal, vertical and 

torsion vibration modal shapes. Consequently, considering the degrees of freedom that compose the 

beam finite elements used to numerically represent the superior flanges of the inverted Warren trusses 

(where the accelerometers were placed), 4 different clusters were defined: i) cluster 1, considering the 

vertical 𝐷𝑂𝐹𝑠 (zz-direction, see Figure 7.1); ii) cluster 2, including the transversal 𝐷𝑂𝐹𝑠 (yy-direction, 

see Figure 7.1); iii) cluster 3, considering the remaining longitudinal 𝐷𝑂𝐹𝑠 associated with the 

displacements on xx-direction (see Figure 7.1); and iv) cluster 4, taking into account the 𝐷𝑂𝐹𝑠 related 

to the existing rotations (x, y, z), excluded from the former clusters, fully composed of displacements. 
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As previously described in subsection 7.2.1.1, 18 vibration modes with different configurations were 

experimentally identified. Using the Energy Modal Assurance Criterion, the pairing with the 

corresponding numerical modes was achieved (Table 7.1). 

Table 7.1 – Global modes: experimental vs. numerical vibration modes 

# fexp (Hz) Damping () (%) fnum (Hz) 𝑀𝐴𝐶 ∆𝑒𝑓̅̅ ̅̅ ̅(%) 𝑀𝐴𝐶̅̅ ̅̅ ̅̅  Mode type 

1 2.129 1.453 2.153 0.996   transversal 

2 2.360 1.297 2.410 0.990   transversal 

3 2.694 1.206 2.796 0.984   transversal 

4 3.070 1.050 3.026 0.958   transversal 

5 3.810 0.780 3.755 0.999   vertical 

6 4.281 0.730 4.262 0.996   vertical 

7 4.665 0.500 4.813 0.953   torsion 

8 4.836 0.466 4.821 0.961   vertical 

9 5.067 0.456 5.205 0.933 
3.570 0.947 

torsion 

10 5.227 0.460 5.504 0.941 torsion 

11 5.733 0.435 6.104 0.975   torsion 

12 5.852 0.462 6.206 0.894   torsion 

13 6.952 0.547 7.400 0.860   transversal 

14 7.620 0.346 8.449 0.917   torsion 

15 8.400 0.647 9.375 0.946   torsion 

16 9.856 0.299 9.996 0.971   vertical 

17 10.15 0.289 10.297 0.912   vertical 

18 10.33 0.279 10.553 0.862   vertical 

 

In Table 7.1, the results of the modal identification are presented. All 18 vibration modes evaluated after 

the global AVT were also identified numerically. A good agreement between the experimental and 

numerical values was achieved, more specifically, an average error in terms of frequency, ∆𝑒𝑓̅̅ ̅̅ ̅, of 3.795% 

and an average 𝑀𝐴𝐶 coefficient, 𝑀𝐴𝐶̅̅ ̅̅ ̅̅ , equal to 0.947 were obtained. Regarding the characteristics of 

the modal shapes, the first 4 global modes identified are naturally influenced by transversal modal 

displacements (yy-direction, see Figure 7.1), which clearly indicate that the bridge is globally more 

flexible in this direction. For the global mode 5, the modal shape obtained may be classified as the first 

harmonic of the vertical vibration modes expected for a continuous structure. Also, after the global mode 

7, several torsion modal shapes were identified. The trussed typology of the global structural system 

may be pointed out to explain this number of such modes.  

Concerning the numerical model and taking into account the low level of ambient excitation, it should 

be noted that the rotations around the global yy-direction (in-plane deformation) were not allowed at the 
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bearing supports between the deck and the columns. The external excitation was not considered to be 

high enough to mobilised forces higher than the friction at these bearing devices. 

 

7.2.2.2. Várzeas Bridge: experimental vs. numerical local vibration modes 

Concerning the modal properties associated with the local structural subsystem, Model A*, conceived 

to investigated higher frequencies without the influence of spurious modes, was considered. The local 

AVT was planned to assess relevant vibration modes associated with the dynamic behaviour of the 

identified structural subsystem, namely, vertical and torsion modal shapes. Therefore, 2 clusters were 

defined: i) cluster 1, considering the vertical 𝐷𝑂𝐹𝑠 (zz-direction, see Figure 7.3) which compose the 

beam finite elements used to represent numerically the longitudinal stringers in the length 

experimentally evaluated (where the accelerometers were placed); and ii) cluster 2, taking into account 

the remaining 5 𝐷𝑂𝐹𝑠 (xx, yy-directions and x, y, z-rotations) excluded from cluster 1 and the 6 𝐷𝑂𝐹𝑠 

(xx, yy, zz-direction and x, y, z-rotations) of the beam finite elements that model the longitudinal 

stringers in the length not considered in the local AVT. Naturally, the defined clusters had as main 

objective to increase the accuracy of the modal identification of the numerical modes with relevant 

relative strain energy concerning the vertical direction (zz) in the investigated length of 30 m.  

As mentioned in subsection 7.2.1.2, 10 vibration modes with different shapes were experimentally 

identified. Implementing the Energy Modal Assurance Criterion, the pairing with the respective 

numerical modes was successfully achieved (Table 7.2). 

Table 7.2 – Local modes: experimental vs. numerical vibration modes 

# fexp (Hz) Damping () (%) fnum (Hz) 𝑀𝐴𝐶 ∆𝑒𝑓̅̅ ̅̅ ̅(%) 𝑀𝐴𝐶̅̅ ̅̅ ̅̅  Mode type 

1 15.810 1.293 15.333 0.985   vertical 

2 16.170 0.924 16.129 0.975   vertical 

3 20.460 0.632 20.733 0.974   vertical 

4 21.360 1.201 21.750 0.968   vertical 

5 25.100 0.860 25.419 0.974 
2.476 0.925 

vertical 

6 27.600 0.461 29.166 0.886 vertical 

7 28.200 0.549 28.964 0.853   vertical 

8 30.280 0.369 30.336 0.904   vertical 

9 34.630 0.638 36.791 0.926   torsion 

10 38.220 0.386 39.386 0.807   torsion 

 

In Table 7.2, the results of the modal identification are detailed. The 10 vibration modes evaluated after 

the local AVT were identified numerically. A good agreement between the experimental and numerical 
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values was achieved, more specifically, an average error in terms of frequency, ∆𝑒𝑓̅̅ ̅̅ ̅, of 2.476% and an 

average 𝑀𝐴𝐶 coefficient, 𝑀𝐴𝐶̅̅ ̅̅ ̅̅ , equal to 0.925 were computed. Concerning the modal shapes, in the 

local modes 1 and 2, modal displacements not negligible were found in the superior and inferior flanges 

of the inverted Warren trusses. Such a range of frequencies may be defined as the transition between 

global and local vibration modes. Also, between 20.460 Hz and 30.280 Hz, 6 vertical vibration modes 

of the investigated local structural subsystem were found. Furthermore, despite no accelerometers were 

placed to evaluate the transversal direction (yy), 2 torsion modes were identified through the respective 

vertical displacements (zz-direction) after 30.280 Hz. 

 

7.2.3. OPTIMISATION OF THE GLOBAL MODEL 

Numerical models conceived with a basis on the finite element method are a tool widely used in the 

analysis of Civil Engineering structures. Conceiving such a type of modelling requires detailed 

information, which may not be completely available, leading to assumptions and simplifications. In 

some cases, relevant uncertainties may be assumed, directly influencing the numerical dynamic 

characteristics and structural performance, which may not be representative of real responses of the 

structure. Among the mentioned inaccuracies in the available data, it should be highlighted the 

uncertainties associated with: i) the geometrical characteristics, mostly related to the definition of the 

geometry of cross-sections and nodal connections; and ii) the material properties, generally associated 

with structural members, elements of the track (e.g. ballast and sleepers), supports and foundation soil. 

Also, concerning the assessment of a representative numerical dynamic response, relevant uncertainties 

may be found concerning the definition of the acting loadings. Thus, the accuracy of the numerical 

model largely depends on direct or indirect processes of calibration and optimisation, grounded on 

experimental information evaluated after ambient vibration tests (Frýba and Pirner, 2001; Marefat et al., 

2004), considering a known loading (Cunha et al., 2003; Jaishi and Ren, 2005; Ribeiro et al., 2009) or 

combining both (Schlune et al., 2009; Wang et al., 2011). 

The optimisation of numerical models is a procedure based on the updating of initial values defined for 

certain parameters about which relevant uncertainties are found, in order to minimise the differences 

between numerical and experimental results (Ribeiro, 2012). The adjustment of uncertain properties 

may be performed manually based on engineering guesses or automatically, considering mathematical 

algorithms that allow an efficient adjustment. In this regard, the growing complexity of structural 

systems and associated issues to be investigated require the development of accurate and complex 

numerical models, whose optimisation is hardly achieved with a basis on the sensitivity of the engineer, 

taking into account the significant existing uncertainties. Therefore, the implementation of optimisation 

methodologies grounded on automatic procedures should be preferentially considered. 
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Two methodologies for optimisation of numerical models with a basis on modal parameters may be 

implemented: i) the direct approach, consisting of a single modification of terms of the mass and 

stiffness matrices directly related to the dynamic behaviour; and ii) the indirect or iterative 

methodologies, based on the modification of certain geometrical and material parameters associated 

with uncertainties that affect the dynamic responses, in order to minimise an objective function that 

expresses the errors between numerical and experimental outcomes. Concerning the former, when 

applicable, a perfect numerical replication of the experimental values can be achieved. However, this 

approach may originate sparse and poorly conditioned mass and stiffness matrices without physical 

meaning and errors on the links between finite elements. On the other hand, for iterative methodologies, 

the performed updating is easily controlled, as a corresponding physical meaning may be established. 

Concerning the iterative approach, the methodologies based on optimisation algorithms are in general 

more robust, flexible and applicable to problems in which important uncertainties associated with the 

objective function and respective local minimum results are taken into account. Applications of such 

methodologies to optimise numerical models of railway bridges are mentioned by Chellini and Salvatore 

(2007), Cantieni et al. (2008a, 2008b), Liu et al. (2008) and Brehm (2011).  

 

7.2.3.1. Definition of the optimisation problem 

Assuming as a reference the implementation of indirect methodologies, with the aim of obtaining 

accurate numerical values for the modal properties of structures based on the iterative minimisation of 

differences between numerical and experimental results, a sequence of steps must be defined, in which 

a set of analyses and decision-making tasks are mandatory (Figure 7.5). 

 

Figure 7.5 – Framework of an optimisation problem of a numerical model 
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As depicted in Figure 7.5, in general terms, the information of three main inputs should be considered 

in the optimisation workflow: i) problem parametrisation, consisting of the definition of geometrical and 

material characteristics which values are uncertain; ii) experimental data, evaluated after experimental 

tests performed in situ, composed of the reference values to be compared with the respective numerical 

outcomes; and iii) objective function, which quantify the difference between experimental and 

numerical results after the modal identification. 

Concerning the Várzeas Bridge case study, in subsection 6.2.1.1, the geometrical and material 

characteristics were detailed. The uncertainties associated with such parameters were defined, as well 

as the respective uniform intervals of variation. Also, the performed global and local AVT were 

described and the identified modal properties were presented, respectively, in subsections 7.2.1 and 

7.2.2. Regarding the objective function, two distinct errors related to frequencies and modal shapes 

should be considered according to: 

 𝑓𝑜𝑏𝑗(𝑓𝑒𝑥𝑝
𝑖 , 𝑓𝑛𝑢𝑚

𝑖 , 𝑀𝐴𝐶𝑖) = ∑[𝑎𝑏𝑠 (
𝑓𝑛𝑢𝑚
𝑖 − 𝑓𝑒𝑥𝑝

𝑖

𝑓𝑒𝑥𝑝
𝑖

) + (1 − 𝑀𝐴𝐶𝑖)]

𝑛

𝑖=1

 (7.10) 

In equation (7.10), 𝑓𝑒𝑥𝑝
𝑖  is the experimental frequency of the 𝑖𝑡ℎ vibration mode, 𝑓𝑛𝑢𝑚

𝑖  the corresponding 

numerical value and 𝑀𝐴𝐶𝑖 is the coefficient computed taking into account the experimental and 

numerical modal shapes of mode 𝑖. Considering as variables the numerical results affected by 

geometrical and material properties, both associated with uncertainties, the value of the objective 

function decisively influences the development of the optimisation process. 

 

a) Optimisation workflow 

Once defined the inputs, a computational workflow should be designed to minimise the differences 

between the numerical and the real structural behaviour. Also, as part of the flowchart, an optimisation 

algorithm should be considered in order to achieve the optimal solution for the defined problem, i.e. the 

values for the geometrical and material characteristics associated with uncertainties that allow 

minimising the objective function. 

Inspired by the natural concepts of evolutionary biology, such as Darwin's theory of species, the genetic 

algorithms are a robust optimisation method capable of solving complex problems. Such an approach 

uses a direct analogy with the natural selection applied to structural issues, in which the individuals are 

generated sets of geometrical and material parameters associated with uncertainties. Each individual is 

a possible solution for the problem by influencing the dynamic response of the finite element model. 

After obtaining the numerical results corresponding to the experimental data, the most adapted 

individuals of the population, under the imposed conditions represented by the objective function, are 
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identified and crossed between them. Regarding structural issues, the crossing of adapted individuals, 

those which allow obtaining the minimum results for the objective function, consists of controlled 

variations of the uncertain parameters according to the respective probabilistic distributions. The 

population of individuals is successively renewed by new generations of descending individuals until 

the optimal solution is found. 

Considering the described structural complexity of the Várzeas Bridge, a computational workflow 

capable of performing multiple efficient calculations was designed based on the work of Ribeiro (2012). 

Three commercial software programmes were used to define such a flowchart, namely, ANSYS (2018), 

MATLAB (2019) and OptiSlang (2019). In general, the interaction between them allows performing an 

iterative process to minimise the differences between experimental and numerical results (Figure 7.6). 

 

Figure 7.6 – Optimisation workflow, interaction between ANSYS, MATLAB and OptiSlang 
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method, depending on the uniform probabilistic distributions defined, initial sets of parameters 

(individuals) are generated, ∑𝜃𝑘,𝑚 (Optislang). In general terms, in a certain iteration 𝑘 and for a given 

individual 𝑙, the numerical model is updated by the inputted geometrical and material characteristics, 

𝜃𝑘,𝑙 (ANSYS). The respective stiffness and mass matrices are exported and the modal problem is solved, 

performing the modal identification by applying the 𝐸𝑀𝐴𝐶 (MATLAB). In Optislang, considering 𝑓𝑛𝑢𝑚
𝑖 , 

𝑓𝑒𝑥𝑝
𝑖  and 𝑀𝐴𝐶𝑖, the value of the objective function related to 𝜃𝑘,𝑙 is calculated. Naturally, such steps are 

repeated for each 𝑚𝑡ℎ individual of the generation (∑𝜃𝑘,𝑚), identifying those with lower values for 𝑓𝑜𝑏𝑗 

(most adapted). Then, if 𝑘 ≤ 1, the genetic algorithm is implemented, producing a new generation by 

crossing the most adapted individuals. Otherwise, if 𝑘 > 1, the convergence criterion is verified. If the 

convergence with the previous iteration is not satisfied, the genetic algorithm is applied, generating a 

new population. On the other hand, if there are no relevant differences between the most adapted 

individuals, the criterion is positively checked and the optimal solution is found (𝜃𝑘−1,𝑚 = 𝜃𝑘,𝑚), i.e. the 

values of the geometrical and material properties that best approximate Model A to the real structure. 

Generally, the definition of the framework of the optimisation problem, including the necessary 

workflow, is a sufficient requirement to perform the updating process of the numerical modelling if 

there are no relevant structural subsystems. 

 

7.2.3.2. Local and global optimisation of the Várzeas Bridge 

Typically, the calculations associated with the optimisation are performed taking into account a unique 

iterative process, in which one single numerical model and a set of experimentally evaluated vibration 

modes, generally with global characteristics, are considered. However, when bridges have relevant local 

structural subsystems, such configurations must be carefully investigated and accounted for in the 

optimisation process, as the modal contributions of the associated local vibration modes may be relevant 

to the response of several structural elements of interest. Nevertheless, difficulties in computational 

terms may be found, as the frequencies of these vibration modes may be considerably higher than those 

associated with the global ones. The different ranges of frequencies to investigate should hinder the use 

of a single modal analysis to evaluate both global and local vibration modes. In addition, the number of 

non-relevant modal shapes (spurious modes) with frequencies between those related to global and local 

modes should not allow an efficient and stable optimisation process due to the high computational costs. 

In this regard, the number of such spurious modes in trussed structures, with an important quantity of 

line elements, may be considerably relevant. 

Due to the trussed characteristics and subsystem associated with the ballastless railway track that 

compose it, the Várzeas Bridge is an example of a structure in which the described difficulties strongly 
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hinder the optimisation process. Therefore, in order to overcome such analysis problems, a two-phase 

iterative optimisation methodology is suggested (Figure 7.7). 

 

Figure 7.7 – Two-phase iterative optimisation methodology 
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implemented, 𝑗=1. In this respect, it is worth noting that if a given parameter was considered in the local 

optimisation but influences the global structural behaviour as well, it should also be taken into account 

as a variable in the global optimisation. After, iv) the solution for the global optimisation process is 

achieved. If the uncertain parameters which influence the local and global structural behaviour are 

completely independent, the combination of both results may be considered as the optimal solution. On 

the other hand, if parameters influencing simultaneously the local and global structural responses are 

found, the respective value obtained after both optimisation calculations should be compared and a 

convergence test should be performed. Afterwards, v) if no convergence is found, new local and global 

optimisation processes should be carried out, considering the results previously obtained until a 

convergent solution is achieved, 𝑗=𝑗+1. In such cases, the inferior and superior values adopted for the 

uncertain parameters that influences both local and global structural responses may be progressively 

shortened, respecting the initially assumed intervals. Finally, vi) a convergent solution is found, which 

approximates the numerical behaviour to the real one as much as possible and leads to a minimised 

value for the sum of the objective functions (local and global). 

In general, for structures with more than one relevant structural subsystem, the proposed methodology 

may be adapted to perform the necessary local optimisation calculations followed by the global ones. 

Also, different numerical models may be considered in the two-phase iterative optimisation 

methodology, if each modelling is representative of local or global structural responses. Differences in 

terms of mesh density, types of finite elements or modelling approaches concerning the level of detail 

or mass distribution may be adopted. 

 

a) Local optimisation results 

Naturally, the modal properties of the local subsystem are influenced by the uncertainties related to the 

structural elements that compose it, but also by all parameters that may influence its connection to the 

remaining structure. After sensitivity analyses, several properties were found to influence the 10 

vibration modes evaluated in the local AVT (subsection 7.2.2.2). Therefore, the following variables 

were considered in the local optimisation process: i) geometrical properties of the vertical-post, part of 

the superior nodal connections without confluent diagonals, 𝑚𝑓_𝐴_31 and 𝑚𝑓_𝐼𝑧_31; ii) geometrical 

properties of the vertical-post, part of the superior nodal connections with confluent diagonals, 𝑚𝑓_𝐴_32 

and  𝑚𝑓_𝐼𝑧_32; iii) yy-inertia of the cross-girder  at the connection with the vertical-posts, 𝑚𝑓_𝐼𝑦_5 (see 

Table 6.1); and iv) material properties of the wooden sleepers, 𝜌𝑤𝑠 and 𝐸𝑤𝑠. 

In this regard, it was proven that the density of the wooden sleepers, 𝜌𝑤𝑠, has a relevant influence on 

both the local and global vibration modes. Therefore, the proposed two-phase methodology was 
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implemented. After two iterations, an optimal and convergent solution was found for the parameters that 

influence the local structural subsystem (Table 7.3). 

Table 7.3 – Local optimisation: optimal geometrical and material parameters 

Linear element # Inferior value Optimal value Superior value 

Superior vertical-post (node 
without confluent diagonals) 

mf_A_31 1 2.320 6 

mf_Iz_31 1 1.098 10 

     

Superior vertical-post (node 
with confluent diagonals) 

mf_A_32 1 3.520 6 

mf_Iz_32 1 1.185 10 

     

Cross-girder mf_Iy_5 1 1.084 1.610 

     

Wooden sleepers 
𝜌𝑤𝑠 (kg/m3) 530 688.112 890 

𝐸𝑤𝑠 (GPa) 7.3 8.289 15 

 

Regarding the local optimisation, the modified version of the global model (Model A*) was considered. 

Using MATLAB and taking into account the mass and stiffness matrices, modal analyses considering 

400 vibration modes centred at 30 Hz allowed identifying numerical modes between 14.839 Hz and 

39.670 Hz (frequency band values for the optimal solution). For the sake of a better understanding of 

the importance of using Model A*, if Model A was considered to investigate the dynamic behaviour of 

the local structural subsystem, it would be necessary 1394 vibration modes to investigate an equivalent 

frequency band (14.839 Hz and 39.670 Hz). Considering a personal computer (3.40GHz Intel(R) 

Core(TM) i7-6700CPU processor and 16GB RAM memory), for each modal analysis, such a number 

of vibration modes would increase in 7.41 times the calculation time (1549.70 seconds vs. 209.20 

seconds, values for Model A vs. Model A*, respectively). 

It should be highlighted that the consideration of MATLAB to perform modal analyses allows using the 

capabilities of this software to efficiently process results and implement the 𝐸𝑀𝐴𝐶. However, increasing 

the required number of modes, several tests performed proved that the use of MATLAB to solve the 

modal problem loses efficiency. Alternatively, for a high number of modes such as 1394, the calculation 

tools available in ANSYS may be considered, exporting after the modal results obtained to implement 

modal pairing strategies using MATLAB. Regarding the present case, applying this latter strategy, a 

calculation time of 660.40 seconds would be required, which means 3.16 times longer than combining 

Model A* and MATLAB to solve the modal problem.  

Taking into account that 415 modal analyses were required on average in the two local optimisations 

performed, Model A would lead to a computational time of 7 days and 11 hours for each iteration 𝑗, 
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contrasting with the 24 hours required considering the modified version, Model A*. If ANSYS was used 

to solve the modal problem, 3 days and 4 hours would be required. In this respect, it should be 

highlighted that the number of necessary modal analyses to conclude a certain optimisation process may 

be significantly higher if a superior number of uncertain parameters is considered, which underlines the 

importance of the proposed optimisation methodology due to the possibility of using different numerical 

models, respecting the structural conditions. 

The presented calculation times proves that the adopted calculation strategy was the most efficient. Also, 

even taking into account that uncertain parameters influencing both the local and global optimisations 

were considered, the proposed methodology showed to be able to produce results in an admissible 

calculation time compatible with the pace of Civil Engineering structural analysis tasks. Furthermore, 

in general, if existing local structural subsystems have local modes with higher frequencies, the 

characteristics of the suggested methodology are critical to allow accurate local and global optimisation 

processes. Once the optimal solution was achieved, the results of the modal identification were 

compared with the corresponding initial ones (Table 7.4 and Figure 7.8). 

Table 7.4 – Experimental and numerical local vibration modes: before vs. after optimisation 

# 
Reference Before optimisation After optimisation Mode 

type fexp (Hz) fnum (Hz) 𝑀𝐴𝐶 ∆𝑒𝑓̅̅ ̅̅ ̅(%) 𝑀𝐴𝐶̅̅ ̅̅ ̅̅  fnum (Hz) 𝑀𝐴𝐶 ∆𝑒𝑓̅̅ ̅̅ ̅(%) 𝑀𝐴𝐶̅̅ ̅̅ ̅̅ 

1 15.810 15.333 0.985    15.149 0.984    vertical 

2 16.170 16.129 0.975    16.023 0.973    vertical 

3 20.460 20.733 0.974    20.464 0.973    vertical 

4 21.360 21.750 0.968    21.474 0.968    vertical 

5 25.100 25.419 0.974 
2.476 0.925 

24.946 0.975 
1.507 0.948 

vertical 

6 27.600 29.166 0.886 28.481 0.896 vertical 

7 28.200 28.964 0.853    28.252 0.900    vertical 

8 30.280 30.336 0.904    29.584 0.903    vertical 

9 34.630 36.791 0.926    35.296 0.975    torsion 

10 38.220 39.386 0.807     37.801 0.934     torsion 

 

 

a) local mode 1 (vertical, zz-direction) b) local mode 3 (vertical, zz-direction) 

fexp=15.810Hz

fnum=15.149Hz

MAC=0.984 fexp=20.460Hz

fnum=20.464Hz

MAC=0.973

fexp=25.100Hz

fnum=24.946Hz

MAC=0.975 fexp=27.600Hz

fnum=28.481Hz

MAC=0.896

fexp=30.280Hz

fnum=29.584Hz

MAC=0.903

fexp=34.630Hz

fnum=35.296Hz

MAC=0.975
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c) local mode 5 (vertical, zz-direction) d) local mode 6 (vertical, zz-direction) 

 

e) local mode 8 (vertical, zz-direction) f) local mode 9 (torsion, zz-direction) 

Figure 7.8 – Local modes: experimental vs. numerical vibration modes 

 

In Table 7.4 and Figure 7.8, the results of the modal pairing before and after optimisation are presented. 

A reduction in the average error in terms of frequency, ∆𝑒𝑓̅̅ ̅̅ ̅, to 1.507% and an increase in the average 

𝑀𝐴𝐶 coefficient, 𝑀𝐴𝐶̅̅ ̅̅ ̅̅ , to 0.948 were achieved. Also, the value of the objective function was minimised 

from 0.996 to 0.670. In general terms, it can be said that after the optimisation, the numerical modelling 

of the identified subsystem is a more accurate numerical representation of the real structural behaviour. 

 

b) Global optimisation results 

In a certain iteration 𝑗, after performing the local optimisation, with exception of 𝜌𝑤𝑠, the optimal 

geometrical and material parameters were considered as constant. Concerning the global optimisation, 

the sensitivity analyses showed that several model properties of the main structural elements influence 

the 18 vibration modes evaluated in the global AVT (subsection 7.2.2.1). Thus, the following variables 

were taken into account in the global optimisation process: i) geometrical properties of the inferior and 

superior flanges at the nodal connections, 𝑚𝑓_𝐴_1 and 𝑚𝑓_𝐼𝑦_1; ii) geometrical properties of the 

diagonals at the nodal connections, 𝑚𝑓_𝐴_2 and 𝑚𝑓_𝐼𝑦_2; iii) yy-inertia of the vertical-post, part of the 

superior nodal connection without confluent diagonals, 𝑚𝑓_𝐼𝑦_31; iv) yy-inertia of the vertical-post, part 

of the superior nodal connection with confluent diagonals, 𝑚𝑓_𝐼𝑦_32; v) geometrical properties 
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considered to model the supports, 𝑚𝑓_𝐴_6 and 𝑚𝑓_𝐼𝑧_6; vi) properties of the soil, 𝑣𝑠; and vii) density of 

the wooden sleepers, 𝜌𝑤𝑠. Also, it should be stressed that several parameters previously associated with 

uncertainties revealed not to have a significant influence on the dynamic structural behaviour, namely, 

𝑚𝑓_𝐼𝑧_1, 𝑚𝑓_𝐼𝑧_2, 𝑚𝑓_𝐴_4, 𝑚𝑓_𝐼𝑦_4 and 𝑚𝑓_𝐼𝑧_4. Therefore, such parameters were not considered in 

the optimisation process and the initial values previously defined were definitely adopted. 

After implementing the optimisation workflow, as part of the two-phase methodology, an optimal 

solution for the parameters that influence the global modes was found in two iterations (Table 7.5). 

Table 7.5 – Global optimisation: optimal geometrical and material parameters 

Line element # Inferior value Optimal value Superior value 

Inferior and superior flanges 

mf_A_1 1 5.172 6 

mf_Iy_1 1 6.476 20 

mf_Iz_1 1 3 3.5 

     

Diagonals 

mf_A_2 1 3.619 7 

mf_Iy_2 1 2.889 20 

mf_Iz_2 1 3 5 

     

Superior vertical-post (node 
without confluent diagonals) 

mf_A_31 1 2.320 6 

mf_Iy_31 1 4.010 20 

mf_Iz_31 1 1.098 10 

     

Superior vertical-post (node 
with confluent diagonals) 

mf_A_32 1 3.520 6 

mf_Iy_32 1 7.185 20 

mf_Iz_32 1 1.185 10 

     

Inferior vertical-post (node 
with confluent diagonals and 

gusset) 

mf_A_4 1 3 6 

mf_Iy_4 1 15 20 

mf_Iz_4 1 1.5 10 

     

Cross-girder mf_Iy_5 1 1.084 1.610 

     

Supports 
mf_A_6 0.07 0.100 0.25 

mf_Iz_6 0.75 0.892 1.1 

     

Soil properties 𝑣𝑠 (m/s) 500 695.32 2000 

     

Wooden sleepers 
𝝆𝒘𝒔 (kg/m3) 530 688.112 890 

𝐸𝑤𝑠 (GPa) 7.3 8.289 15 
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In Table 7.5, all the parameters associated with uncertainties previously characterised are shown. To 

have a better perception, a colour scale was used to distinguish the values presented: i) in grey, the 

parameters which revealed not to have a relevant influence on the dynamic behaviour; ii) in light blue, 

the properties associated with the local structural subsystem; iii) in bold, the density of the wood sleepers 

which influences both the local and global vibration modes; and iv) in simple black, the updated 

geometrical and material parameters obtained after the global optimisation. 

As previously mentioned, concerning the investigation of the global modal properties and associated 

optimisation, Model A was adopted. Using MATLAB, modal analyses taken into account 170 vibration 

modes allowed identifying numerical modes until 13.440 Hz (value for the optimal solution). 

Considering a personal computer (3.40GHz Intel(R) Core(TM) i7-6700CPU processor and 16GB RAM 

memory), each modal analysis and respective modal pairing was concluded in 59.412 seconds. Also, 

taking into account that 340 sets of geometrical and material parameters (individuals) were analysed on 

average in the two global optimisations performed, 5 hours and 36 minutes were required for each 

iteration 𝑗. Thus, the implemented two-phase methodology allowed concluding the optimisation of the 

numerical model of the Várzeas Bridge in 2 days and 11 hours (global + local optimisation), a value 

lower than the best possible calculation scenario considering a single numerical model. In this regard, 

admitting that 415 individuals would be necessary to achieve an optimal solution, as in the local 

optimisation, a minimum calculation time of 3 days and 1 hour would be required to investigate a 

frequency band within 0 Hz and 39.670 Hz (value for the optimal solution). However, it should be 

highlighted that an optimisation problem considering 28 vibration modes, the sum of global and local 

modes, may increase the possibility of getting local minimum results, affecting the robustness of the 

solution. Also, as in previous works, e.g. Horas (2011) and Ribeiro (2012), optimisations considering 

such an amount of outcomes and inputs may require a considerably high number of individuals until a 

convergent solution is found. Once the optimal values were achieved, the results of the modal 

identification were compared with the corresponding initial ones (Table 7.6 and Figure 7.9).  

Table 7.6 – Experimental and numerical global vibration modes: before vs. after optimisation 

# 
Reference Before optimisation After optimisation Mode  

type fexp (Hz) fnum (Hz) 𝑀𝐴𝐶 ∆𝑒𝑓̅̅ ̅̅ ̅(%) 𝑀𝐴𝐶̅̅ ̅̅ ̅̅  fnum (Hz) 𝑀𝐴𝐶 ∆𝑒𝑓̅̅ ̅̅ ̅(%) 𝑀𝐴𝐶̅̅ ̅̅ ̅̅ 

1 2.129 2.153 0.996   2.111 0.995   transversal 

2 2.360 2.410 0.990   2.387 0.988   transversal 

3 2.694 2.796 0.984   2.762 0.982   transversal 

4 3.070 3.026 0.958   2.983 0.955   transversal 

5 3.810 3.755 0.999  
 

 
 

3.750 0.999  
 

 
 

vertical 

6 4.281 4.262 0.996 4.242 0.996 vertical 

7 4.665 4.813 0.953   4.777 0.965   torsion 
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Table 7.6 – Experimental and numerical global vibration modes: before vs. after optimisation (continued) 

# 
Reference Before optimisation After optimisation Mode    

type fexp (Hz) fnum (Hz) 𝑀𝐴𝐶 ∆𝑒𝑓̅̅ ̅̅ ̅ (%) 𝑀𝐴𝐶̅̅ ̅̅ ̅̅  fnum (Hz) 𝑀𝐴𝐶 ∆𝑒𝑓̅̅ ̅̅ ̅(%) 𝑀𝐴𝐶̅̅ ̅̅ ̅̅ 

8 4.836 4.821 0.961   4.795 0.961   vertical 

9 5.067 5.205 0.933 3.570 0.947 5.175 0.953 2.995 0.949 torsion 

10 5.227 5.504 0.941   5.476 0.950   torsion 

11 5.733 6.104 0.975   6.078 0.969   torsion 

12 5.852 6.206 0.894   6.166 0.951   torsion 

13 6.952 7.400 0.860   7.231 0.848   transversal 

14 7.620 8.449 0.917   8.406 0.914   torsion 

15 8.400 9.375 0.946   9.121 0.907   torsion 

16 9.856 9.996 0.971   9.873 0.969   vertical 

17 10.15 10.297 0.912   10.202 0.913   vertical 

18 10.33 10.553 0.862   10.502 0.858   vertical 

 

 

a) global mode 1 (transversal, yy-direction) b) global mode 2 (transversal, yy-direction) 

 

c) global mode 5 (vertical, zz-direction) d) global mode 6 (vertical, zz-direction) 

 

e) global mode 7 (torsion, zz and yy-direction) f) global mode 16 (vertical, zz-direction) 

Figure 7.9 – Global modes: experimental vs. numerical vibration modes 
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In Table 7.6 and Figure 7.9, the results of the modal pairing before and after optimisation are presented. 

A reduction of the average error in terms of frequency, ∆𝑒𝑓̅̅ ̅̅ ̅, to 2.995% and an average 𝑀𝐴𝐶 coefficient, 

𝑀𝐴𝐶̅̅ ̅̅ ̅̅ , equal to 0.949 were achieved. Also, the value of the objective function was minimised from 1.595 

to 1.467. After concluding the iterative process, taking into account the results for the local and global 

optimisations, the 28 vibration modes experimentally assessed and the corresponding numerical results, 

the following quantities were obtained: i) ∆𝑒𝑓̅̅ ̅̅ ̅ equal to 2.464%; ii) 𝑀𝐴𝐶̅̅ ̅̅ ̅̅  of 0.948; and iii) a minimum 

value for the objective function equal to 2.137. In general, it is worth noting that a low value was 

calculated for the average error in terms of frequency and a high result was achieved for the average 

𝑀𝐴𝐶 coefficient, which shows a good agreement between numerical and experimental modal shapes. 

After finishing the calculations associated with the optimisation process, a modal analysis was 

performed to evaluate whether all the experimental modal shapes would be accurately captured by the 

updated Model A (global and local modes). The results obtained allowed concluding that the vibration 

modes experimentally identified were paired with the corresponding numerical ones, with non-relevant 

differences concerning the values achieved using Model A* for the modal shapes and respective 

frequencies related to the local structural subsystem. Thus, it can be stated that the optimal solution 

reached is robust and representative of the real structural behaviour. Also, it can be concluded that the 

two-phase methodology was successfully implemented, fulfilling the inherent initial goals. 

 

7.2.4. CONCLUDING REMARKS: OPTIMISATION 

In general, a better approximation of the numerical results to the experimental data was achieved after 

the performed local and global optimisation calculations. Comparing the numerical values before and 

after implementing the iterative methodology, a more relevant improvement was achieved for the modal 

properties related to the identified structural subsystem associated with the ballastless railway track. Due 

to the trussed typology of the bridge, comprehensive structural analyses were carried out to define 

reasonable initial values for the geometrical and material parameters associated with uncertainties (as 

described in Chapter 6). Such a detailed work may explain the considerable accuracy of the first 

modelling approach. In this regard, comparing steel structures with concrete ones, the uncertainties 

associated with the geometry of concrete structural elements and those related to the dispersion of the 

respective material characteristics are significantly higher than the uncertainties found for steel members 

due to the higher control in fabrication, construction processes and inherent properties of the latter type 

of material. On the other hand, the necessary work to quantify the stiffness and mass of all nodal 

connections is onerous for steel bridges and specially for riveted ones. Also, the conclusions concerning 

the material uncertainties are inherently related to the characteristics of the modern steel grades that 
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compose the Várzeas Bridge. For older metallic materials, such as puddle or wrought irons, more 

relevant uncertainties related to the material should be found.  

Overall, it may be concluded that the local and global optimisations allowed calibrating and optimising 

the conceived Model A. Considering that the optimal values are between the limits initially established 

for the uncertain parameters, the robustness of the optimisation performed should be stressed. Also, the 

evolution of the related or alike parameters was controlled and analysed, proving to be consistent and 

compatible with the configuration of the real structure, e.g. the optimal characteristics for the 

geometrical properties of the vertical-post at the nodal connections with confluent diagonals are higher 

than those related to the nodal connections without confluent diagonals. Furthermore, for the supports, 

coherent values for 𝑚𝑓_𝐴_6 and 𝑚𝑓_𝐼𝑧_6 were obtained, which is particularly relevant since such 

parameters were considered as independent to account for additional uncertainties due to the lack of 

information concerning these structural elements, as previously mentioned. 

The proposed two-phase optimisation methodology showed to be accurate to optimise a global 

numerical model conceived for a complex structural system, such as the one which composes the 

Várzeas Bridges. Also, it was proved that for similar structural typologies, due to the number of spurious 

vibration modes, the optimisation considering simultaneously global and local modal data would be 

more time consuming and hardly achieved in an admissible calculation time. The advantages and 

relevance of using different numerical models to address different types of responses, respecting the real 

structural conditions, are of paramount importance and were well demonstrated. Therefore, considering 

the presented results and respective remarks, the implementation of the proposed two-phase 

methodology is suggested to perform accurate and efficient global and local optimisations of structures 

with relevant local subsystems. 

 

7.3. SUBPHASE II.2 - STANDARD FATIGUE EVALUATION 

The second stage of the proposed integrated methodology for fatigue life prediction foresees the 

possibility of performing quasi-static and dynamic analysis. Taking into account the diagram presented 

in subsection 6.4.4 of EN1991-2 (CEN, 2017), when quasi-static calculations are advised, the Standard 

Evaluation should be initiated considering the results of Phase I. In this case, a refinement of the analysis 

assumptions, available information and structural modelling, as well as the application of the linear 

damage accumulation method, should be considered. Underlying the implementation of the equivalent 

constant amplitude stress range method are the normative load models LM71 and SW/0, properly 

amplified to cover the dynamic effects out of resonance, as demonstrated. Depending on the structural 

configuration, the adoption of such typified loading configurations may lead to excessively conservative 
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results for a considerable number of details. Consequently, in Phase II, loadings with characteristics of 

railway trains are admitted as part of quasi-static or dynamic analyses, with the latter applicable as a 

refinement of the former. As previously noted, despite the normative specifications to consider the 

maximum fatigue loading between those admitted in Phase I and Phase II, as part of the philosophy on 

the basis of the proposed integrated methodology for fatigue life prediction of existing metallic railway 

bridges, it is suggested that the progressively refined calculations prevail over the results achieved in 

the previous ones, taking into account the validation of calculation strategies and numerical models 

using comprehensive information about the real structure. 

Considering the characteristics of the Várzeas Bridge case study, dynamic calculations are not 

mandatory and the fatigue analysis was initiated by implementing the λ-coefficient method in Phase I, 

as described in Chapter 6. After defining the fatigue-prone details, the second stage of fatigue 

calculations should be performed to evaluate the safety of the connections for which higher values for 

the fatigue damage factor, 𝜇𝐹𝐷𝐹, were obtained. In the present work, all structural members associated 

with a certain type of detail classified as fatigue-prone for at least one location are investigated for 

academic purposes. Quasi-static calculations were implemented considering the heavy and standard 

traffic scenarios suggested in EN1991-2 (CEN, 2017). Furthermore, refinements in the fatigue 

assessment were performed, including dynamic analyses as foreseen in Figure 5.5. The comparison 

based on fatigue results is carried out between the normative amplification factors and the real ones, 

with the latter computed after dynamic calculations. Also, the applicable normative specifications for 

dynamic and fatigue analyses are discussed. Finally, some drawbacks of the global approach based on 

nominal S-N curves, mostly related to the structural performance of riveted details, are investigated. In 

this regard, a representative riveted connection was defined and the corresponding mechanism of loading 

transference is analysed concerning the distribution of internal forces across the lines of rivets. On the 

reasonableness of considering the loading transference independently of the characteristics of the riveted 

length or assuming the correction of the net properties of the cross-section to have a first approach to 

the effect of the several lines of mechanical fasteners, as implemented in the calculations underlying 

global fatigue approaches based on nominal stresses, conclusions are drawn. 

According to the requirements defined in EN1991-2 (CEN, 2017), for structures as the Várzeas Bridge, 

the linear damage accumulation method based on quasi-static analysis properly amplified may be 

considered for fatigue calculations. Depending on the axle loads of the circulating trains, three traffic 

scenarios composed of normative fatigue trains are suggested. In addition, real trains may be used to 

evaluate eventual fatigue damage if such data can be obtained. As for the λ-coefficient method, the 

damage accumulation approach suggested in EN1993-1-9 (CEN, 2010c) is also based on nominal 

stresses, with fatigue strength defined using S-N curves, characterised by ∆𝜎𝑐, ∆𝜎𝐷, ∆𝜎𝐿 and 𝑚, for each 



Chapter 7: Phase II, Standard Evaluation: The Várzeas Bridge Case Study 
 

318 

stress range, ∆𝜎. The assumptions of the fatigue analysis related to Phase II, Standard Evaluation, are 

defined and justified below. Naturally, such premises are consistent with those established in Phase I. 

 

7.3.1. FATIGUE ANALYSIS ASSUMPTIONS 

After the Initial Assessment, mainly the principal connections revealed to be susceptible to the fatigue 

phenomena. Regarding the secondary ones, only the superior bracing was classified as fatigue-prone 

due to local deformations originated by compatibility with the responses of the superior flanges of the 

inverted Warren trusses and cross-girders, close to the supports. Both types of connections must be 

investigated according to the calculation methods foreseen in Phase II (see Figure 5.5). 

Concerning the analysis assumptions related to the structural performance and geometrical 

characteristics, the maintenance of the premises from Phase I was adopted for consistency. Such an 

option is critical to perform a direct comparison of the results obtained and evaluate the coherence 

between phases, which is relevant to the objectives of the proposed integrated methodology for fatigue 

life prediction. Therefore, in Phase II, the identification assigned to the classified fatigue-prone details 

is maintained (see Figure 6.12 and Figure 6.14). In addition, considering the characteristics of the linear 

damage accumulation method proposed in the applicable Eurocodes, the calculation of nominal stresses 

in Phase II was performed at the same points identified in Figure 6.13 and according to the same 

premises assumed in the Initial Assessment. 

The conclusions achieved after Phase I, derived from the analysis of the global and local responses of 

the structural elements, should be the basis of the current fatigue assessment stage, assuming the 

implementation of the linear damage accumulation method to obtain results more in accordance with 

the nature of the phenomenon in prone details. Logically, if due to the characteristics of the structure or 

engineering-based decisions, Phase I is not applied, the Standard Evaluation must consider all the 

structural connections of the bridge. Independently of the type of analysis to be performed, quasi-static 

or dynamic, EN1993-1-9 (CEN, 2010c) mainly suggests that the fatigue safety checking shall be carried 

out by calculating the damage using nominal stresses and S-N curves. Concerning the definition of the 

acting stresses and resistance values, the following coefficients should be considered: 

 𝛾𝐹𝑓, partial factor that should multiply the stress ranges of the calculated spectrum; 

 𝛾𝑀𝑓, partial factor applicable to divide the value of the stress range related to the detail 

category of the S-N curve (fatigue strength). 

Such parameters were already characterised for the Várzeas Bridge case study in the implementation of 

the calculations related to Phase I. The same values were adopted in the present stage of the structural 

assessment, assuming a philosophy of safe life for the fatigue verification.  
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Taking into account the characteristics of Phase II, the linear damage accumulation may be performed 

as shown in equation (3.28), considering all stress ranges of a given spectrum. Naturally, each train 

induces certain variable values of nominal stresses at the investigated details. As previously noted in 

Chapter 3, EN1991-2 (CEN, 2017) proposes three admissible traffic scenarios, characterised by an 

approximate volume of 25x106 t/year (Table 3.2 to Table 3.4). Assuming as a reference the definition 

of 𝜆1 and 𝜆2 in Phase I and considering the type of real trains circulating on the Várzeas Bridge, the 

heavy and standard mixes were adopted, both considering trains with axle loads of 25 tons. For the latter, 

the velocity of circulation was limited to 200 km/h, as higher velocities are not realistic for the 

investigated bridge. In this regard, taking into account the current age of the structure and the expected 

lower past railway traffic due to the historical context, these normative scenarios may be conservative 

and the assessment of the real one would allow obtaining predictions more in accordance with the real 

structural behaviour (Albuquerque, 2015; Marques, 2016). However, such a task is assumed as further 

development and only the normative traffic mixes are considered in the current work. 

The linear accumulation of the fatigue damage should be computed taking into account a service life of 

100 years, as considered in the definition of 𝜆3. Thus, the fatigue damage 𝐷100 inferior to 1.00 was 

assumed as the main limit criteria for the safety checking, i.e. if a given detail is associated with a 𝐷100 

superior to 1.00, it must be classified as fatigue-critical. Related to the assumed traffic scenarios, 

conclusions concerning the fatigue life may be drawn depending on the values computed for 𝐷100, which 

was not possible from the values calculated for 𝜇𝐹𝐷𝐹 that only allowed concluding about the proneness 

of certain details to fatigue phenomena. 

Depending on the characteristics of the analyses to be performed, the approach to compute the nominal 

stress spectra is different. As in Phase I, if dynamic calculations are not mandatory, quasi-static analysis 

based on the elastic superposition of effects should be performed, considering the influence lines related 

to the required nominal stresses (Figure 7.10). 

 

a) influence line, 𝐿𝑖𝑛𝑓(𝑥𝑖), for 𝑀𝑠𝑑
+  at the third span  

 

b) FT5 configuration to calculate 𝑀𝑠𝑑
+  at the third span 

Figure 7.10 – Schematic representation of the application of FT5 to compute a parameter of interest 
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In Figure 7.10 a), a schematic representation of the influence line associated with the maximum global 

in-plane bending moment at the inferior flange of the 3rd span of the Várzeas Bridge, related to the 

nominal stress at the inferior nodal connection, is presented. In addition, in Figure 7.10 b), an admissible 

position for the application of the fatigue train type 5 (FT5) proposed in EN1991-2 (CEN, 2017) is 

outlined, also schematically. In this regard, it should be highlighted that each considered train should be 

placed at all admissible positions of the railway track. In contrast with LM71, the loads which compose 

a given train should always be considered independently of their favourable effect for the calculation of 

a certain structural quantity. For each detail, values for the nominal stresses at the assessment points (see 

Figure 6.13) were calculated, considering the respective influence line and the position of the loads of 

the trains. Such a relation allowed defining the stress spectra of interest for the considered traffic mixes.  

On the other hand, if dynamic analyses are carried out, the modal superposition technique should be 

implemented. As comprehensively described in Chapter 4, structures globally elastic may be solved 

considering the superposition of the modal quantities of the parameters of interest. Adapting the 

generalised equation (4.44), the necessary nominal stresses may be obtained according to: 

 𝜎𝑛 = 𝜎𝑠𝑡𝑎 + ∑ 𝜎𝑗 . 𝑌𝑗(𝑡)𝑗    (7.11) 

where, 𝜎𝑠𝑡𝑎 is the static part of the nominal stress, 𝜎𝑛, and 𝜎𝑗 is the respective modal quantity computed 

considering the modal shape of the 𝑗𝑡ℎ vibration mode. In order to calculate the fatigue damage for each 

investigated detail, a time history for each nominal stress was obtained at the position of the rivets.  

As noted, the computed spectra of nominal stresses must be correctly amplified. As described in Chapter 

3, the amplification factors 𝜑′ and 𝜑′′ should be considered. For the case of the Várzeas Bridge, 𝜑′ was 

firstly defined according to equation (3.2) when quasi-static analyses were performed. On the other 

hand, such a coefficient was implicitly obtained as shown in equation (3.7) taking into account the results 

of dynamic calculations when carried out. Regarding the amplification factor related to the irregularities 

of the track, 𝜑′′, equation (3.4) was adopted, considering that the velocity of circulation on the bridge is 

limited to 200 km/h. In addition, values for 𝜑′′ based on the implementation of a bridge-train interaction 

methodology were defined for each type of detail of interest, accounting for the profile of irregularities 

of the ballastless railway track installed on the Várzeas Bridge, with these values assumed as the most 

accurate ones. The calibration of such factors was carried out based on representative calculations due 

to the required time-consuming numerical analyses involving a direct time-integration algorithm. The 

total dynamic amplification factor applied to the static outcomes was defined as suggested in equation 

(3.1), considering the average of effects during the service life. Such an option was assumed after the 

results achieved in Phase I depending on 2 or 3. Also, the relevant information concerning the 

characteristics of the bridge, respective dynamic structural behaviour under ambient excitation and 

implemented optimisation process allowed reducing the level of uncertainties. 
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Naturally, the determinant lengths defined in Phase I and presented in Table 6.16 were considered in the 

present stage of fatigue calculations. In subsection 7.3.5, a comparative analysis is performed between 

the values obtained for 𝜑′ and 𝜑′′ considering the normative proposals applicable to quasi-static 

calculations and the corresponding factors achieved after dynamic analyses. 

Regarding the assessment of the stress ranges of interest, as assumed in Phase I and according to 

EN1993-1-9 (CEN, 2010c), an effective value was adopted when part or all of the stress range was 

compressive. Also, as previously explained, the permanent values of stress must be considered in order 

to accurately evaluate the compressive and tensile portions of stress ranges, thus taking into account the 

influence of the mean stress on fatigue for compressive-compressive or compressive-tensile variations. 

As in the Initial Assessment, a characteristic combination of actions was implemented, as in equation 

(6.10). Consequently, for each detail, after defining the acting loads and applicable combination, the 

values for the nominal stress were calculated according to the loading position, allowing to evaluate the 

ranges of interest that compose each stress spectrum. In the literature, several methods are proposed for 

counting cycles and corresponding stress ranges. As noted in Chapter 2, the rainflow counting method 

has been widely implemented to evaluate the relation between the acting stress ranges, ∆𝜎𝑖, and the 

associated number of cycles, 𝑛𝑖. A comprehensive description of such an algorithm is provided in several 

works and standards, e.g. ASTM E 1049-85 (2017). Once obtained the relation ∆𝜎𝑖-𝑛𝑖, the fatigue life 

of a given detail when submitted exclusively to ∆𝜎𝑖 may be defined and expressed in terms of cycles, 

𝑁𝑖, adopting a certain applicable S-N curve for nominal stresses. As in the Initial Assessment, 

considering the absence of guidance for riveted details, the S-N curve for the detail category 71 should 

be used as a reference. However, as mentioned in Chapter 5 and if properly justified, in the present stage 

of the fatigue assessment alternative S-N curves may be considered. 

Taking into account the assumed analysis assumptions, the results of the calculations performed for the 

types of details previously classified as fatigue-prone are presented and discussed. Depending on the 

values calculated for the fatigue life, a classification is established and general further actions are 

suggested. Also, considering the results obtained and the progressive refinement of the calculation 

approach, the structural response and the consistency between the values obtained for 𝐷100 are discussed, 

including comments regarding the coherence of these latter with the results achieved in Phase I. 

 

7.3.2. FATIGUE ANALYSIS RESULTS: PRINCIPAL CONNECTIONS 

As described, the calculation approaches underlying Phase I and Phase II have different bases, leading 

to results with distinct meanings and interpretations. Concerning the fatigue damage factor, the 

corresponding value cannot be assumed as directly related to the fatigue life itself, but rather to a 
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parameter of classification of the investigated detail concerning its susceptibility to fatigue phenomena, 

as previously mentioned. Furthermore, such a calculation approach is based on representative extreme 

stress ranges which are converted to equivalent values associated with 2x106 cycles. On the other hand, 

the fatigue damage related to Phase II must be interpreted as a parameter directly related to the fatigue 

life of the analysed detail, based on an accumulation of damage related to all cycles and half-cycles of 

the considered stress spectra. Although both fatigue parameters have different bases, for equivalent 

analysis assumptions and loading models representative of the circulating trains, as well as comparable 

traffic scenarios considered in Phases I and II, the values obtained for 𝜇𝐹𝐷𝐹 and 𝐷100 should be consistent. 

Within the scope of this work, it is important to carry out a comparison between phases to demonstrate 

the consistency between stages of fatigue calculation. In this regard, it is crucial for the relevance and 

objectives of the proposed integrated methodology that no detail classified as critical in Phase II has not 

previously been identified as prone to fatigue in Phase I. Therefore, taking into account the similar 

premises assumed, the critical analysis of the results obtained in Phase II is carry out with a basis on the 

conclusions drawn in Phase I, concerning both the structural responses of the members associated with 

the investigated details and the corresponding values for 𝜇𝐹𝐷𝐹. 

After performing the fatigue calculations foreseen in Phase I, comprehensively described in Chapter 6, 

several types of connections were characterised as fatigue-prone and must be investigated in Phase II. 

The results obtained by implementing the proposed calculation strategy in the Standard Evaluation are 

presented and discussed below. 

Concerning the inferior flange, in Phase I, a maximum 𝜇𝐹𝐷𝐹 of 1.366 was computed for the details at 

x=134.50 m and x=146.5 0m, close to the middle of the bridge. Therefore, additional analyses were 

performed and the type of connections identified as D.1 was investigated (Figure 7.11). 

 

a) general section 
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b) at the columns 

Figure 7.11 – D.1, Damage for 100 years (𝐷100): inferior flanges 

 

In Figure 7.11, the results achieved for 𝐷100, depending on the position of the details along the length of 

the bridge, are presented. As expected, the highest values for the fatigue damage related to both traffic 

scenarios were obtained for the details associated with the lengths of the inferior flange for which the 

maximum values for the positive global in-plane bending moment, 𝑀𝑠𝑑
+ , (about the global yy-direction, 

see Figure 6.6) were found. In this regard, it should be noted that the maximum value for 𝐷100 was 

obtained at x=26.00 m and x=255.00 m, different locations in comparison with those for which 

maximum values for 𝜇𝐹𝐷𝐹 were computed. At such positions, a maximum value for 𝐷100 of 1.225 was 

calculated in comparison with a 𝜇𝐹𝐷𝐹 equal to 1.258. The discrepancies in terms of the location of the 

maximum values are explained by the configuration of the load models LM71 and SW/0, which allowed 

obtaining higher values for such global bending moments, according to the associated influence lines 

related to the respective structural members. On the other hand, the considered fatigue trains in the 

second stage of the fatigue assessment are longer than the spans of the bridge and comparable loadings 

to those taken into account in Phase I are not feasible. Considering the values obtained for 𝐷100 and 𝜇𝐹𝐷𝐹, 

for similar analysis assumptions, i.e. a design life equal to 100 years and equivalent traffic scenarios, it 

can be concluded that comparable results were achieved. For the sake of consistency of the proposed 

integrated methodology, it should be stressed that all the details classified as fatigue-critical in Phase II 

were also defined as fatigue-prone in Phase I. 

For the riveted connections associated with the vertical-posts at the inferior nodes, in Phase I, a 

maximum 𝜇𝐹𝐷𝐹 of 1.001 was computed at x=56.50 m and x=224.50 m. Thus, the connections related to 

such structural elements, D.3, were analysed (Figure 7.12). 
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a) general section 

 

b) at the columns 

Figure 7.12 – D.3, Damage for 100 years (𝐷100): vertical-posts (inferior nodes) 

 

Comparing with the results obtained in the Initial Assessment, the highest values for the accumulated 

fatigue damage were calculated at the same locations of the maximum results for 𝜇𝐹𝐷𝐹. However, 

considerable low values for 𝐷100 were computed, with the highest result equal to 0.283. Concerning such 

an outcome, it should be noted that in Phase II a linear accumulation of damage was evaluated using an 

inherently nonlinear S-N curve to define the fatigue strength for each ∆𝜎𝑖-𝑛𝑖. This calculation strategy 

may give origin to low values for 𝐷100 for stress time histories, associated with the several trains of the 

considered traffic scenarios, defined by stress ranges predominantly below ∆𝜎𝑐 𝛾𝑀𝑓⁄ . Thus, it can be 

concluded that these differences between the magnitude of the fatigue damage parameters are expected 
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for details that are clearly related to a regime of high cycle fatigue, but due to the conservatism of Phase 

I were classified as fatigue-prone. Taking into account the values achieved for 𝐷100, no further analyses 

were found as necessary concerning fatigue damage issues for this type of detail, D.3, with the fatigue 

safety dependent on the current conditions of conservation (Kühn et al., 2008). 

Regarding the vertical-posts at the superior nodes, in Phase I, the highest values for 𝜇𝐹𝐷𝐹 were obtained 

for the connections close to the columns. A maximum value of 1.383 was computed for the details at 

x=56.50 m and x=224.50 m, close to P2 and P5. Thus, the connections associated with these structural 

elements, D.4, were analysed concerning the fatigue safety (Figure 7.13). 

 

a) general section 

 

b) at the columns 

Figure 7.13 – D.4, Damage for 100 years (𝐷100): vertical-posts (superior nodes) 
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As in Phase I, the highest results for the fatigue damage were obtained in the proximity of the columns. 

A value for 𝐷100 equal to 1.716 was computed at x=104.50 m and 176.50 m, close to P3 and P4, 

respectively. At such positions, a maximum result for 𝜇𝐹𝐷𝐹 of 1.378 was calculated. As can be concluded 

by relating the values obtained for both fatigue parameters, 𝐷100 is reasonably higher. As mentioned, the 

results of the second stage of the fatigue assessment depend on the linear accumulation of the damage 

associated with each ∆𝜎𝑖-𝑛𝑖, influenced by the nonlinearity of the fatigue resistance derived from the 

considered S-N curve. When relevant local responses are found, such damage summation may lead to 

the differences achieved. Analysing the results obtained for the details for which higher fatigue damage 

were computed, it was possible to conclude that some stress spectra, evaluated at the assessment points 

(position of the rivets), are defined by several stress cycles due to the bending moments about the local 

zz-axis (see Table 6.1), i.e. out-of-plane (see Figure 6.6). In addition, it was verified that such a variation 

is particularly relevant for the fatigue trains type 6 and type 11, concluding that the configurations of 

these loadings give origin to more significant local responses of the structural members associated with 

the investigated details. Thus, it can be said that the variation of the stress time histories is highly 

influenced by a local behaviour, which is not taken into account in Phase I, as for each load model a 

representative equivalent stress range is considered. In this regard, for structural members related to 

certain details, it should be noted that such a type of response may be predicted by investigating the 

configurations of the corresponding influence lines. Taking into account that a load of one axle should 

be considered to evaluate a certain influence line, if the nominal stress values as a function of the position 

of the loading are characterised by more than one stress range and the corresponding structural member 

by a reduced determinant length, relevant local responses are expected. Therefore, as established in 

Chapter 5, for complex structural systems, it is recommended that in cases of 𝜇𝐹𝐷𝐹 close to the limit, the 

configuration of the influence line and value of 𝐿Φ should also be considered to define the details that 

must be investigated in Phase II, assuming an engineering-based decision. However, it should be clearly 

stressed that all the details classified as fatigue-critical in Phase II were also defined as fatigue-prone in 

Phase I, validating the consistency of the proposed methodology and the accuracy to identify the critical 

locations for a certain type of detail. Also, the results presented allowed classifying the connections 

close to the columns as fatigue-critical. Taking into account the assumed premises and the low values 

for 𝐷100, the remaining details may be defined as fatigue-safe if the in situ visual inspections allow 

verifying that no local damage process has occurred and the conditions of conservation are similar to 

those of the early ages of the structure (Kühn et al., 2008). 

Concerning the diagonals, in Phase I, a maximum 𝜇𝐹𝐷𝐹 of 1.991 was computed for the details at the 

extremes of the bridge, x=0.00 m and x=281.00 m, for the general section. Close to columns, a higher 

value for the fatigue damage factor of 2.163 was calculated at x=56.50 m and x=224.50 m. Therefore, 

the connections related to such structural elements, D.5, were analysed (Figure 7.14). 
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a) general section 

 

b) at the columns 

Figure 7.14 – D.5, Damage for 100 years (𝐷100): diagonals 

 

Comparing the results presented in Figure 7.14 and Figure 6.23, similarities in the location of the 

computed maximum parameters are clearly detected. In both phases, the details more susceptible to 

fatigue are those close to the columns and extreme supports. Lower values for 𝐷100 and 𝜇𝐹𝐷𝐹 were 

calculated at the mid-spans. Concerning Phase II, a maximum value for the fatigue damage of 1.634 was 

computed at x=6.50 m and x=274.50 m, for the general section. Close to the columns, a higher result 

for 𝐷100 equal to 2.256 was obtained at x=116.50 m and x=164.50 m. Despite the differences between 

the locations of the highest values, comparable results were achieved in both phases. For similar analysis 

assumptions, the details identified as fatigue-critical in Phase II were also classified as prone to fatigue 



Chapter 7: Phase II, Standard Evaluation: The Várzeas Bridge Case Study 
 

328 

in Phase I. Also, the second stage of calculations proved that several prone connections are not critical 

concerning the fatigue damage for the assumed premises. 

Regarding the cross-girders, in Phase I, all the identified details presented values for the fatigue damage 

factor superior to the admissible limit (1.00). A maximum 𝜇𝐹𝐷𝐹 of 2.387 was computed for the riveted 

connection at x=6.50 m and x=274.50 m. Therefore, the details associated with this type of structural 

element, D.6, were analysed (Figure 7.15). 

 

Figure 7.15 – D.6, Damage for 100 years (𝐷100): cross-girders (flanges) 

 

As shown in Figure 7.15, several connections associated with the cross-girders present values for 𝐷100 

inferior to the limit, which represents an important reduction of the number of structural elements 

susceptible to relevant fatigue issues compared with the results achieved in Phase I. A maximum value 

for the fatigue damage of 2.103 was calculated at x=6.50 m and x=274.50 m, the same locations at which 

a maximum result for 𝜇𝐹𝐷𝐹 was obtained. Also, it should be noted that higher values for 𝐷100 were 

calculated close to the columns, which allows identifying these locations as critical for the assumed 

traffic scenarios. As expected, the local response at the columns is influenced by the configuration of 

the cross-sectional bracing and strengthened geometrical properties of the vertical-posts, which increase 

the rotational stiffness in both axis of these cross-girders, leading to higher restrictions to rotation at the 

ends of such structural members. Therefore, as explained in Phase I, the local bending moments of these 

cross-girders are modified, resulting in a reduction of the nominal stresses close to the riveted length 

and less fatigue damage as a consequence.  

The cross-girders of the Várzeas Bridge are the structural elements for which higher bending moment 

gradients were verified. As previously mentioned, the calculation of nominal stresses in such cases is a 
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particularly sensitive procedure. Considering that in Phase II a global modelling with a mesh density 

compatible with global analyses should be used, the fatigue damage was calculated considering a 

conservative approach in the definition of the nominal stresses, as established in Phase I.  

After the quasi-static analyses performed, the results achieved allowed evaluating the safety of the 

principal connections of the Várzeas Bridge concerning fatigue phenomena. For the admitted traffic 

scenarios, depending on the computed values for the fatigue damage for 100 years, the fatigue life 

associated with each type of detail was obtained (Table 7.7). 

Table 7.7 – Phase II: principal connections, fatigue life related to traffic scenarios 

Detail id. Structural element 

Standard traffic mix High traffic mix 

𝐷100  

(max. value)  

Fatigue life 

(years, months) 

𝐷100  

(max. value)  

Fatigue life 

(years, months) 

D.1 Inferior flange 0.979 102 yrs 1.225 81 yrs, 7 mos 

D.3 Vertical-post (inf. nodes) 0.145 689 yrs, 7 mos 0.283 353 yrs, 4 mos 

D.4 Vertical-post (sup. nodes) 1.000 100 yrs 1.716 58 yrs, 3 mos 

D.5 Diagonal 1.972 50 yrs, 8 mos 2.256 44 yrs, 3 mos 

D.6 Cross-girder 1.610 62 yrs, 1 mo 2.103 47 yrs, 6 mos 

 

In Table 7.7, the minimum fatigue life is presented for the traffic scenarios and other calculation 

assumptions adopted, for each type of detail identified. Once computed such fatigue parameters and 

considering the age of the existing structure, it is possible to obtain the remaining fatigue life for the 

respective railway loading. In order to achieve an accurate estimate, representative hypotheses should 

be adopted for the past, current and future traffic scenarios. Considering that the Várzeas Bridge is 62 

years old, if the heavy or standard traffic mixes had been circulating on the bridge since 1958, the fatigue 

life would have already been reached for several details. However, based on data gathered in works 

carried out on other Portuguese railway bridges, it must be stressed that the annual tonnage associated 

with the normative traffic scenarios should be considerably higher than the real one (Albuquerque, 2015; 

Marques, 2016). In this regard, Albuquerque (2015) performed a long-term monitoring campaign, 

evaluating two months of data concerning the trains circulating on the railway line of Sado, part of the 

Atlantic Corridor and with relevant freight traffic, which are characteristics similar to those expected 

for the Várzeas Bridge. The experimental information obtained allowed estimating an annual tonnage 

of 3.1x106 t/year, considerably less than the approximately 25x106 t/year that characterise the heavy and 

standard traffic scenarios foreseen in EN1991-2 (CEN, 2017) (see subsection 4.5.3). Such data gathered 

in 2013 may be classified as a reasonable hypothesis for the current traffic scenario. In addition, 

consulting historical information provided by the bridge management authority (I.P.), it was possible to 

conclude that the total freight tonnage circulating on the international railway line of Beira Alta, on 
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which the Várzeas Bridge is located, is about three times lower than on the railway line of Sado. 

Therefore, taking into account the relevance of the freight traffic to fatigue, it is reasonable to conclude 

that both the heavy and standard traffic mixes suggested in EN1991-2 (CEN, 2017) are conservative and 

more severe concerning fatigue phenomena than the real one circulating on the Várzeas Bridge. 

Furthermore, Marques (2016) carried out an investigation concerning the real traffic circulating on the 

Trezói Bridge, also part of the international railway line of Beira Alta. The author established an 

equivalent traffic scenario with a basis on the data provided by I.P. for the period between 2001 and 

2006. Despite no annual tonnage was presented, it was possible to conclude that damage calculated for 

several details of the Trezói Bridge were significantly lower when considering the estimated real traffic 

data than when assuming the trains of the heavy traffic scenario suggested in EN1991-2 (CEN, 2017). 

Thus, such results confirm the conclusion previously drawn and allow roughly stating that there is a 

relevant difference between the real traffic scenario circulating on the international railway line of Beira 

Alta and the heavy one proposed in the applicable Eurocode. 

The bridge management authorities or operating companies should have data concerning the past traffic, 

but insufficient detail due to the lack of exhaustive historical information may be found. As for structural 

drawings and other valuable information, the preservation of documents over the years may not have 

been well performed during so many decades. Regarding the Portuguese railway lines and respective 

circulating traffic, comprehensive research should be done, as detailed historical data are not available. 

Also, as foreseen in the scope of the proposed integrated methodology, in situ short or long-term 

weighing campaigns may be implemented to evaluate the present traffic and estimate past and future 

mixes with a basis on the historical context and probabilistic methods. In the present work, the results 

obtained for the normative traffic scenarios are used as a reference and progressive refinements to the 

calculation approach are implemented. 

Taking into account the maximum values for 𝐷100 calculated considering the heavy traffic mix, future 

actions concerning the calculations underlying Phase II are advised (Table 7.8). 

Table 7.8 – Phase II: principal connections (results summary) 

Detail id. Structural element 
𝐷100  

(max. value) 
Classification Further action 

D.1 Inferior Flange 1.225 Fatigue-critical Refinement of fatigue analysis 

D.3 Vertical-post (inf. nodes) 0.283 Fatigue-safe Standard inspections 

D.4 Vertical-post (sup. nodes) 1.716 Fatigue-critical Refinement of fatigue analysis 

D.5 Diagonal 2.256 Fatigue-critical Refinement of fatigue analysis 

D.6 Cross-girder 2.103 Fatigue-critical Refinement of fatigue analysis 
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In Table 7.8, the maximum results achieved for the fatigue damage for 100 years in Phase II, for each 

type of principal connection previously identified as fatigue-prone, are presented. Except for the details 

associated with the vertical-post at inferior nodal connections, results over the admissible limit were 

obtained. However, for a considerable number of details along the length of the bridge, previously 

classified as fatigue-prone, values for 𝐷100 inferior to 1.00 were computed. Therefore, for additional 

analyses based on refinements of the calculation approach underlying Phase II, only the connections 

with a fatigue damage for 100 years superior to 1.00 should be considered. 

 

7.3.3. FATIGUE ANALYSIS RESULTS: SECONDARY CONNECTIONS 

After Phase I, only the superior bracing presented values for 𝜇𝐹𝐷𝐹 superior to the acceptable limit (1.00). 

As for the principal connections, the results obtained after the Standard Evaluation are presented and 

the consistency with the Initial Assessment is analysed.  

Concerning the superior bracing, in Phase I, a maximum 𝜇𝐹𝐷𝐹 of 1.628 was computed for the details at 

the extremes of the bridge, x=3.25 m and x=277.75 m. Thus, the connections related to such structural 

elements, D.10, were investigated (Figure 7.16). 

 

Figure 7.16 – D.10, Damage for 100 years (𝐷100): superior bracing 

 

As outlined in Figure 7.16, no values for 𝐷100 greater than 1.00 were obtained. Concerning the location 

of the respective maximum results, as in Phase I, a higher value of 0.767 was calculated at x=3.25 m 

and x=277.75 m for the heavy traffic scenario. Comparing the highest relatable results obtained in Phase 

I and Phase II, an important difference was found. Regarding the values achieved for Δ𝜎71 and Δ𝜎𝑠𝑤0 

and the maximum stress ranges calculated for the fatigue trains, it was possible to conclude that the 



Chapter 7: Phase II, Standard Evaluation: The Várzeas Bridge Case Study 
 

332 

same order of magnitude was obtained. However, as previously explained, the influence of the fatigue 

strength on the results achieved is assumed as linear in Phase I, while in Phase II it is considered as 

nonlinear for each ∆𝜎𝑖-𝑛𝑖. Similar to D.3, the stress ranges associated with the several trains are mainly 

below ∆𝜎𝑐 𝛾𝐹𝑓⁄ , with only a few cycles close to this value, leading to a relation ∆𝜎𝑖-𝑛𝑖 insufficient to 

induce severe damage. In order to have some figures regarding the influence of the nonlinear fatigue 

strength on the results obtained, a hypothetical scenario considering Mf equal to 1.35 was established 

and compared with the safe life assumption (Mf=1.15) adopted for the bracings. In this regard, in Phase 

I, a difference of -14.80% (1.15/1.35-1) with reference to the hypothetical scenario would be obtained. 

On the other hand, in Phase II, a variation between the corresponding results of -40.31% would be 

achieved. Thus, depending on the magnitude of the nominal stresses, the fatigue strength influenced by 

Mf and defined for each relation ∆𝜎𝑖-𝑛𝑖 is naturally critical to accurately evaluate the fatigue safety.  

The results achieved after performing quasi-static analysis allowed evaluating the fatigue response of 

the secondary connections of the Várzeas Bridge. For the admitted traffic scenarios, depending on the 

computed values for the fatigue damage for 100 years, the respective fatigue life associated with D.10 

was calculated (Table 7.9). 

Table 7.9 – Phase II: secondary connections, fatigue life related to traffic scenarios 

Detail id. Structural element 

Standard traffic mix High traffic mix 

𝐷100  

(max. value)  

Fatigue life 

(years, months) 

𝐷100  

(max. value)  

Fatigue life 

(years, months) 

D.10 Superior Bracing 0.670 149 yrs, 3 mos 0.767 130 yrs, 4 mos 

 

In Table 7.9, the fatigue life prediction for each normative traffic mix is presented for the assumed 

calculation assumptions. In this regard, considering the current age of the Várzeas Bridge, even for the 

heavy traffic scenario, the fatigue life would not have been reached. Therefore, taking into account the 

maximum values for 𝐷100 calculated considering the heavy traffic scenario, future actions concerning 

the calculations underlying Phase II are advised (Table 7.10). 

Table 7.10 – Phase II: secondary connections (results summary) 

Detail id. Structural element 
𝐷100         

(max. value) 
Classification Further action 

D.10 Superior bracing 0.767 Fatigue-safe Standard inspections 

 

In Table 7.10, the maximum value obtained for the fatigue damage for 100 years in Phase II, for the 

secondary connections previously identified as fatigue-prone, is presented. Also, as a function of such a 

result, the classification as fatigue-safe is proposed and standard maintenance is advised. The planning 
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of future action should take into account that a fatigue life of approximately 130 years and 4 months 

was computed considering the normative heavy traffic scenario. 

 

7.3.4. CONCLUDING REMARKS: QUASI-STATIC FATIGUE ANALYSIS 

After performing quasi-static analyses, different types of connections shown to have a fatigue life 

inferior to 100 years for the admitted traffic scenarios suggested in EN1991-2 (CEN, 2017). Taking into 

account the current age of the bridge and considering the heavy traffic mix, several details associated 

with vertical-posts at superior nodes, diagonals and cross-girders would have already reached their 

fatigue life. Also, some details related to the inferior flange would be close to their damage limit. 

Nonetheless, as a principle of the proposed integrated methodology, the analysis assumptions assumed 

in the calculations performed may be excessively conservative and refinements should be implemented 

to evaluate more reasonable values for fatigue life. On the other hand, if a certain connection is shown 

to have an admissible remaining fatigue life for the heavy traffic mix, as revealed mainly by the details 

related to the vertical-posts at inferior nodes and those associated with the superior bracing, no further 

analyses are necessary and the implementation of standard inspection procedures may be assumed. 

As foreseen in Chapter 5 and Figure 5.5, concerning the investigation of connections for which values 

for the fatigue life considered as low were obtained, refinements of the calculation assumptions should 

be implemented. In this regard, three strategies to improve the fatigue assessment may be applied, 

namely: i) consider the real traffic scenario, based on historical and present data and valid predictions 

for the future volume and type of trains circulating on the bridge; ii) perform dynamic analyses, taking 

into account a moving loads approach combined with modal superposition principles and comparative 

calculations by implementing a bridge-train interaction methodology, both to assess the amplification 

factors, 𝜑′ and 𝜑′′; and iii) evaluate representatively the influence of the number of lines of rivets and 

rivets per line on the mechanism of loading transference and, consequently, on the magnitude of local 

stresses and location of hot-spots for the crack initiation, influencing the fatigue damage. 

Regarding refinement strategy i), a comprehensive commentary was performed in subsection 7.3.2. 

Further developments are required and foreseen concerning the assessment of the traffic on the 

Portuguese railway lines. Concerning approach ii), dynamic analyses with a basis on the results 

previously achieved are presented. With the aim of evaluating the influence of modifying the analysis 

assumptions in relation to the quasi-static results, the adjustments to the calculation approach were 

implemented progressively. Also, for refinement strategy iii), the relevance of the number of lines of 

rivets was previously considered with a basis on equation (6.6) suggested in prEN1993-1-9 (CEN, 2020) 

and corresponding parametric analysis. As a development, the mechanism of loading transference of an 



Chapter 7: Phase II, Standard Evaluation: The Várzeas Bridge Case Study 
 

334 

idealised representative case study consisting of a riveted length is investigated. The proposed 

refinements are mainly aimed at approximating the calculation assumptions of the real operating 

conditions of the bridge and drawing conclusions about the conservatism of the fatigue assessment 

considering a global approach based on nominal stresses and respective S-N curves. The results obtained 

are detailed and analysed in the next subsections. 

 

7.3.5. REFINEMENT OF THE FATIGUE ASSESSMENT: DYNAMIC ANALYSIS 

As previously noted, in EN1991-2 (CEN, 2017), depending on the applicable loads to represent the 

railway traffic, different proposals are suggested for the amplification of static stresses due to the effects 

of dynamic loadings and irregularities. Nevertheless, these factors were calibrated to provide envelopes 

for the amplification of static loads, which may lead to an inherent conservatism for results associated 

with certain structural configurations such as continuous bridges (Leander and Karoumi, 2013). 

Therefore, dynamic calculations may be implemented to accurately evaluate the amplification factors 

related to the dynamic loading, 𝜑′, and those associated with the irregularities of the track and vehicles 

imperfections, 𝜑′′. Two different methodologies for dynamic analysis were implemented, namely: i) a 

moving load approach; and ii) a bridge-train interaction methodology. Depending on the results 

achieved, a comparative analysis is progressively performed between the values of 𝜑′ and 𝜑′′ obtained 

for the Várzeas Bridge case study and those suggested in EN1991-2 (CEN, 2017). The calculated results 

should allow evaluating the accuracy of the applicable normative proposals for each of the amplification 

factors, as a function of the structural system investigated. Also, the possibility of implementing 

dynamic calculations based on a moving load approach or a bridge-train interaction methodology, as 

part of regular engineering safety checks, is addressed. 

Firstly, a moving load strategy, based on modal superposition concepts to evaluate accurately the 

amplification factors related to the dynamic effects induced by the considered trains circulating at certain 

velocities, was implemented. As presented in section 4.5, the modal superposition of certain local 

quantities allows obtaining the corresponding dynamic values, e.g. internal forces, stresses, strains or 

displacements, as in equation (4.44). These calculations are considerably efficient for a large majority 

of structural configurations, but for truss systems such as the Várzeas Bridge, due to the importance of 

the identified structural subsystem and eventual localised dynamic responses, an important number of 

modes may be required to accurately perform the modal superposition. In this regard, taking into account 

the results presented in Phase II after quasi-static analyses, the number of relevant modes was 

investigated for the details with the highest computed fatigue damage, 𝐷100. Representative calculations 

were performed considering the fatigue train type 5 (FT5) proposed in EN1991-2 (CEN, 2017) and 

characterised in Table 3.1 (Figure 7.17 and Figure 7.18). 
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a) inferior flange (x=26.00 m) b) vertical-post at the superior nodes (x=104.50 m) 

Figure 7.17 – Normalised nominal stresses, 𝜎𝑗/𝜎𝑚𝑎𝑥, depending on the number of modes, D.1 and D.4 

 

In Figure 7.17, the normalised values of the nominal stresses considered in the fatigue assessment for 

one detail associated with the inferior flange and another related to the vertical-post at a superior node, 

respectively, at x=26.00 m and x=104.50 m, for which maximum values for 𝐷100 were obtained, are 

outlined as a function of the number of vibration modes 𝑗 taken into account in the modal superposition. 

The nominal stresses evaluated at the position of the rivets (see Figure 6.13), normalised by the 

respective maximum value calculated for a certain number of modes, 𝜎𝑚𝑎𝑥 , are presented for each 

structural member. It should be noted that such maximum stresses do not represent real values and are 

only considered for normalisation purposes. Also, for a certain point (1) to (4), it must be assumed as 

the real stress value the one for which a variation of approximately zero is obtained as a function of the 

considered number of modes 𝑗. According to the results presented, the convergence of the stress values 

occurs for a different minimum number of vibration modes. Regarding the inferior flange, it can be said 

that the global modes are those that most contribute to the response obtained (0-15 Hz, approximately). 

Such a result showed that the dynamic response of this detail is essentially influenced by the dynamic 

global behaviour of the trussed structural system, a conclusion already achieved after analysing the 

respective results obtained in Phase I. In addition, a non-negligible contribution from the frequency 

range related to the low harmonics of the vibration modes of the structural subsystem associated with 

the railway track, approximately 15-45 Hz, was found. This influence is admitted as mainly related to 

the compatibility of displacements. Assuming as reference the stress values obtained for 6000 vibration 

modes and considering a variation in relation to such results below 2.5%, it can be said that the nominal 

stress values may be obtained considering 1925 vibration modes, corresponding to a frequency of 45.73 
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Hz. Concerning the vertical-post, in addition to the contribution of the global modes, the values of the 

nominal stress as a function of the number of vibration modes reflect a considerable influence associated 

with a range of high frequencies. As mentioned in the analyses of the results obtained in Phase I and 

Phase II, the structural behaviour of the vertical-posts is considerably influenced by out-of-plane 

bending moments induced by the cross-girders, which strongly affects the structural behaviour of the 

superior nodal connections. Furthermore, it should be noted that relevant contributions were identified 

for a range of very high frequencies. Such an influence is associated with local vibration modes of the 

vertical-post, respective nodal connection and cross-sectional bracing. Therefore, considering the 

evolution of the nominal stresses evaluated in the vertical-post, the influence of three types of modes 

was identified: i) the global modes associated with low frequencies; ii) the local modes related to the 

structural subsystem; and iii) for higher frequencies, the vibration modes associated with more localised 

dynamic responses at the member scale. Naturally, the latter represent a minor contribution when 

compared with the influence of the first two. Assuming as reference the stress values obtained for 6000 

vibration modes and limiting the variation in relation to such results to 2.5%, it can be said that the 

nominal stress values may be obtained considering 5400 vibration modes, corresponding to a frequency 

of 109.26 Hz. Comparing the results achieved for the detail associated with the inferior flange with those 

related to the vertical-post, it may be concluded that two very distinct dynamic behaviours were 

obtained. Different contributions of the modal properties of the structural subsystem associated with the 

railway track were found, as well as a distinct relevance of the localised vibration modes with higher 

frequencies. As for D.1 and D.4, for the details associated with the diagonals and for those related to the 

cross-girders, a similar analysis was performed (Figure 7.18). 

 

a) diagonal (x=104.50 m) b) cross-girder (x=104.50 m) 

Figure 7.18 – Normalised nominal stresses, 𝜎𝑗/𝜎𝑚𝑎𝑥, depending on the number of modes, D.5 and D.6 
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In Figure 7.18, the normalised nominal stress values, 𝜎𝑗/𝜎𝑚𝑎𝑥, as a function of the considered number 

of vibration modes 𝑗 are presented for the details D.5 and D.6, both related to the section of the deck at 

x=104.50 m, for which relevant values for 𝐷100 were previously obtained. Regarding the diagonal, a 

parallelism with the results achieved for the connection associated with the inferior flange may be 

assumed. As for such a detail, a preponderant influence of the global vibration modes was identified. 

However, a higher relevance of additional contributions of responses related to the local rotation by 

compatibility with global in-plane movements was found in comparison with D.1 located at x=26.00 m 

(close to the mid-span). Also,  small contributions mostly related to the out-of-plane deformation of the 

nodal connection were identified for higher harmonics, influenced by the structural response of the 

associated vertical-post. Assuming as a reference the stress values obtained for 6000 vibration modes 

and considering a variation in relation to those results below 2.5%, it can be said that the nominal stress 

values of interest may be obtained considering 4200 vibration modes, corresponding to a frequency of 

85.15 Hz. Concerning the detail of the cross-girder, a much more relevant influence of the local modes 

related to the structural subsystem associated with the railway track was found. This relevance is mostly 

due to the low harmonics of such modal shapes, but small contributions were also identified for higher 

frequencies. Therefore, assuming as a reference the stress values obtained for 6000 vibration modes and 

considering a variation in relation to those results lower than 2.5%, it can be said that the nominal stress 

values may be obtained considering 3900 vibration modes, corresponding to a frequency of 78.19 Hz. 

In addition, a set of calculations was performed taking into account the remaining fatigue trains, part of 

the heavy and standard traffic scenarios proposed in EN1991-2 (CEN, 2017), to validate the results 

presented. Furthermore, other locations associated with intermediate values of 𝐷100 were investigated. 

Similar outcomes were obtained. Consequently, considering the results achieved for each type of detail, 

the modal superposition calculations underlying the required dynamic analyses were performed, taking 

into account the corresponding minimum number of vibration modes. By implementing such a 

calculation strategy combined with the reduction of the number of details to investigate, as a result of 

the fatigue analyses already performed, the assessment of the fatigue-critical connections associated 

with the principal ones may be carried out efficiently, even for a complex structural truss system. 

Therefore, 𝜑′ was accurately computed for each nominal stress, dividing the dynamic outcome by the 

static one as in equation (3.7). Also, in this calculation approach, 𝜑′′ was considered following equation 

(3.4), allowing to compute the required sum of amplification effects as suggested in equation (3.1). 

Regarding the inferior flange, after performing quasi-static analysis in Phase II, minimum values for the 

fatigue life around 81 years and 7 months (𝐷100=1.225), for the details at x=26.00 m and x=255.00 m, 

were computed. As previously noted, for each of the critical details identified, fatigue calculations based 
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on dynamic analyses considering a moving load approach were performed, allowing to evaluate the 

respective 𝜑′ for the Várzeas Bridge case study (Figure 7.19). 

 

Figure 7.19 – D.1, Damage for 100 years (𝐷100): inferior flanges, (after dynamic analysis) 

  

In Figure 7.19, the results obtained for 𝐷100 are presented. As expected, the maximum values for the 

fatigue damage were calculated for the connections at the same locations previously identified in the 

quasi-static analyses performed. Concerning the heavy traffic mix, a result for 𝐷100 equal to 1.076 was 

computed, which represents a difference in terms of fatigue life around 11 years and 4 months when 

compared with the results obtained in Phase II after implementing a first calculation approach based on 

the values for 𝜑′ suggested in EN1991-2 (CEN, 2017). Also, the performed dynamic calculations 

allowed reducing the number of fatigue-critical details from 16 to 4. In this regard, it should be noted 

that 88 details D.1 were identified as part of the structural system of the Várzeas Bridge (half of the 

existing 176 due to structural symmetry). The reduction of the number of details that must be further 

investigated concerning the respective fatigue safety proves the usefulness and relevance of the proposed 

integrated methodology. With a basis on the results obtained, additional detailed analyses may be 

planned by implementing further calculation refinements or the modelling and calculation approaches 

foreseen in Phase III. Also, regarding the standard traffic scenario, no connections were found with a 

fatigue life inferior to 100 years and no additional analysis would be required if such a loading was 

defined as representative of the real railway traffic. 

Regarding the vertical-posts at the superior nodes, minimum results for the fatigue life of 58 years and 

3 months (𝐷100=1.716), at x=104.50 m and x=176.50 m, close to columns P3 and P4, were previously 
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computed. Therefore, 8 details D.4 identified as fatigue-critical were investigated by applying a moving 

load approach combined with the modal superposition of stress quantities (Figure 7.20). 

 

Figure 7.20 – D.4, Damage for 100 years (𝐷100): vertical-posts (superior nodes), (after dynamic analysis) 

 

Taking into account the heavy traffic scenario, a maximum value for 𝐷100 of 1.215 was obtained at the 

same locations previously identified in the quasi-static calculations carried out. An increase in the total 

fatigue life of 24 years was obtained. Compared with the previous results, it should be noted that a 

considerable difference in the values computed for the fatigue damage was found (1.716 to 1.215). 

Despite no reduction was achieved in terms of the number of critical details, the decrease of the values 

obtained for the fatigue damage shows that further calculation refinements may allow classifying such 

connections as fatigue-safe. In this regard, it should be noted that from the 45 details identified as D.4, 

after the calculations performed, only 4 justify future fatigue analyses if the conditions of conservation 

are maintained. Also, for the standard traffic scenario, no relevant values of fatigue damage were found. 

Considering the results obtained after the dynamic calculations, no general conclusion can be 

established, but it is proved that the conservative approach suggested in EN1991-2 (CEN, 2017) to 

compute the values of 𝜑′ may have a relevant influence on the fatigue classification outcome. As a 

function of the magnitude of the evaluated nominal stress ranges, the influence of the amplification 

factor related to dynamic loading effects may be of critical importance depending on the adopted values 

for the fatigue strength, which are associated with the nonlinearity of the respective S-N curve. 

Concerning the diagonals, minimum values for the fatigue life around 44 years and 3 months 

(𝐷100=2.256) were previously obtained close to the columns, at x=56.50 m and x=224.50 m. Also, for 

the details associated with the general cross-section, minimum results for the fatigue life of 61 years and 
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2 months (𝐷100=1.634) were calculated at x=6.50 m and x=274.50 m. Therefore, the 30 details D.5 

classified as fatigue-critical were investigated (Figure 7.21). 

 

a) general section 

 

b) at the columns 

Figure 7.21 – D.5, Damage for 100 years (𝐷100): diagonals, (after dynamic analysis) 

 

Comparing Figure 7.21 with Figure 7.14, a similar pattern was found for values of 𝐷100 along the length 

of the bridge. Considering the heavy traffic mix, a maximum result for the fatigue damage of 1.687 was 

computed at x=116.50 m and x=164.50 m. For the locations at x=56.50 m and x=224.50 m, a 𝐷100 of 

1.670 and a corresponding increase in terms of the total fatigue life around 15 years and 7 months was 

computed. Regarding the details associated with the structural elements characterised with the general 

cross-section, a maximum fatigue damage of 1.249 was calculated at x=6.50 m and x=274.50 m, leading 
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to a total fatigue life 18 years and 10 months longer. Also, the dynamic calculations performed allowed 

reducing the number of fatigue-critical details from 30 to 20 (out of the existing 92 connection). For the 

diagonals characterised with the general cross-section, the dynamic calculations performed allowed 

classifying as fatigue-safe several details previously identified as fatigue-critical. It should be noted that 

even for the standard traffic scenario, in particular for the diagonals close to the columns, the details of 

type D.5 present important values of damage and limited fatigue lives. Therefore, in further analyses, 

such principal connections should be carefully investigated, in particular regarding the importance of 

the distribution of internal forces by the rivets and lines of rivets. 

Lastly, concerning the cross-girders, minimum values for the fatigue life of 47 years and 6 months 

(𝐷100=2.103) were previously calculated at x=6.50 m and x=274.50 m. Therefore, the 30 details D.6 

identified as fatigue-critical were analysed (Figure 7.22). 

 

Figure 7.22 – D.6, Damage for 100 years (𝐷100): cross-girder, (after dynamic analysis) 

  

Considering the heavy traffic scenario, the maximum results for 𝐷100 were obtained at the same locations 

when compared with the values calculated after the quasi-static analysis. A fatigue damage of 1.480 was 

computed, which represents an increase in terms of fatigue life of around 20 years. Also, it should be 

noted that the dynamic calculations allowed reducing the fatigue-critical details from 30 to 15 (out of 

the existing 47 connections). Regarding the standard traffic scenario, important values of fatigue damage 

were computed only at x=6.50 m and x=274.50 m, which is particularly relevant considering the 

commentaries performed in subsection 7.3.2 concerning the conservatism of the normative scenarios in 

comparison with the real one. Thus, the relevance of performing research works to establish a reasonable 

real traffic mix is implicitly proven. 
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Additionally, in order to demonstrate the influence of considering the amplification factor associated 

with the dynamic loading, 𝜑′, the values suggested in EN1991-2 (CEN, 2017) and those calculated after 

performing dynamic calculations, based on moving loads and modal superposition principles, were 

compared. In this regard, for each type of detail, it is presented the maximum numerical result for 𝜑′ 

obtained for the fatigue train type 5 suggested in EN1991-2 (CEN, 2017), as well as the respective 

comparison with the corresponding normative value (Table 7.11).  

Table 7.11 – Phase II: comparison of the values calculated for the dynamic amplification factor, 𝜑′ (FT5) 

Detail 

id. 
Structural element 

i) EN1991-2 (CEN, 2017) ii) Dynamic analysis ∆𝐷𝐴𝐹  

(𝜑′) (%) 𝜑′′ 𝜑′ 1+0.5(𝜑′+0.5𝜑′′) 𝜑′                1+0.5(𝜑′+0.5𝜑′′) 

D.1 Inferior flange 0.000 0.087 1.044 0.010 1.005 -3.74 

D.4 Vertical-post (sup. nodes) 0.196 0.161 1.130 0.020 1.059 -6.28 

D.5 
Diagonal (gen. section) 0.018 0.161 1.085 0.009 1.009 -7.00 

Diagonal (at columns) 0.029 0.161 1.088 0.009 1.012 -6.99 

D.6 Cross-girder 0.216 0.161 1.135 0.015 1.062 -6.43 

 

In Table 7.11, the results of representative calculations and respective values which should multiply the 

static outcomes are shown. According to the described, the amplification factors associated with two 

calculation approaches are presented: i) 𝜑′ and 𝜑′′, proposed in EN1991-2 (CEN, 2017) and the 

corresponding result for the combined dynamic amplification factor, 𝐷𝐴𝐹, [1+0.5(𝜑′+0.5𝜑′′)]; and ii) 

the value for 𝜑′ calculated numerically and respective [1+0.5(𝜑′+0.5𝜑′′)], considering for 𝜑′′ the 

normative value presented in i). As proposed by the applicable Eurocode and according to equation 

(3.2), depending on the velocity of circulation, the dynamic amplification factor, 𝜑′, may be defined by 

similar values for determinant lengths, 𝐿Φ, inferior to 20 m. As previously mentioned, such a normative 

proposal provides conservative envelopes for structural elements that are not susceptible to resonant 

effects. However, it must be stressed that the magnitude of the dynamic amplification is directly 

dependent on the characteristics of the loading and dynamic responses of global and local structural 

systems, which are naturally related to the structural configuration of each bridge. For the Várzeas 

Bridge case study, the results achieved revealed that no relevant amplification factors were obtained for 

the velocities of the fatigue trains considered and for fatigue train type 5 in particular. Also, important 

variations in the values of the dynamic amplification factor, ∆𝜑′, were achieved, resulting in relevant 

differences in [1+0.5(𝜑′+0.5𝜑′′)], ∆𝐷𝐴𝐹(𝜑′). Such outcomes showed that for velocities inferior to 200 

km/h, the definition of 𝜑′ according to EN1991-2 (CEN, 2017) may be excessively conservative, as 

demonstrated after investigating the principal connections classified as fatigue-critical. Therefore, the 

computed differences in the factor that should multiply the static nominal stresses, [1+0.5(𝜑′+0.5𝜑′′)], 

should have a significant impact on the respective fatigue life. Consequently, this result may importantly 
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influence the fatigue classification of a given connection and the corresponding definition of further 

calculations tasks or eventual remedial mesures to be applied. 

As presented above, after performing dynamic calculations, the minimum values for the fatigue life of 

the previously identified critical connections of the Várzeas Bridge were re-evaluated. Considering as a 

reference the heavy traffic mix, the maximum results achieved for 𝐷100, obtained for quasi-static and 

dynamic analyses, are compared (Table 7.12). 

Table 7.12 – Phase II: principal connections (results summary for the heavy traffic mix) 

Detail id. Structural element 

i) EN1991-2 (CEN, 2017) ii) Dynamic analysis 

𝐷100  

(max. value)  

Fatigue life 

(years, months) 

𝐷100  

(max. value)  

Fatigue life 

(years, months) 

D.1 Inferior flange 1.225 81 yrs, 7 mos 1.076 92 yrs, 11 mos 

D.4 Vertical-post (sup. nodes) 1.716 58 yrs, 3 mos 1.221 81 yrs, 10 mos 

D.5 Diagonal 2.256 44 yrs, 3 mos 1.687 59 yrs, 3 mos 

D.6 Cross-girder 2.103 47 yrs, 6 mos 1.513 66 yrs, 1 mo 

 

In Table 7.12, the values for the fatigue life calculated after performing quasi-static and dynamic 

calculations are presented and relevant differences may be found. For all the investigated details, a 

generalised increase in the computed values for the total fatigue life was achieved. Nevertheless, values 

for 𝐷100 superior to the limit were obtained and further analyses must be carried out. 

Additional calculations may be performed with the aim of calibrating the amplification factor related to 

the irregularities of the track, 𝜑′′. In order to carry out this task, the real profile of irregularities measured 

in the ballastless railway track of the Várzeas Bridge was obtained. Such information was provided by 

the bridge management authority (I.P.) and is regularly updated as part of the standard maintenance 

operations of the Portuguese railway lines. After obtaining the necessary data, the calculation approach 

to perform the required dynamic analyses was defined. Implementing a bridge-train interaction 

methodology and considering the profile of irregularities of the track, both 𝜑′ and 𝜑′′ are implicitly taken 

into account. However, these calculations are based on a direct time-integration algorithm, which 

requires the calculation of thousands of load steps for each admitted train. Therefore, instead of 

performing such a dynamic analysis for each train, part of the normative traffic scenarios, a set of 

representative calculations was performed, in order to calibrate admissible values for 𝜑′′ (analysis type 

1). Afterwards, the results obtained for the nominal stresses were compared with the corresponding 

values evaluated after implementing a moving load approach, without the influence of the irregularities 

of the track but implicitly accounting for the numerical 𝜑′ (analysis type 2). Also, regarding these latter 

calculations, an additional comparison was performed between the computed dynamic outcomes and 



Chapter 7: Phase II, Standard Evaluation: The Várzeas Bridge Case Study 
 

344 

the static ones, which allowed quantifying 𝜑′ (analysis type 3). Finally, establishing a comparison 

between all relatable results, reasonable calibrated values were calculated for the amplification factor 

associated with the irregularities of the track. It should be stressed that such values for 𝜑′′ were defined 

for each type of detail previously identified as fatigue-critical, considering the results for the nominal 

stresses associated with the most unfavourable positions along the length of the bridge. Taking into 

account these values for 𝜑′′, dynamic calculations were performed by implementing an efficient moving 

loads approach, computing in each analysis the numerical 𝜑′ and multiplying the static outcome by the 

combined dynamic amplification factor, 𝐷𝐴𝐹, [1+0.5(𝜑′+0.5𝜑′′)]. The differences between the values 

for 𝜑′′ suggested in EN1991-2 (CEN, 2017) and the corresponding ones calibrated after considering the 

profile of irregularities of the Várzeas Bridge were analysed. For each type of detail, the maximum result 

obtained for 𝜑′ related to FT5 is presented, as well as the mentioned comparison of the calibrated value 

for 𝜑′′ with the respective normative factor (Table 7.13). 

 Table 7.13 – Phase II: comparison of the values calculated for the amplification factor, 𝜑′′ (FT5) 

Detail 

id. 
Structural element 

ii) Dynamic analysis iii) Dynamic analysis ∆𝐷𝐴𝐹 

(𝜑′′) (%) 𝜑′′ 𝜑′ 1+0.5(𝜑′+0.5𝜑′′) 𝜑′′               1+0.5(𝜑′+0.5𝜑′′) 

D.1 Inferior flange 0.000 0.010 1.005 0.110 1.033 +2.79 

D.4 Vertical-post (sup. nodes) 0.196 0.020 1.059 0.100 1.035 -2.27 

D.5 
Diagonal (gen. section) 0.018 0.009 1.009 0.095 1.028 +1.88 

Diagonal (at columns) 0.029 0.009 1.012 0.095 1.028 +1.58 

D.6 Cross-girder 0.216 0.015 1.062 0.208 1.060 -0.19 

 

In Table 7.13, the results achieved after representative calculations and corresponding values which 

should multiply the static outcomes are shown. Also regarding the results presented in Table 7.13, the 

amplification factors associated with two calculations are shown: ii) the value for 𝜑′ computed 

numerically and respective 𝐷𝐴𝐹, [1+0.5(𝜑′+0.5𝜑′′)], taking into account the 𝜑′′ calculated as proposed 

in EN1991-2 (CEN, 2017) (analysis type 2 vs. analysis type 3); and iii) the calibrated 𝜑′′ and associated 

𝐷𝐴𝐹, [1+0.5(𝜑′+0.5𝜑′′)], considering the numerical value computed for 𝜑′ presented in ii) (analysis type 

1 vs. analysis type 2 vs. analysis type 3). Concerning the results achieved, relevant variations in the 

dynamic amplification factors associated with the irregularities of the track, ∆𝜑′′, were obtained, 

resulting in quantified differences in [1+0.5(𝜑′+0.5𝜑′′)], ∆𝐷𝐴𝐹 (𝜑′′). Higher calibrated values for 𝜑′′ 

than the normative ones were obtained for the inferior flange and diagonals. In this regard, it should be 

noted that two alternatives to compute 𝜑′′ are proposed in EN1991-2 (CEN, 2017), as described in 

Chapter 3. In annex D, the calculation of 𝜑′′ is suggested to be dependent only on the determinant length 

for velocities up to 200 km/h as in equation (3.4), according to a simplification applicable to fatigue 

analysis. In addition, in annex C, equation (3.8) is proposed to calculate values for 𝜑′′ for higher 
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velocities. The latter proposal is dependent on the first bending frequency of the bridge loaded by 

permanent actions, 𝑛0, which may not be easily defined for complex structural systems with relevant 

local responses. On the other hand, as shown for the Várzeas Bridge case study, the dependency only 

on the determinant length does not seem sufficiently accurate. Both approaches were mainly developed 

to be implemented in the analysis of members part of structural systems defined by a clear global 

behaviour and may not be representative for complex structural systems such as the one investigated in 

the present work. Therefore, future research may be advised to increase the accuracy of the normative 

proposals to compute 𝜑′′. However, it should be noted that due to the definition of the combined 

amplification factor, [1+0.5(𝜑′+0.5𝜑′′)], the implications of the differences obtained in the final values 

presented in Table 7.13, which should multiply the static outcomes, are not as relevant as those 

dependent on 𝜑′ shown in Table 7.11 (0.5𝜑′ vs. 0.25𝜑′′). 

After performing dynamic calculations considering the calibrated factors associated with the 

irregularities, 𝜑′′, the minimum values for the fatigue life of the previously identified critical connections 

of the Várzeas Bridge were re-calculated. Assuming as a reference the heavy traffic mix, the maximum 

results achieved for 𝐷100, obtained for quasi-static and dynamic analyses, are compared (Table 7.14). 

Table 7.14 – Phase II: principal connections (results summary for the heavy traffic mix) (II) 

Detail 

id. 

Structural 

element 

i) EN1991-2 (CEN, 2017) ii) Dynamic analysis iii) Dynamic analysis 

𝐷100 

(max. 

value) 

Fatigue life 

(years, months) 

𝐷100 

(max. 

value) 

Fatigue life 

(years, months) 

𝐷100 

(max. 

value) 

Fatigue life 

(years, months) 

D.1 Inferior flange 1.225 81 yrs, 7 mos 1.076 92 yrs, 11 mos 1.167 85 yrs, 7 mos 

D.4 
Vertical-post 

(sup. nodes) 
1.716 58 yrs, 3 mos 1.221 81 yrs, 10 mos 1.090 91 yrs, 8 mos 

D.5 Diagonal 2.256 44 yrs, 3 mos 1.687 59 yrs, 3 mos 1.772 56 yrs, 6 mos 

D.6 Cross-girder 2.103 47 yrs, 6 mos 1.513 66 yrs, 1 mo 1.502 66 yrs, 5 mos 

 

In Table 7.14, the results for the fatigue life obtained after performing quasi-static and dynamic 

calculations are presented, considering the normative values in i) and the successive refinements in ii) 

and iii). In this regard, lower results for 𝐷100 were calculated for all the investigated details, in relation 

to calculations i), assuming the suggested normative values for 𝜑′ and 𝜑′′. Also, it should be noted that 

for the connections related to the vertical-posts and for those associated with the cross-girders, the 

increase in the fatigue life obtained may be defined as relevant. For the inferior flanges and diagonals, 

a decrease in the fatigue lives was obtained when considering the calibrated values for 𝜑′′. Therefore, 

the value of the combined dynamic amplification factor based on numerical results of calibrated models 

is advised, in particular the partial one associated with the implementation of a moving load approach, 
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𝜑′. However, for the admitted heavy traffic mix, it should be stressed that unsatisfatory fatigue life 

predictions were calculated and further analyses must be performed. 

 

7.3.6. REFINEMENT OF THE FATIGUE ASSESSMENT: INFLUENCE OF THE NUMBER OF RIVETS 

The principal riveted details of the Várzeas Bridge were found to be composed of more than one line of 

rivets and more than one rivet per line, in particular those classified as fatigue-critical in the previous 

fatigue calculations. Thus, such connections have an inherent redundancy and a reserve of fatigue 

resistance associated with the loading transference mechanism which must be analysed. 

Regarding the global fatigue approach based on the nominal stress method implemented in the present 

Phase II, the S-N curves that have been recommended for assessing the fatigue life of riveted details 

have been validated as lower boundaries related to the crack detection. In Chapter 2, a comprehensive 

review of several works performed in real and small-scale specimens was presented, concluding that a 

higher detail category than the one considered in the current work may be more representative of 

ultimate failure modes (e.g. rivet failure, fatigue crack growing from the rivet hole or fatigue crack 

propagating at angle corner), influenced by the group effect and associated mechanism of loading 

transference. Two sources of redundancy may be theoretically derived from the internal distribution of 

forces: i) when the failure of a rivet occurs, connections with several mechanical fasteners have the 

capacity to redistribute the internal forces without losing the load carrying-capacity, extending the 

fatigue life; and ii) when a crack propagates from a hot-spot, such as a rivet hole, an internal distribution 

of forces takes place and the propagation rate of the initiated crack is reduced, with this scenario not 

being compatible with the safe life assumption. Also, the group effect should lead to lower magnitudes 

of local stresses, delaying the crack initiation. Thus, it may be excessively conservative to evaluate the 

fatigue damage independently of the number of mechanical fasteners and geometry of the riveted length. 

Taking into account the assumed relevance of the mechanism of loading transference for the magnitude 

of local stresses and location of hot-spots, it was found relevant to investigate the respective 

characteristics that influence the group effect. Naturally, in a certain detail, the distribution of the internal 

forces thru the rivets depends on the combination of axial and bending loading cases. In elements 

predominantly subjected to axial forces, such as the flanges and diagonals of the inverted Warren trusses, 

the distribution of the internal forces by the existing rivets is necessarily different from that which occurs 

in elements subjected to important bending moments. Therefore, in order to analyse the conservatism of 

assuming the transmission of nominal stresses not accounting for the geometry of the riveted length, the 

mechanism of loading transference is representatively investigated, evaluating the force transmitted by 

each rivet and lines of rivets, which may allow identifying typical locations for hot-spots. 
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Considering the mentioned above, for the identified typologies of the fatigue-critical connections of the 

Várzeas Bridge, a representative and generalisable numerical model was idealised to evaluate the 

mechanism of loading transference and corresponding local structural response, as a function of the type 

of acting loading and other parameters that characterise riveted connections (Figure 7.23). 

 

a) top view and section A-A’ (m) b) side view and section B-B’ (double scale) (m) 

Figure 7.23 – Riveted connection: idealised geometry 

 

In Figure 7.23, the geometry of the established simple case study is presented. An element defined by a 

UPN350 cross-section is connected by rivets to a gusset plate with 14 mm in thickness. A parametric 

geometry was taken into account depending on the considered values for 𝑠1 and 𝑠2. The riveted length 

(xx-direction), 𝐿1, was established as a function of spacing 𝑠1 and the number of lines of rivets assumed. 

In addition, the non-riveted length (xx-direction) was defined with the same value 𝐿1. Concerning the 

width (yy-direction), a total dimension of 2.𝐿1 was adopted (2.𝐿2+0.350). Such values were assumed to 

reduce the effects of the boundary conditions on the local response of the riveted geometry. Also, 

concerning the parametric characteristics of the idealised case study, it should be noted that as the basis 

of the analyses performed to investigate the influence of geometrical and non-geometrical properties on 

the mechanism of loading transference, e.g. the magnitude of the clamping stress, a reference riveted 

connection was established, characterised with base values defined considering admissible hypothesis. 

Therefore, all the calculations carried out adopted variable properties for the respective riveted detail in 

relation to the reference ones, with the latter defined below and the former established progressively. 

Concerning the geometrical parameters, based on the typical geometries found in the Várzeas Bridge, 

spacings 𝑠1 and 𝑠2 were assumed equal to 100 mm, taking into account three rivets per line and three 

lines of rivets. Nevertheless, as noted, in order to analyse the influence of different riveted geometries 

on the mechanism of loading transference, depending on the performed analysis, it should be stressed 
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that the number of lines of rivets, the spacing between lines, 𝑠1, as well as the number of rivets of each 

line and respective spacing, 𝑠2, were adopted as variable properties when required. A parametric 

numerical model was conceived using ANSYS (2018) (Figure 7.24). 

 

 

b) side view 

 
a) top view c) frontal view (section B-B’) 

Figure 7.24 – Riveted connection: numerical model (overview) 

 

In Figure 7.24, a global overview of the conceived model is shown, considering the defined base values 

for spacings 𝑠1 and 𝑠2. It should be noted that the refinement of the mesh presented is only for graphical 

representation. The mesh density adopted for each element and in particular for the riveted area was 

investigated in order to obtain stable and accurate results (Figure 7.25). 

 

Figure 7.25 – Riveted connection: numerical model (details) 

 

As shown in Figure 7.24 and Figure 7.25, 20-noded volumetric elements (SOLID186, ANSYS (2017a)) 

were adopted. Also, the contact pair elements CONTA174-TARG170 available in the ANSYS element 
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library (ANSYS, 2017a) were used, considering three types of surface-to-surface physical contact pairs: 

i) rivet head - structural elements (UPN350 and gusset plate); ii) rivet shank - structural elements 

(UPN350 and gusset plate); and iii) UPN350 - gusset plate. For each pair, both normal and friction 

behaviour were admitted in order to avoid finite penetration and allow limited sliding, respectively 

(Coulomb model). Such contact pairs were characterised based on the material properties of each 

component (structural elements and rivets). Concerning these values, the S355 steel grade was adopted 

to define the UPN350 and the gusset plate, a material similar to the one assumed for the main structural 

elements of the Várzeas Bridge, characterised in terms of elastoplastic behaviour as defined in Figure 

4.33 (Jesus et al., 2012). Regarding the material properties of the rivets, the characteristics described in 

subsection 4.5.2.6 were adopted. In addition, a clamping force was simulated using a negative 

temperature variation with the aim of obtaining a reduction of the length of the rivets. For such a purpose, 

according to the thermal expansion of the admitted material (𝛼𝑧 =10-5 ºC-1), several values for the 

clamping stress were evaluated as a function of the assumed variation of temperature (Figure 7.26). 

 

Figure 7.26 – Riveted connection: clamping stress (von Mises stress, Pa) 

 

In Figure 7.26, the von Mises stress fields associated with different values of installed clamping stress 

are shown. A base value of 60 MPa was assumed to characterise the reference riveted connection, 

geometrically defined by 𝑠1 and 𝑠2 equal to 100 mm, as mentioned above. This clamping stress 

magnitude may be usually found as a reasonable value assumed in investigations carried out for riveted 

connections (Leonetti (2020), see Chapter 2). Also, depending on the analysis performed, such as for 

spacings 𝑠1 and 𝑠2 related to the mechanical fasteners, different values of clamping stress were 

Clamping stress = 60 MPa

Clamping stress = 65 MPa

Clamping stress = 55 MPa
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considered and the respective influence on the characteristics of the mechanism of loading transference 

and associated local responses was investigated. 

Regarding the applied external force, three different and independent loadings were defined: i) an axial 

nominal stress, 𝐹𝑥; ii) a non-variable bending moment acting on the plane of the riveted detail (in-plane), 

Msdz; and iii) a constant out-of-plane bending moment, Msdy. Therefore, depending on the type of acting 

loading case considered, the analysis of the forces distributed thru the rivets and lines of rivets was 

progressively carried out. For each calculation performed, the loading transference mechanism was 

investigated taking into account the local structural response of the riveted length and the transmitted 

forces associated with each line of rivets (Figure 7.27). 

 

Figure 7.27 – Riveted connection: loading transference mechanism (schematic representation) 

 

As shown in Figure 7.27, assuming an axial loading as a reference, when a certain nominal force, 𝐹𝑛, is 

applied, equal to the integration of the generated nominal stress, 𝜎𝑛, for each section 𝑙 close to the lines 

of rivets (e.g. 𝐴, 𝐵, 𝐶 or 𝐷), there is a certain fraction of the force that is transmitted from the UPN350 

(structural element 𝑠) to the gusset plate (structural element 𝑔), 𝐹𝑇
𝑙 . Taking as example the connection 

schematically presented with three lines of rivets, for each section 𝑙, the internal force acting on the 

gusset plate, 𝐹𝑖𝑥
𝑙(𝑔)

, may be evaluated by integrating the normal stress values. The sum of such results 

with the internal force still installed in the UPN350, 𝐹𝑖𝑥
𝑙(𝑠), is equal to 𝐹𝑛. As example, for section 𝐵, the 

nominal force may be obtained according to the following equation: 

 𝐹𝑛 = 𝐹𝑖𝑥
𝐵(𝑔)

+ 𝐹𝑖𝑥
𝐵(𝑠) (7.12) 

Also, assuming a uniaxial deformation field, the difference between the values evaluated at two 

consecutive sections allows one to obtain the total force transmitted between those sections, 𝐹𝑇
𝑙 , 

associated with a certain line of rivets 𝑖 (e.g. 1, 2, 3). This fraction of the internal forces generated by 

the applied loading is composed of the sum of the forces transmitted due to the normal contacts related 
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to the 𝑗𝑡ℎ rivets of such a line 𝑖, 𝐹𝑇𝑟
𝑗,𝑖

, and due to the friction contact between the extension of the surfaces 

of the structural elements 𝑠 and 𝑔 associated with the same line of rivets 𝑖, 𝐹𝑇𝑓
𝑖 . As an example, 

considering sections 𝐵 and 𝐶, the force transmitted may be obtained by: 

  𝐹𝑇
𝐵 = ∑𝐹𝑇𝑟

𝑗,1
+∑𝐹𝑇𝑓

1  (7.13) 

  𝐹𝑇
𝐶 = ∑𝐹𝑇𝑟

𝑗,2
+∑𝐹𝑇𝑓

2 = 𝐹𝑖𝑥(𝑔)
𝐶 − 𝐹𝑖𝑥(𝑔)

𝐵  (7.14) 

Naturally, for acting bending moments, the generated displacements fields are not approximately 

unidimensional and the integration of normal stresses at the defined sections does not allow one to obtain 

the transmitted forces by each associated line of rivets. In such cases, the mechanism of loading 

transference may be investigated by calculating the variation of the stress components and 

corresponding von Mises stresses in each rivet. The integration of the latter should allow computing a 

relative measure of the forces transmitted after comparing all the values calculated in the rivets and lines 

of rivets. Therefore, three relevant quantities were defined and considered to investigate the local 

response of riveted geometries under different loadings: i) the internal force transmitted at each section 

𝑙 acting in the gusset plate, 𝐹𝑖𝑥
𝑙(𝑔)

; ii) the force transferred by each line due to the normal contacts 

associated with the rivets, ∑𝐹𝑇𝑟
𝑗,𝑖

; and iii) the internal force transmitted by each rivet, 𝐹𝑇𝑟
𝑗,𝑖

. 

In general, the magnitude of the clamping force installed in the rivets is not high enough to mobilise 

relevant friction forces between plates. As noted in Chapter 2, the advent of high strength preloaded 

bolts allowed establishing important differences in relation to regular bolts and rivets, leading to the 

phenomenon of fretting fatigue due to the mobilisation of high friction forces. Such a type of behaviour 

is not verified in the investigated connections and the transmission of forces should result mainly from 

the normal contacts involving the head and shaft of the rivets. 

Regarding the axial loading, considering as reference the internal forces evaluated for the diagonals of 

the Várzeas Bridge, a base value of 100 MPa for the nominal stress was defined. In addition to the 

geometrical characteristics and clamping stress, also the magnitude of this loading case was assumed as 

variable and the corresponding influence on the distribution of the internal forces thru the rivets was 

investigated. Therefore, after establishing the parametric case study and considering a certain axial 

nominal stress, the influence of three variable types of parameters was analysed, more specifically: i) 

the magnitude of the external acting axial loading; ii) the number of lines of rivets, rivets per line and 

respective spacings, 𝑠1 and 𝑠2; and iii) the installed clamping stress. As previously mentioned, with the 

aim of performing such an investigation, depending on the type of analysis, the parameters were always 

considered as variable in relation to the characterised reference riveted connection (i.e. acting nominal 

stress equal to 100 MPa, spacings 𝑠1 and 𝑠2 equal to 100 mm, considering three rivets per line and three 

lines of rivets, and a clamping stress of 60 MPa). 
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For a given riveted detail, as a function of the level of acting loading, localised plasticity at notches and 

rivet holes may occur influencing the structural performance. In addition, nonlinearities associated with 

the existing contacts may also affect the magnitude of the local response. Depending on the level of the 

acting nominal stress, the localised stress and deformation fields, in particular the slipping between 

plates, may be considerably different. In order to evaluate the influence of the magnitude of the external 

loading on the response of the defined reference riveted geometry, different values of axial nominal 

stress were considered and analysed (Figure 7.28). 

 

Figure 7.28 – Riveted connection: slipping (𝑈𝑥,𝐵 − 𝑈𝑥,𝐴) depending on 𝜎𝑛 (axial loading) 

 

In Figure 7.28, the slipping between the middle layers of the UPN350 and the gusset plate, evaluated 

between points 𝐴 and 𝐵, 𝑈𝑥,𝐵-𝑈𝑥,𝐴, is presented as a function of the magnitude of the external loading. 

Also, the results obtained assuming a purely elastic material are outlined. As can be observed, until 80 

MPa the evolution of the axial displacement is approximately linear as a function of the applied loading 

(negligible local plasticity). After this value, a nonlinear behaviour was clearly obtained. Comparing the 

results achieved considering the numerical model composed of purely elastic steel material with those 

taking into account the elastoplastic properties, the observed nonlinear behaviour is highly influenced 

by the plasticity phenomena at the rivet holes. For the same level of external axial loading, the axial 

deformation importantly grows due to the developed plasticity, also increasing the susceptibility to the 

initiation of fatigue cracks. The absence of any gap between the rivets and respective holes, opposing to 

which is verified in bolted connections, explains why no slippage without continuity occurred (Teixeira, 

2015). Concerning the numerical model considering purely elastic material properties, the decrease in 

the gradient of the axial deformation for higher load levels is clearly demonstrated, in contrast to the 

increased axial displacements due to the development of local plasticity. Such a structural response is 
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related to the growth of the rotation of the rivets and corresponding increase in the normal contact 

stiffness (Neves, 2016). The results obtained for both numerical models allowed evaluating the influence 

of the nonlinearity of the contact algorithm and the cumulative impact of such an effect with the 

development of confined and localised plasticity. As previously characterised, the model considering 

the elastoplastic material properties is representative of the real local structural response and was used 

to evaluate the influence of the magnitude of the axial loading on the mechanism of loading transference. 

Considering as reference Figure 7.27 and equation (7.14), the forces transmitted from the UPN350 to 

the gusset plate (from element 𝑠 to element 𝑔) were evaluated by integrating the axial stress fields at the 

assumed sections 𝐵, 𝐶 and 𝐷 of the gusset plate (Figure 7.29). 

 

Figure 7.29 – Riveted connection: transference of forces depending on 𝜎𝑛 (axial loading) 

 

In Figure 7.29, the fraction of force transmitted at each section is presented, depending on the applied 

external loading. Also, considering the three lines of rivets, the portion which would be obtained if each 

line received a proportional share of the applied nominal force (1/number of lines of rivets), 𝐹𝑖𝑥
𝑙 ∝ 𝐹𝑛⁄ , is 

outlined. Considering the values achieved, the transference of forces was found to be performed by the 

three lines of rivets almost proportionally. In general, the second line associated with section 𝐶 was 

responsible for the transference of a lower force in comparison to the first and third lines of rivets, 

respectively associated with section 𝐵 and 𝐷. Such a structural behaviour may be defined as a shadow 

effect of the extreme lines over the middle one. Also, the results obtained led to the conclusion that only 

for higher external loads the mechanism of loading transference is affected by changing the relation of 

forces transmitted in the three sections, which is consistent with the growth of plasticity areas. 

With the aim of investigating the influence of the riveted geometry on the local behaviour and 

mechanism of loading transference, different sets of calculations were performed considering three lines 
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of rivets and five different values of 𝑠1. Also, in order to analyse the relevance of the number of rivets 

per line, for the same value of 𝑠1, two or three rivets per line were admitted, which implies different 

values of 𝑠2. Therefore, 10 different geometries were investigated by quantifying the distribution of 

axial forces transmitted at each section associated with the admitted lines of rivets (Table 7.15). 

Table 7.15 – Riveted geometries as a function of variable parameters: 𝑠1 and 𝑠2 

Analysis 
Geometry of the riveted length Spacing between rivets 

Nº of lines of rivets Nº of rivets per line 𝑠1 (mm) 𝑠2 (mm) 

1 
3 

3 
75 

100 

2 2 200 

3 
3 

3 
100 

100 

4 2 200 

5 
3 

3 
125 

100 

6 2 200 

7 
3 

3 
150 

100 

8 2 200 

9 
3 

3 
200 

100 

10 2 200 

 

In Table 7.15, the idealised riveted geometries are characterised depending on the geometrical 

parameters 𝑠1 and 𝑠2. For the spacing between rivets, a range of values that are assumed to be likely 

found in common riveted connections was taken into account. As for the analysis concerning the 

influence of the external loading, the forces transmitted between structural elements 𝑠 and 𝑔 were 

evaluated by integrating the axial stress fields at sections 𝐵, 𝐶 and 𝐷 (see Figure 7.27), considering 

equation (7.14) and admitting a nominal stress of 100 MPa (Figure 7.30). 

 

Figure 7.30 – Riveted connection: transference of forces depending on 𝑠1 and 𝑠2 (axial loading) 
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In Figure 7.30, the fractions of force transmitted at each section are presented as a function of the 

investigated geometries, e.g. (3) 100 mm 3 riv/l identifies analysis (3) characterised in Table 7.15, 

considering spacing 𝑠1 equal to 100 mm and 3 rivets per line (3 riv/l). Also, the value for the proportional 

share, 𝐹𝑖𝑥
𝑙 ∝ 𝐹𝑛⁄ , is outlined as a reference. Predominantly, as in the previous analyses, the first and third 

lines, associated respectively with sections 𝐵 and 𝐷, were verified to be responsible for transferring the 

largest percentage of the acting loading, creating a shadow effect over the second line of rivets related 

to section 𝐶. When three rivets per line were considered, for lower values of 𝑠1, the difference in terms 

of loading transmitted by the extreme lines and the middle one was higher. Also, for larger spacing 

values, the shadow effect tended to be softened. On the other hand, when two rivets per line were 

assumed, the first and second lines of rivets transferred a minor percentage of the applied loading for 𝑠1 

equal to 75 mm and 100 mm. Such a phenomenon, which was not verified for lines with three rivets, 

may have its origin in the development of larger plasticity areas next to the holes. As it is expected due 

to the geometrical configuration, each rivet of connections with three rivets per line should receive a 

lower force than when two rivets per line are assumed. Consequently, the magnitude of stress 

concentrations should be lower for the former, leading to the development of smaller plasticity regions 

which should reduce the respective implications for local structural responses. Therefore, in order to 

clarify whether the detected differences were due to the excessive loading, a lower value for the nominal 

stress was taken into account and the geometries with two rivets per line were investigated (Figure 7.31). 

 

a) 𝜎𝑛=50 MPa b) 𝜎𝑛=100 MPa 

Figure 7.31 – Riveted connection: transference of forces depending on 𝜎𝑛, 𝑠1 and 𝑠2 (axial loading) 
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the local plasticity on the mechanism of loading transference is demonstrated. As a function of 𝑠1, for 

an applied nominal stress equal to 50 MPa, similar results were obtained to those previously presented 

for riveted geometries with three rivets per line. Also, the aforementioned shadow effect was always 

verified. The results achieved allowed concluding that the mechanism of loading transference 

maintained the main characteristics, even with the development of localised plasticity. Such a behaviour 

is expected until a relevant local failure, e.g. failure of a rivet or initiation of a crack from a rivet hole. 

Considering the results presented in Figure 7.30 and Figure 7.31, the values obtained proved that only a 

marginal effect on the mechanism of loading transference was verified for the different values of 𝑠1 and 

𝑠2, in general. Also, the transference of forces by the different lines of rivets was clearly shown. In this 

regard, considering the approximately proportional distribution of the transmitted forces, the influence 

of the number of lines of rivets on this structural response may be relevant. Therefore, in order to perform 

such an analysis, the previously defined base values that characterise the reference riveted connection 

were adopted (nominal stress equal to 100 MPa, 𝑠1 and 𝑠2 equal to 100 mm considering three rivets per 

line and a clamping stress of 60 MPa) and the number of lines of rivets was assumed as a variable. 

Taking into account admissible hypotheses for the number of lines of rivets that may be found in details 

of railway bridges, different geometries were considered in each analysis (Figure 7.32). 

 

Figure 7.32 – Riveted connection: variation of transmitted forces in relation to 𝐹𝑖𝑥
𝑙 ∝ (axial loading) 

 

In Figure 7.32, the variation of forces transmitted by each line in relation to the force that would be 

transferred if a proportional distribution occurred, ∆𝐹𝑖𝑥
𝑙 (𝐹𝑖𝑥

𝑙 ∝), is outlined as a function of the relative 

position of a certain line of rivets according to the xx-axis, e.g. the relative position equal to 0 is related 

to the first line and the position equal to 1.00 is associated with the last line. Considering the results 

obtained, it can be concluded that the distribution of forces tended to assume different values from the 
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proportional ones for connections with a higher number of lines of rivets. In such cases, as clearly 

demonstrated for the geometry with nine lines of rivets, the first and last lines are responsible for the 

transmission of larger shares of the applied nominal force, proving that the middle lines tend to be less 

effective. On the other hand, for a smaller number of lines of rivets, the transmitted forces are closer to 

the proportional values, 𝐹𝑖𝑥
𝑙 ∝, showing that all lines are almost equally effective concerning the 

transference of the loading. The results achieved are particularly relevant for identifying critical 

locations for fatigue phenomena. In terms of the magnitude of the local stresses at the most critical rivet 

hole, for three lines of rivets, an average value thru the thickness for the von Mises stress equal to 341.37 

MPa was assessed from a multiaxial response with plastic deformation at the contact surface between 

elements 𝑠 and 𝑔. On the other hand, for nine lines of rivets, a corresponding value of 307.11 MPa was 

calculated from a mainly uniaxial response completely in the elastic regime. The relevance of the 

number of lines of rivets on the magnitude of the local response was proved. In this regard, the 

percentage of force transmitted by each rivet of each line and the respective relation with the riveted 

geometry should be investigated. In each analysis, the stress components (𝜎𝑥𝑥, 𝜎𝑦𝑦, 𝜎𝑧𝑧, 𝜏𝑥𝑦, 𝜏𝑥𝑧, , 𝜏𝑥𝑦) 

were evaluated at two vertical sections in each rivet (0yz plane and 0xz plane, see Figure 7.25). For such 

a calculation, control analyses were performed in order to obtain the stress fields due to the installed 

clamping stress to investigate the stress variation driven only by the external loading. After, the 

corresponding von Mises stress values were computed and integrated taking into account the mentioned 

sections. Average values were calculated. The comparison between the results computed for each rivet 

allowed obtaining a relative measure of the force transmitted by the rivets of each line (Figure 7.33). 

 

Figure 7.33 – Riveted connection: numerical model (local view, details) 

 

In Figure 7.33, the numerical model conceived for the reference riveted connection previously defined 

is presented, identifying the assumed three lines of rivets and respective three rivets per line. Also, the 
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two sections admitted to calculate the variation of the stress components and to integrate the respective 

von Mises stresses are shown. Considering the geometries defined in Table 7.15, as well as the 

objectives of the planned analyses, only three values for the spacing between lines, 𝑠1, were taken into 

account in order to evaluate whether such a geometrical parameter influences the distribution of forces 

transmitted by the rivets of each line (Figure 7.34). 

 

Figure 7.34 – Riveted connection: transference of forces by rivet depending on 𝑠1 and 𝑠2 (axial loading) 

 

In Figure 7.34, the fraction of force transmitted by each rivet of each line is presented depending on the 

investigated geometries, e.g. (5) 125 mm riv.l=2 identifies the second line of rivets (riv.l=2) of the 

geometry defined in Table 7.15 taking into account spacing 𝑠1 equal to 125 mm related to analysis (5). 

Also, considering three lines of rivets with three rivets each (nine rivets), the portion which would be 

obtained if each rivet received a proportional share of the force transmitted by all rivets (1/number of 
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2,𝑖, transmits a minor percentage of the force in relation to the total value transferred 

by each line, ∑ 𝐹𝑇𝑟
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𝑗 . For the different dimensions of spacing 𝑠1, small variations were found in the 

investigated structural response. However, it should be noted that the difference in terms of percentage 

of force transmitted between the extreme rivets and the middle one tended to decrease with the growth 

of the riveted length. 

Regarding the investigation concerning the influence of the clamping stress on the local behaviour and 

mechanism of loading transference, several values for such an installed internal force in the rivets were 
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rivets per line, and an acting nominal stress of 100 MPa. Therefore, 10 distinct analyses related to 

different values of installed clamping stress were performed (Figure 7.35). 

 

Figure 7.35 – Riveted connection: transference of forces depending on the clamping stress (axial loading) 

 

In Figure 7.35, the percentage of force transmitted at each section for the investigated values of installed 

clamping stress is presented. In addition, the value for 𝐹𝑖𝑥
𝑙 ∝ 𝐹𝑛⁄ , considering the riveted geometry, is 

outlined as a reference. The results obtained allowed concluding that the magnitude of the clamping 

stress does not have a relevant effect on the mechanism of loading transference of the analysed riveted 

connection submitted to axial loading. Such a conclusion is mainly explained by the orthogonality 

between the purely uniaxial loading (xx-direction) and the installed clamping forces (zz-direction). 

However, it should be noted that for riveted connections submitted to out-of-plane bending moments, 

the influence of the clamping stress is expected to be more relevant. Furthermore, the relevance for the 

loading transfer mechanism may not be necessarily associated with the influence on the fatigue life due 

to the impact of the clamping stress on local stress fields. As noted in Chapter 2, for hot-spots close to 

rivet holes, such a permanent stress may have a relevant influence on the fatigue resistance by modifying 

the local stress fields, reducing the mean stress and stress ratio. Also, the thickness of the connected 

structural elements may relevantly influence the impact of the clamping stress on the local stress values. 

Therefore, depending on the loading, location of the critical points and thickness of the structural 

members, fatigue issues associated with the investigated detail may be significantly affected. Additional 

commentaries concerning the relevance of the clamping stress as a function of the loading are performed 

after analysing the local response for out-of-plane bending moments, Msdy. 

Although standards and guidelines predominantly address purely axial compressive and tensile loads 

for the implementation of global approaches based on S-N curves associated with nominal stresses, in 
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complex structures the effect of in-plane and out-of-plane bending moments may be critical. The 

determination of the nominal stress at the section of the structural element related to the first line of 

rivets, linearising and assuming average flexure effects, may not correctly reflect the influence of the 

bending moments on the internal response of riveted connections. Naturally, the results presented above 

should depend significantly on the applied axial loading, since this defines the local structural response 

through the way how the contacts are mobilised. However, it should be noted that some relevant 

conclusions previously reached may be extensible to the details submitted to a certain bending moment, 

e.g. the influence of the magnitude of applied loadings and the corresponding relation to local plasticity 

or the relevance of the clamping stress for in-plane loadings. Regarding the importance of the loading 

type, the details submitted to bending moments present a relevant multiaxial displacement field, which 

necessarily modifies the loading transference mechanism (Figure 7.36). 

 

a) acting axial force (xx-axis) b) acting bending moment (zz-axis) c) acting bending moment (yy-axis) 

Figure 7.36 – Riveted connection: expected response under different loading (schematic representation) 

 

In Figure 7.36, the expected local behaviour for the reference riveted connection, as a function of the 

type of acting loading, is schematically outlined. Concerning axial loadings, the local response 

previously investigated showed to be influenced by the uniaxial displacement field defined by a 

combined axial stiffness with an approximately equal contribution from each rivet. The parameters that 

characterise the riveted geometry influence the local deformation, leading to the transmission of slightly 

greater shares of the generated axial internal forces by some rivets and lines of rivets (𝑅𝑥1, 𝑅𝑥2 and 𝑅𝑥3). 

On the other hand, regarding the details subjected to bending moments, the described local behaviour is 

not expected due to the characteristics of the loading, which imposes multiaxial displacement fields to 

the riveted connection. Such a response may imply a differential mobilisation of the rivets according to 
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the characteristics of the loading, position of the rivets and centre of rotation of the riveted geometry, 

leading to a rotational or flexure stiffness with different contributions of each rivet (𝑅𝑥𝑖, and 𝑅𝑦𝑖 or 𝑅𝑧𝑖).  

As outlined in Figure 7.36, taking into account the numerical model previously conceived and the 

admitted system of axis, two different bending moments may be considered, i.e. around the axes zz and 

yy. Regarding a constant bending moment around the zz-axis, which may be translated by a couple of 

forces, Msdz=𝐹𝑥1. 𝑑1, the centre of rotation should be located close to the central rivet, independently of 

the signal of the loading. For such a reason, the transmitted loads identified as 𝑅𝑥2 and 𝑅𝑦2 (equivalent 

to reactions) should be inferior to the remaining ones. On the other hand, concerning a constant acting 

bending moment around the yy-axis, Msdy=𝐹𝑥2. 𝑑2, the localization of the centre of rotation close to the 

first or last line of rivets should be dependent on the signal of the acting forces 𝐹𝑥2 (negative or positive 

Msdy). In addition, the local response may also depend on the flexibility of the gusset plate due to the 

flexure deformation of this structural element, influenced by the boundary conditions (not investigated 

in the scope of these analyses). The combination of the mentioned local effects should define the 

magnitude of the transferred loadings 𝑅𝑥𝑖 and 𝑅𝑧𝑖. Either for the Msdz or Msdy, the characteristics of the 

nominal stress field may also influence the mechanism of loading transference. For variable loadings 

along the UPN350 (structural element 𝑠), the force transmitted by each rivet should be different when 

compared to what happens for constant nominal loadings. However, taking into account the main goals 

of the present analyses, focused on assessing the conservatism of assuming the loading transference 

independently of the riveted geometry, only constant bending moments were considered and the 

respective results are assumed as a reference. 

Regarding the bending moment around the zz-axis, a constant loading assuming 𝜎𝑛.Area/2=𝐹𝑥1, with a 

nominal stress of 100 MPa applied with different signals (compression and tension) in each half of the 

cross-section was defined, imposing a constant Msdz equal to 90 kN.m. Also, taking into account the 

characteristics of the in-plane loading and the conclusions reached for axial loads, no considerable 

influence on the mechanism of transference of the installed clamping stress or of the magnitude of the 

applied loading, other than those already identified, was expected. Consequently, only the relevance of 

spacings 𝑠1 and 𝑠2 was investigated, for the 10 different riveted geometries defined in Table 7.15. 

Considering the predominantly two-dimensional deformation field expected, the evaluation of the 

transmitted forces was performed by integrating the variation of the von Mises stress fields in each rivet 

at the sections defined in Figure 7.33 and comparing the results obtained for all the rivets.  

Therefore, for each investigated geometry, the force transmitted due to the normal contacts associated 

with the rivets of each line, ∑ 𝐹𝑇𝑟
𝑗,𝑖

𝑗 , was calculated and the respective fraction in relation to the total force 

transmitted by all the lines of rivets, ∑ ∑ 𝐹𝑇𝑟
𝑗,𝑖

𝑗𝑖 , was obtained (Figure 7.37). 
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Figure 7.37 – Riveted connection: transference of forces depending on 𝑠1 and 𝑠2 (Msdz) 

 

In Figure 7.37, the fraction of force transmitted due to normal contacts by each line of rivets, for the 

analysed geometries, is presented. Also, the proportional share, ∑ 𝐹𝑇𝑟
𝑗,𝑖

𝑗 ∝/∑ ∑ 𝐹𝑇𝑟
𝑗,𝑖
∝𝑗𝑖 , is outlined. In all 

the investigated geometries, the first and third lines were found to be responsible for transferring a larger 

fraction of the acting loading. On the other hand, the second line always transmitted a lower share, 

progressively reduced with the increase of 𝑠1, which is consistent with the proximity to the centre of 

rotation of the investigated geometries. Regarding the number of rivets per line, associated with 𝑠2, a 

greater relevance of the second line was found for riveted geometries with two rivets per line. With the 

aim of investigating the distribution of forces by the different rivets of each line, the results were 

analysed in detail for three of the investigated geometries (Figure 7.38). 

 

Figure 7.38 – Riveted connection: transference of forces by rivet depending on 𝑠1 and 𝑠2 (Msdz) 
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In Figure 7.38, the fraction of force transmitted by each rivet of each line is presented. Also, considering 

the nine rivets assumed in the investigated geometries, the fraction which would be obtained if each 

rivet transmitted a proportional share of the applied force, 𝐹𝑇𝑟
𝑗,𝑖
∝/∑ ∑ 𝐹𝑇𝑟

𝑗,𝑖
∝𝑗𝑖 , is outlined. In general, the 

results achieved highlight the conclusions previously drawn. More specifically, the rivets associated 

with the second line showed to be responsible for transmitting a lower percentage of the acting loading. 

In particular, rivet 2 of such a line was found to transfer a very low fraction of the internal forces due to 

its proximity to the centre of rotation. For all the investigated geometries, the preponderance of the first 

and third lines is clearly demonstrated. With the increase of 𝑠1, the reduction of the loading transferred 

by the second line is essentially compensated by an increase in the first line. Also, for the first and third 

lines, higher values of transmitted forces were obtained for rivets 1 and 3, showing that a shadow effect 

is verified over rivet 2. This difference between the extreme rivets and the middle one tended to decrease 

with the growth of the spacing between the lines, 𝑠1, in coherence with the conclusion achieved for the 

axial loading (see Figure 7.34). Therefore, for the in-plane bending moment, Msdz, the mechanism of 

loading transference is influenced by coupled forces predominantly formed by the mobilisation of the 

extreme rivets, namely, rivet 1 and 3 of lines 1 and 3, which is consistent with the in-plane rotation 

imposed to the riveted geometry. Also, considering that only the torsional stiffness of the gusset plate is 

mobilised, no relevant effect was verified on the local response of the riveted geometry dependent on 

the geometrical characteristics of this structural element. In this regard, a different conclusion is 

expected for out-of-plane bending moments, Msdy. 

Concerning the bending moment around the yy-axis, a constant loading was defined in order to consider 

maximum stress values at the extreme fibres of the UPN350 (structural element 𝑠) comparable to those 

taken into account in the previous analyses for Msdz. Therefore, a bending moment equal to 29 kN.m 

was applied, considering two forces 𝐹𝑥2 with different directions as outlined in Figure 7.36. As in the 

analysis related to the bending moment around the zz-axis, the expected local response and the 

conclusions achieved after the investigation performed for axial loadings were considered to define the 

relevant parameters whose effects on the mechanism of loading transference should be investigated. In 

this regard, the relevance of two variables was properly analysed: i) the spacing between lines, 𝑠1, and 

the number of rivets per line associated with 𝑠2, according to the different riveted geometries defined in 

Table 7.15; and ii) the direction of the loading, considering that the idealised representative case study 

is not symmetrical with respect to the 0xy plane.  

Therefore, with the aim of investigating the relevance of 𝑠1 and 𝑠2 for the mechanism of loading 

transference, for each geometry analysed, considering a negative Msdy, the force transmitted due to the 

normal contacts associated with the rivets of each line, ∑ 𝐹𝑇𝑟
𝑗,𝑖

𝑗 , was computed and the respective fraction 

concerning the total force transferred by all the lines of rivets, ∑ ∑ 𝐹𝑇𝑟
𝑗,𝑖

𝑗𝑖 , was obtained (Figure 7.39).  
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Figure 7.39 – Riveted connection: transference of forces depending on 𝑠1 and 𝑠2 (-Msdy) 

 

In Figure 7.39, the fraction of force transmitted due to normal contacts by each line of rivets is outlined. 
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transmitted by the first line. As demonstrated, the properties of the members connected by a certain 

riveted detail are important for the local structural behaviour and consequently for the mechanism of 

loading transference, which should influence the characteristics of the local response. Naturally, such 

issues, particularly relevant for connections with several lines of rivets and therefore with relevant 

riveted lengths, cannot be fully addressed by the nominal stress method, which has been leading to the 

adoption of conservative S-N curves. In order to evaluate the distribution of forces by the different rivets 

of each line, the results were analysed in detail for three of the investigated geometries (Figure 7.40). 
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Figure 7.40 – Riveted connection: transference of forces by rivet depending on 𝑠1 and 𝑠2 (-Msdy) 

 

In Figure 7.40, the fraction of force transmitted by each rivet of each line and the respective proportional 

share, 𝐹𝑇𝑟
𝑗,𝑖
∝/∑ ∑ 𝐹𝑇𝑟

𝑗,𝑖
∝𝑗𝑖 , are presented for the applied negative out-of-plane bending moment, Msdy. In 

accordance with the results presented in Figure 7.39 for each line, greater shares of force were 

transmitted by the first and third lines of rivets. Also, as previously verified for the other applied loading 

cases, a relevant shadow effect was verified over the middle rivet of the lines responsible for the 

transference of greater fractions of the internal forces. Furthermore, with the aim of analysing the 

relevance of the direction of the load case, a positive Msdy was considered and the respective loading 

transference mechanism was investigated (Figure 7.41). 
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In Figure 7.41, as for the analyses previously presented, the fraction of force transmitted due to normal 

contacts by each line of rivets and the respective proportional share, ∑ 𝐹𝑇𝑟
𝑗,𝑖

𝑗 ∝/∑ ∑ 𝐹𝑇𝑟
𝑗,𝑖
∝𝑗𝑖 , are presented. 

In general, the third line showed to be responsible for transferring a larger share of the internal forces. 

Also, with the increase of 𝑠1, the fraction of force transmitted by the first line increased in relation to 

the one transferred by the third line of rivets. 

The differences between the results presented for the negative and positive bending moments around 

the yy-axis clearly prove the relevance of the signal of the applied loading and the importance of the 

position of the centre of rotation as a consequence. Naturally, as mentioned, for both directions of the 

acting loading, the local structural response was mostly influenced by the flexure stiffness of the gusset 

plate. Therefore, admitting higher values for the thickness of this structural element, the local response 

for the positive and negative Msdy would be more consistent and dependent on the position of the centre 

of rotation of the detail. Nevertheless, it should be stressed that usually the connected plates (in this case 

the web of the UPN350 and the gusset plate) have similar thickness, which highlights the relevance of 

the results achieved, but different boundary conditions may also be verified. In addition, as for the 

calculations previously performed, in order to investigate the distribution of forces thru the different 

rivets and aiming to validate the analysis carried out on the structural response with local values at each 

rivet, the results were investigated in detail for three of the considered geometries (Figure 7.42). 

 

Figure 7.42 – Riveted connection: transference of forces by rivet depending on 𝑠1 and 𝑠2 (+Msdy) 
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extreme rivets of the third line are responsible for transferring larger shares of the internal forces 

originated by the applied loading. Also, similarly to the conclusions achieved for the axial loading and 

constant Msdz, a relevant shadow effect was verified over the middle rivet of the lines more loaded, 

which tended to be softened with the increase of 𝑠1. 

Previously, regarding axial loadings, it was proved that the magnitude of the clamping stress has a low 

influence on the mechanism of loading transference due to the inherent orthogonality between the axes 

xx and zz. However, taking into account the considered out-of-plane bending moment, Msdy, and related 

deformation field with relevant displacement in the zz-direction, the relevance of the installed clamping 

stress for the mechanism of loading transference was re-evaluated. Therefore, as previously performed, 

10 distinct analyses associated with different values of installed clamping stress were taken into account 

and the respective local response of the defined reference connection (𝑠1 and 𝑠2 equal to 100 mm 

considering three lines of rivets and three rivets per line), assuming a positive bending moment around 

the yy-axis equal to 29 kN.m, was investigated (Figure 7.43). 

 

Figure 7.43 – Riveted connection: transference of forces depending on the clamping stress (+Msdy) 
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that for regular values of clamping stress, which may be found in riveted connections of railway bridges 

(Leonetti (2020), see Chapter 2), the effect of the magnitude of this stress was found low, leading to 

similar local responses. Despite the reduced influence on the mechanism of loading transference for 

such values and as previously noted, the impact on the fatigue life should be evaluated considering the 

contribution of the clamping stress to the local stress fields and respective stress ratio, 𝑅. Nevertheless, 

the assessment of the fatigue damage using the global S-N curve characterised by Δ𝜎𝑐=71 MPa proposed 

in EN1993-1-9 (CEN, 2010c) does not allow accounting for these local fatigue parameters related to the 

structural behaviour. On the other hand, AREMA (2013) proposes different S-N curves to analyse 

riveted connections depending on the installed level of clamping stress and hole making method. As 

shown by Teixeira (2015) and presented in Figure 3.10 and Figure 3.11, the S-N curve for the detail 

category 71 is a conservative assumption for details submitted to stress variations below 62.05 MPa. For 

higher stress ranges, no difference is considered in the different codes regardless of the installed 

clamping stress. Therefore, it should be stated that the level of clamping stress may considerably 

influence the fatigue life, despite its low relevance for the mechanism of loading transference. 

Taking into account the results achieved, the type of acting loading influences the way how normal and 

friction contacts are mobilised, defining the transference mechanism between the connected structural 

elements. The characteristics of the loading, the geometrical properties of the details and the installed 

clamping stress may influence how the generated internal forces are transmitted. Also, concerning the 

magnitude of the loading, the level of influence depends on the development of local plasticity 

phenomena related to localised stress concentrations. Overall, it was proved that the internal forces are 

transmitted by all existing rivets in a non-proportional way. Consequently, not taking into account the 

characteristics of the mechanism of loading transference and respective group effect may be highly 

conservative. On the other hand, the distribution of forces proportionally to the number of rivets is not 

safe, with a greater preponderance of some rivets and lines of rivets for the mechanism of loading 

transference. In general, it can be said that the extreme lines of rivets and the respective extreme rivets 

are responsible for transmitting higher values of force and the location of hot-spots at the associated 

holes is expected. Also, it was proven the relevance of the number of mechanical fasteners for the 

magnitude of local stresses. For certain details, the assessment of the influence of several lines of rivets 

may be the difference between considering the development of relevant plasticity at critical locations or 

the elastic regime, leading to important differences in the fatigue life prediction taking into account the 

nonlinear nature of the fatigue phenomenon. 

Naturally, the local stresses that may be responsible for the appearance of fatigue cracks are proportional 

to the locally transmitted forces and characteristics of the riveted length. For a certain geometry, a given 

S-N curve for nominal stresses includes the existing local effects if obtained from experimental fatigue 
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tests of a representative or comparable one. As comprehensively described in Chapter 2, the S-N curve 

related to the detail category 71 has been admitted as a conservative assumption for riveted connections, 

proving to be a safe hypothesis when compared with results of experimental tests. The adoption of such 

an assumption for complex connections, widely present in railway bridges, highly redundant and with 

complex loading transfer mechanisms, may result in a level of conservatism that should be unbearable 

for the safety checking of real details. Due to admissible differences in the riveted geometry, e.g. 

staggered lines of rivets, or in the complexity of the loading that may result from the combination of 

axial forces and bending moments, the results achieved by investigating the idealised simple case study 

do not allow an extensive and definitive conclusion for all riveted connections. Nevertheless, the values 

obtained made it possible to identify a typical local behaviour associated with riveted geometries that 

should be taken into account on the assessment of fatigue-critical connections with low safety margins, 

evaluated using a global approach based on S-N curves and nominal stresses. In those cases, for a given 

geometry and loading, the analysis of the mechanism of loading transference may allow reducing the 

conservatism associated with such fatigue calculations. Therefore, the described limitations related to 

the concept of nominal stress demonstrated the need of reducing uncertainties for critical details by 

implementing robust and efficient local fatigue approaches, such as those proposed in Chapter 4 and 

foreseen in Phase III of the proposed integrated methodology for fatigue life prediction of existing 

metallic railway bridges. 

 

7.4. CONCLUDING REMARKS 

In this chapter, a standard fatigue assessment of the details identified as fatigue-prone in Phase I was 

carried out, according to the integrated methodology proposed for fatigue evaluation in Chapter 5. 

Properly amplified quasi-static analyses, considering traffic scenarios suggested in EN1991-2 (CEN, 

2017), allowed computing fatigue life predictions associated with each riveted connection. Additionally, 

refinements of the calculation approach were implemented in order to obtain a better approximation of 

the numerical results to the real structural responses. 

Comparing with the analyses performed in Phase I, a refinement of the global fatigue method and 

associated railway loading was carried out. After analysing the typical trains circulating on the Várzeas 

Bridge, the heavy and standard mixes proposed in the applicable Eurocode were adopted. Such traffic 

scenarios were considered to be the most representative of the current typology of the trains circulating 

on the bridge (mostly freight). Also, the respective annual tonnage (25x106 tons) allowed considering a 

reasonable safety margin for the expected future increasing of the traffic demands. Furthermore, the 

linear damage accumulation method was implemented. Unlike in the investigation performed in Phase 

I, for each acting stress range associated with a given train (∆𝜎𝑖-𝑛𝑖), the corresponding damage was 
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calculated (∆𝜎𝑖-𝑁𝑖), performing subsequently the linear accumulation using the Miner rule (𝑛𝑖-𝑁𝑖). For 

each detail, such results made it possible to compute the fatigue life associated with the considered 

normative traffic scenarios. 

In Phase II, the implementation of the foreseen calculations allowed obtaining results for the principal 

and secondary connections by computing the nominal stresses in the structural elements associated with 

the identified riveted connections. As a first approach, the proposed quasi-static analyses defined in 

EN1991-2 (CEN, 2017) for a structural system such as the one of the Várzeas Bridge, properly amplified 

to take into account the dynamic effects of the response, were implemented. An analysis was carried out 

concerning the coherence between the results achieved in Phase I and Phase II. In general, taking into 

account the admitted traffic scenarios and the assumed service life for the structure, consistent values 

for 𝐷100 and 𝜇𝐹𝐷𝐹 were achieved in the Standard Evaluation and the Initial Assessment, respectively. 

Nonetheless, it should be noted that these parameters are not completely comparable due to the 

differences underlying the respective calculation approaches. About such values, for the detail type D.3 

a higher divergence was found due to the verified local behaviour, admissible in trussed structures, 

which resulted in a damage accumulation higher than initially expected and if compared with the 

remaining investigated connections. This result justifies the advised engineering-based decision at the 

end of Phase I in order to define the details to be investigated in the subsequent phases. For complex 

structural systems, it is strongly recommended that in cases of 𝜇𝐹𝐷𝐹 close to the limit, the value of 𝐿Φ 

must be taken into account. If the nominal stresses values of interest as a function of the position of the 

unitary loading are characterised by more than one stress range and the corresponding structural member 

by a reduced determinant length, a relevant local response should be expected. Overall, the qualitative 

analysis of the results achieved allowed concluding concerning the progressive decrease in the degree 

of conservatism adopted between the first two phases, which is assumed as the basis of the proposed 

integrated methodology. Two principles underlying the multiphase calculation strategy were checked: 

i) a relevant number of details previously identified as fatigue-prone were not subsequently classified as 

fatigue-critical, allowing to reduce the number of details that must be investigated in further analyses; 

and ii) none of the riveted connections identified as fatigue-critical had not been previously flagged in 

Phase I. Also, it should be noted that similar conclusions would be achieved if the Initial Assessment 

was performed considering the amplification factor 2. 

By principle, the design and analysis methods suggested in the applicable standards have associated a 

certain degree of conservatism to take into account some simplification due to the general absence of 

advanced numerical and analytical tools and detailed data concerning the investigated structures, which 

is impossible for new ones. Therefore, additional calculations were made based on dynamic analyses in 

order to consider: i) the dynamic amplification factor related to the structural system under analysis, 𝜑′; 
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and ii) the real profile of irregularities of the railway track on the structure, provided by the bridge 

management authority, in order to evaluate reasonable values for the respective amplification factor, 𝜑′′. 

Regarding the former, implementing the concepts of modal superposition, it was possible for a given 

parameter of the response to accurately compute the value of 𝜑′ to amplify the static outcomes, as in 

equation (3.7). Concerning the track irregularities, analyses considering a bridge-train interaction were 

performed and the results obtained were compared with the corresponding ones calculated by 

implementing a mobile loads approach and with the static outcomes, which led to calibrated values for 

𝜑′′. In order to assess the impact of such analysis refinements, sequential calculations were performed. 

For the Várzeas Bridge case study, the results obtained allowed evaluating the conservatism of the 

proposed normative values for 𝜑′ and 𝜑′′ when considered as in equation (3.1). After performing the 

calculation refinements associated with the dynamic analyses, it was concluded that only the details 

related to the diagonals and cross-girder present a magnitude for 𝐷100 that would lead to short-term 

damage if one of the considered normative traffic scenarios had been circulating on the bridge since 

1958. Nonetheless, some riveted connections associated with the inferior flange and vertical-post at the 

superior nodes also presented limited fatigue life according to the assumed traffic scenarios. After the 

calculations of Phase II, for the heavy traffic scenario, 100 details must deserve further verifications (50 

considering the symmetry of the structural system, 50/1143). On the other hand, admitting the normative 

standard traffic, only 22 connections do not fulfil the safety requirements (11/1143). For the latter 

railway loading, 20 of the identified fatigue-critical details are associated with the diagonal, D.5. 

Regarding the connections related to the cross-girders, D.6, the magnitude of the damage is influenced 

by the responses that affect the respective local out-of-plane bending (zz-axis, see Table 6.2), directly 

related to the compatibility with the global in-plane deformation of the bridge. Detailed modelling of 

the connection cross-girder-to-vertical-post may be relevant to closely investigate such details. In 

general, the results achieved show the relevance of defining reasonable estimates for the past, present 

and future railway traffic. Therefore, it must be stressed the importance of additional efforts to evaluate 

the railway loading, in order to have more reliable data to calculate the fatigue damage in each detail. 

Additionally, still as part of the calculations associated with Phase II, it was considered relevant to carry 

out parametric studies to demonstrate the influence of the number of lines of rivets and rivets per line 

on the loading transference mechanism. Based on the identified typologies of the fatigue-critical 

connections of the Várzeas Bridge, a representative and generalisable riveted detail was investigated. 

Volumetric numerical models accounting for the existing contacts were considered, in order to 

accurately model the internal structural behaviour of the connection. After analysing the influence of 

the geometrical and non-geometrical parameters, it was concluded that considering the same acting 

nominal stress range independently of the riveted geometry is a considerable factor of conservatism for 

fatigue calculations. As a further development, with a basis on appropriate volumetric numerical models 
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of other riveted typologies, additional analytical expressions may be calibrated to establish a relation 

between the nominal stress and the riveted geometry, similar to that defined in prEN1993-1-9 (CEN, 

2020), in order to reduce the conservatism of this stage of calculations. 

Overall, considering the results obtained and according to the proposed integrated methodology, at the 

end of Phase II it is possible to define the next steps concerning the fatigue investigation, namely if 

Phase III should be implemented or if it is possible to directly perform Phase IV for economical or 

practical reasons. In general, the latter option is admissible when details classified as fatigue-critical are 

associated with structural members whose replacement may be easy and without major consequences 

for the operation on the bridge. Also, even in such cases, further analyses may only be dismissed if the 

fatigue damage process and the origin of the corresponding damage are identified and understood. 

Otherwise, it is advisable to carry out Phase III and perform the associated calculations to redefine the 

fatigue classification and produce results and information for eventual actions related to Phase IV. For 

the Várzeas Bridge case study, the damage calculated for the detail D.5, associated with the importance 

of this type of connection for the trussed structural system, shows that further studies concerning the 

structural response and the damage mechanism should be performed in Phase III, even conservatively 

considering the normative heavy traffic scenario. The development of local numerical models conceived 

with volumetric finite elements should allow performing considerations on the parametric analyses 

carried out concerning the loading transference mechanism of the representative riveted connection. 

Conclusions about the structural safety of the investigated bridge may be drawn after the calculations 

foreseen in Phase III, with such results also assumed as relevant for the definition of future fatigue 

calculation steps and maintenance or strengthening operations. 
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8 
8. PHASE III, DETAILED ANALYSIS: 

THE VÁRZEAS BRIDGE CASE STUDY 

 

 

8.1. INTRODUCTION 

The structural integrity of a certain bridge depends on the safety of the several connections that compose 

the main structural system and subsystems, if existing. In cases of fatigue failure events, all connections 

may theoretically give origin to short or medium-term structural damage, which may jeopardize the 

railway operation. The relevance of the progression of damage in principal connections and associated 

structural members must deserve special attention and mandatory detailed analyses, due to the 

implications on the structural integrity and monetary costs. In the large majority of cases, such details 

cannot be replaced without interrupting the circulation on the investigated bridge for an important period 

of time, causing considerable direct and indirect financial losses to operating companies and to those 

which depend on this mean of transport to outflow products and receive raw materials. Naturally, the 

replacement of structural elements associated with secondary connections may also give origin to similar 

constraints if those are located in places without direct easy access. In such circumstances, as for the 

principal connections, detailed fatigue analyses should be considered. 

In any case and even if the replacement of a structural element associated with a critical connection is 

possible with minimal constraints, it is important to understand the damage mechanism associated with 

the phenomenon of fatigue in details classified as critical after implementing global S-N methods based 

on nominal stresses. Consequently, local fatigue approaches should be taken into account by adopting 

refined and efficient numerical models, which in the context of large Civil Engineering structures may 

be difficult to achieve. In this regard, the application of submodelling techniques is an admissible option 

to allow local fatigue analyses related to crack initiation and propagation phases (Albuquerque et al., 

2015; Horas et al., 2018). In order to apply such calculation strategies and considering that some 

structural configurations are globally modelled using line elements, two levels of modelling detail must 

be considered: i) enhancement of the global beam model incorporating a refined area with shell 
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elements, associated with a certain critical detail; and ii) development of a submodel composed of 

volumetric elements, in which the displacement fields evaluated in the shell refinement of the global 

model are inputted. In this respect, when significantly large structures are investigated, the possibility 

of implementing successive submodelling techniques should be considered, i.e. conceive a shell 

submodelling of the area related to a certain critical connection, where the boundary conditions 

evaluated in the global beam model are inputted (beam-to-shell submodelling) and, subsequently, a 

volumetric submodel of the critical detail related to the first local model (shell-to-solid submodelling). 

The development of submodelling methodologies is only effective if combined with the implementation 

of modal superposition principles, which allows performing calculations in times compatible with the 

pace of Civil Engineering works. It should be noted that the application of such concepts, in addition to 

enabling detailed local analyses to be carried out efficiently, also makes them feasible for complex 

connections, even in longer computing times. For all types of details, performing local analyses with a 

basis on submodels should inherently account for the local geometrical and material characteristics, as 

well as the contacts between the several existing components, which enables a close approximation to 

the respective local response if the displacements assessed in the refined global model are representative 

of the real structural behaviour. Therefore, obtaining results of local analyses allows defining future 

calculations and structural interventions, understanding the roots of the fatigue phenomenon and 

evaluating whether an excessive conservatism was considered in the previous calculation phases. 

In Chapter 4, approaches that combine the implementation of modal superposition and submodelling 

concepts were proposed. In general, the modal superposition of local quantities showed a considerable 

accuracy for the local analysis of critical locations (approach 2), i.e. notches in the parental material or 

welded details. On the other hand, such a calculation strategy proved not to produce satisfactory results 

for connections in which the local behaviour depends on contact nonlinearities, e.g. riveted details. In 

this context, the modal superposition of boundary displacement fields (𝐵𝐶𝐷𝑂𝑠) was proposed to compute 

the respective time histories, directly related to local parameters of interest considering a local model 

(approach 3). Based on the applicable calculation strategy, the elastic values of stresses and strains at 

the critical points may be calculated for each time step. When stress values above the yielding are 

obtained, elastoplastic post-processing must be applied. After, local fatigue methods can be used to 

evaluate the fatigue life associated with the initiation and propagation of cracks. Regarding the initial 

stages of macroscopic crack growth, when the tip is not affected by contact nonlinearities, approach 2 

should be preferentially considered given the respective high computational efficiency. Otherwise, when 

the local response is dependent on normal and friction contacts, approach 3 must be implemented. 

Nonetheless, the numerical propagation of the crack may be time-consuming due to the number of trains 

that must be taken into account for each crack increment. In such situations, choosing representative 
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trains and extrapolating the associated structural response may allow estimating the fatigue life 

associated with the initial crack increments. Alternatively, analytical approaches applicable to the 

investigated geometry may be implemented with a basis on local parameters of the structural response 

to obtain preliminary information concerning the propagation stage. In general, approaches 2 and 3 give 

a variety of resources and numerical options to investigate the regimes of stable crack growth. 

Naturally, the detail of the analyses foreseen in the third stage of fatigue calculations requires extensive 

data about the investigated structure. In particular, the aforementioned modelling effort must be based 

on comprehensive information about the geometrical and material characteristics of the connections 

classified as fatigue-critical. In addition to the data gathered and experimental campaigns carried out in 

the bridge, characterised and described in the first two stages of the fatigue assessment, in Phase III 

several complementary experimental tests should be performed in situ and in a laboratory. Also, 

information available in the literature may be considered if found relevant. 

In the case of the Várzeas Bridge, the results achieved in Phase II allowed computing the fatigue life 

predictions associated with each type of detail defined in Phase I as fatigue-prone. After several 

refinements, it was concluded that even considering the accuracy of the global model, calibrated and 

optimised using in situ experimental data, the implementation of local approaches was required to 

investigate the structural redundancy of certain critical details and associated fatigue life. As said, the 

analysis of the loading transference mechanism and related internal distribution of forces should allow 

evaluating a fatigue response in accordance with the real one. In this regard, it was considered relevant 

to investigate the type of detail that presents the higher values for the fatigue damage, D.5, with the aim 

of analysing the corresponding local behaviour. Representatively, the riveted connection located at 

x=109.30 m, part of the nodal connection at x=110.50 m, is investigated. Therefore, considering the 

results obtained in Phase I and Phase II, as well as the defined analyses premises, the calculation 

strategies associated with Phase III were implemented and the results obtained must be taken into 

account in future railway maintenance planning tasks involving the Várzeas Bridge. 

 

8.2. SUBPHASE III.1 - ANALYSIS AND UPDATING OF AVAILABLE INFORMATION 

As a first approach to Phase III, as depicted in Figure 5.7, three interdependent subtasks should be carried 

out: i) analysis of the information and results from Phase II; ii) plan and perform additional experimental 

tests; and iii) improvement of the global modelling and conceive the required submodels. Naturally, the 

subtasks associated with Phase III should be based on the information previously gathered. Also, the 

results obtained after performing the structural analyses required in Phase II should assume a critical 

influence on the definition of the third stage of the fatigue assessment. 
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In general, the subtasks foreseen in the Detailed Analysis related to gathering information are focused 

on increasing the reliability of the calculations, with the aim of acquiring data to improve the quality of 

the numerical modelling and fatigue models. Laboratory and in situ testing should be planned to provide 

comprehensive information to increase the detail of the assessment of fatigue-critical connections by 

implementing approaches to accurately evaluate the fatigue loading and resistance. 

 

8.2.1. EXPERIMENTAL TESTS PERFORMED IN THE LABORATORY 

The definition of the mechanical properties of the material is essential to carry out detailed investigations 

concerning the relevance of local fatigue phenomena. For existing bridges, the material characteristics 

may be considerably different from those of current steels and this fact should be taken into account due 

to the admissible influence on fatigue strength. Also, such old materials are more likely to present 

degradation of the respective properties as a result of the ageing process associated with the continuous 

loading time. As part of the scope of the proposed integrated methodology proposed in Chapter 5, a set 

of laboratory tests was performed considering samples of material extracted from the Várzeas Bridge. 

This testing plan was designed to evaluate the metallographic, strength, ductility and toughness 

characteristics of the steel that composes the investigated structure. Furthermore, the fatigue properties 

were directly evaluated, namely the resistance to the propagation of fatigue cracks and the strength of 

double shear riveted connections conceived with the material extracted from the bridge. Therefore, the 

following laboratory tests were planned and performed: 

 Metallographic and chemical analyses; 

 Vickers hardness tests; 

 Charpy V-notch tests; 

 Monotonic tensile strength tests; 

 Fatigue crack propagation tests; 

 Monotonic (quasi-static) and fatigue tests of riveted connections. 

After performing the planned experimental procedures, the results achieved are detailed and analysed, 

taking into account reference values available in the literature. In this regard, it should be mentioned 

that relevant considerations on the results obtained were performed by Sousa (2020), with the aim of 

investigating probabilistic approaches to model the fatigue strength of metallic connections, part of 

existing railway bridges. Such a work was based mainly on the one carried out by Correia (2014) (see 

Chapter 2), developing a line of investigation which seeks to mitigate difficulties in evaluating the 

parameters of S-N curves for nominal stresses related to old metallic connections, using results of 

elementary experimental tests performed on materials of existing Portuguese bridges. 
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8.2.1.1. Extraction of the bridge material 

Extract material from structures in operation may be difficult, depending on the existing structural 

system. Concerning the Várzeas Bridge, in order to carry out the foreseen laboratory tasks, two 

secondary transversal elements were extracted. In this regard, it should be noted that no main structural 

members can be removed without performing major works with significant impacts on the railway 

circulation on the structure, which would give origin to relevant economic and financial efforts for the 

bridge management authority, railway companies and dependent industries. Thus, despite the expected 

differences in the steel grade and aiming to confirm the reasonableness of the properties adopted in the 

conceived numerical modelling, two elements associated with the inferior bracing were extracted and 

the respective experimental results assumed as representative when admissible (Figure 8.1). 

 

 

a) plan of the inferior bracing (partial view) 

 

b) general cross-section of the bridge (partial view) c) removed member connected to an inferior node 

Figure 8.1 – Removed secondary structural elements (east side of the bridge) 

 

In Figure 8.1 a) and b), the locations of the extracted elements in the structural system of the bridge are 

identified. Also, a photo taken during visual inspections of one of those members, part of the inferior 

bracing system and connected to an inferior node without confluent diagonals, is presented in Figure 8.1 

c). The two members extracted from the bridge were confirmed to be both composed of laminated 

UPN140 cross-sections, as defined in subsection 6.2.1 when describing the conceived global numerical 

model. In such structural elements, riveted details at the ends and middle of the respective length were 

found, with mechanical fasteners characterised by a diameter of approximately 20 mm, as part of the 

connections to the remaining structure (Figure 8.2). 
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a) global overview of the extracted members b) cross-section of one of the extracted members 

Figure 8.2 – Removed secondary structural elements: UPN140 cross-sections 

 

In Figure 8.2, the transversal members removed from the bridge are shown in the laboratory environment 

in a rough state of conservation before any treatment operation. Taking into account the existing rivet 

holes and the respective location, a profile cutting scheme was planned to obtain several test specimens 

and maximise the use of plain material, which is presented in Figure 8.3. Parts of the web and flanges 

were used. As an example of the laboratory tasks associated with preparing the metallic samples for 

testing, a cutting procedure is shown in Figure 8.4. 

 

 

Figure 8.3 – Cutting sequence, numbered to specimen extraction (mm) 

Detail B
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Figure 8.4 – Cutting of an extracted UPN140 (saw band machine) 

 

The processes implemented to obtain the required steel pieces included saw cutting, milling, grinding 

and drilling, avoiding procedures that may modify the properties of the material by thermal action. The 

following test specimens were produced: i) 6 samples for metallographic, hardness and chemical 

analyses; ii) 8 Charpy test pieces; iii) 9 specimens for monotonic tensile strength tests; iv) 14 Compact 

Tension specimens (CT); and v) 33 plates to produce of 11 double shear riveted details. Concerning the 

latter, in order to obtain the steel plates required for those riveted connections, the web and flanges of 

one profile and two additional segments of the other profile were used. Also, the riveted details were 

designed for rivet holes with a nominal diameter of 18 mm, as an alternative to the 20 mm dimension 

found in the extracted elements, aiming to respect the minimum distances from the holes to the edges of 

the plates that compose the double shear connections, as advised in the applicable Eurocode. For the 

monotonic and Charpy tests, the specimens were removed from the corners of the extracted members, 

at the intersections between the web and the flanges, to obtain greater thicknesses. In general, the 

required specimens were produced according to the lamination direction of the profiles. 

 

8.2.1.2. Metallographic and chemical analyses and Vickers hardness tests 

The morphology of the microstructure of a given metal may be evaluated by performing metallographic 

investigations on samples properly prepared. The tested specimens were grounded, polished and treated 

with a chemical reagent to reveal the interfaces between the grains that compose the microstructure of 

the metal. Several properties of the material may be evaluated with a basis on this type of experimental 

testing, e.g. assessment of the origin of fractures or wear in early ages. 
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For the investigation concerning the microstructure of the material of the Várzeas Bridge, cylinder shape 

test pieces were extracted in all directions (Figure 8.5). 

 

Figure 8.5 – Location of the samples extracted from the steel profiles 

 

In Figure 8.5, the specimens extracted from the profiles and respective locations are shown. Such test 

samples were obtained from the flange (1 and 2), web (3 and 4, two specimens for the latter type), as 

well as from the web-flange intersection (5), covering both transversal and longitudinal orientations. 

Several microstructures of the material are presented in Figure 8.6.  

  

a) microstructure from specimen (1) (100 μm) b) microstructure from specimen (2) (20 μm) 

  

c) microstructure from specimen (3) (50 μm) d) microstructure from specimen (4) (50 μm) 
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e) microstructure from specimen (4)                       

(near to the web-flange intersection) (200 μm) 

f) microstructure from specimen (5)                    

(corner of the UPN140) (100 μm) 

Figure 8.6 – Microstructures of the material at different locations and with different orientations 

 

Regarding the results presented in Figure 8.6 a) to f), an equiaxed microstructure for the samples related 

to the flange and an oriented one for those associated with the web, with a transition between the two 

types of microstructures in the specimens related to the corner of the profile, were found. Using the 

ImageJ software, an analysis of the grain size allowed defining an average dimension of 45 μm. After 

evaluating the results obtained, a typical microstructure of low carbon mild steel was found, composed 

essentially of ferrite, with small amounts of perlite distributed along the boundaries of the ferrite grains. 

Additionally, analyses were performed on the chemical composition of the material. In this regard, 

optical emission spectroscopy employing arc and spark excitation (Arc Spark OES) was considered in 

the investigation of the material extracted from the Várzeas Bridge, taking into account that it is a widely 

implemented method to evaluate the chemical composition of metallic samples. The results obtained 

were compared with values available in the literature related to other structures (Jesus et al., 2011; 

Gallegos Mayorga et al., 2017; Raposo et al., 2017; Pedrosa et al., 2019) (Table 8.1). 

Table 8.1 – Comparison of the chemical composition of several materials of bridges (%, mass) 

Bridge (material) Age C  Mn  Si P S 

Ref. values (puddle iron) Before 1900 Max. 0.08 0.4 n/a 0.6 0.04 

Ref. values (mild steel) After 1900 0.02-0.15 0.2-0.5 variable 0.03-0.06 0.02-0.15 

Eiffel (puddle iron) 1878 0.81 2.71 0.24 >0.15 >0.15 

D. Luiz I (puddle iron) 1886 0.72 2.09 0.34 >0.15 >0.15 

Fão (puddle iron) 1892 0.09 0.13 0.06 0.14 0.007 

Pinhão (transition) 1903-1906 0.06 0.34 <0.01 0.04 0.03 

Trezói (mild steel) 1956 0.06 0.34 0.03 0.02 0.02 

Várzeas (mild steel) 1958 0.04 0.29 0.01 0.024 0.008 
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In Table 8.1, the results achieved for the investigated structure are presented in bold, allowing one to 

confirm that the material shows a composition typically found in mild steel with low carbon content. In 

addition, comparing the values obtained with others available in the literature, it can be stated that the 

material extracted from the Várzeas Bridge is similar to the one that composes the structural system of 

the Trezói Bridge (part of the same railway line and built at the same period), which validates the 

material properties adopted in subsection 6.2.1.1. Finally, it can be concluded that the levels of 

phosphorus and sulphur contents are within the acceptable limits for mild steels. 

Also, Vickers hardness tests were carried out on the material removed from the Várzeas Bridge by 

applying a 10 kgf load for 10 seconds using a diamond indenter and measuring the respective area of 

indentation on the surface, according to standard NP711 (IPQ, 1968). Concerning the results achieved, 

the hardness values for the tested samples, with an average value of 126 HV and a coefficient of variation 

of 6.60%, are presented in Table 8.2. 

Table 8.2 – Vickers hardness obtained for the material of the Várzeas Bridge 

Specimen (1) (2) (3) (4) (5)  Average Coef. of variation (%) 

HV (10 kgf) 128 126 124 142 109  126 6.60 

 

Based on the hardness values achieved, it is possible to obtain a rough estimate of the tensile strength 

of the material, which should be in the order of 400 MPa, according to the defined in DIN 50150 (2000). 

In subsection 8.2.1.4, this prediction for the quasi-static resistance is compared with the results of a set 

of monotonic tensile tests. 

 

8.2.1.3. Charpy V-notch tests (CVN) 

Fracture toughness decisively influences the brittle or ductile behaviour of metallic materials. The most 

widely used method to evaluate this property is the Charpy V-notch impact test (CVN). Such an 

experimental procedure measures the energy absorbed by the rapid fracture of a small specimen with a 

machined notch (V-form).  

As part of the characterisation of the material that composes the Várzeas Bridge, a set of Charpy tests 

was carried out with the aim of assessing the fracture energy under impact loading conditions on notched 

specimens. This material property is currently used by the applicable standards to establish a mandatory 

selection criterion for the materials to be used in the design of structures. In this regard, according to 

EN1993-1-10 (CEN, 2010b), the Charpy fracture energy of a certain steel must be higher than 27 J for 

temperatures representative of typical operating conditions. 
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In order to assess the fracture energy, 8 Charpy specimens with dimensions in accordance with NP 

EN10045 (IPQ, 2007) were extracted along the rolling direction, but with the notch oriented in the 

transversal direction to evaluate the respective transversal fracture energy (Figure 8.7).  

 

a) Charpy V-notch specimen geometry (mm) b) location and orientation of the test samples 

Figure 8.7 – Geometry of the Charpy specimens and respective location and orientation 

 

After obtaining the Charpy specimens according to the normative geometry, the microstructures of such 

metallic samples were evaluated in order to analyse the consistency with the results and conclusions 

previously presented (Figure 8.8). 

 

a) microstructure from specimen 5                           

(side view, near the notch) 

b) microstructure from specimen 5                           

(side view, far from the notch) 

Figure 8.8 – Notch orientation concerning the Charpy specimen microstructure (transversal orientation) 

 

In Figure 8.8, the microstructures obtained from specimen (5) are presented, proving that the samples 

were extracted from the corner of the UPN140 cross-section. The side view represented in Figure 8.8 

a), including the V-notch, shows the expected rolling lines until half of the thickness that are disrupted 

by the linear arrangement of the microstructure of the flange of the UPN140 cross-section. With regard 
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to the 8 foreseen specimens, half of them were tested at ambient temperature (22 ºC) and the other half 

at -20 ºC using Liquid Nitrogen (Figure 8.9). 

  

a) AMETEK equipment b) test setup with liquid nitrogen 

  

c) application of the Nitrogen d) temperature measurement 

Figure 8.9 – Charpy test setup and performed standard operations  

 

As presented in Figure 8.9 a), an AMETEK equipment was used to apply the necessary impact loading 

and to measure the Charpy energy. Naturally, the setup associated with the planned testing of specimens 

at -20 ºC required several mandatory and laborious operations related to the application of the nitrogen 

and control of the temperature, as outlined in the photos presented in Figure 8.9 b) to d). After testing 

the extracted samples, average values for the Charpy energies, as well as the respective coefficients of 

variation, were obtained (Table 8.3). 

Table 8.3 – Charpy fracture energy (Joules): tests at two temperatures 

Specimen Charpy energy (22 ºC) (J) Specimen Charpy energy (-20 ºC) (J) 

(1) 19 (5) 4 

(2) 14 (6) 3 

(3) 20 (7) 4 

(4) 12 (8) 4 

Average 16.3 Average 3.8 

Coef. of variation (%) 23.8 Coef. of variation (%) 13.3 
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Analysing the results presented in Table 8.3, it can be concluded that the investigated steel shows low 

Charpy energy values at ambient temperature and exceptionally low at -20 ºC, not respecting the 

minimum energy values specified in the current design codes, such as EN1993-1-10 (CEN, 2010b). 

Also, taking into account the test specimens, the fracture surfaces obtained were analysed (Figure 8.10). 

  

a) temperature=22 ºC (room temperature) b) temperature=-20 ºC (low temperature) 

Figure 8.10 – Typical fracture surfaces by cleavage of the Charpy specimens 

 

In Figure 8.10, the typical fracture surfaces evaluated are presented. For the negative test temperature, 

a surface with 100% cleavage is evident. Furthermore, a cleavage surface with only slight traces of 

plasticity was found in the sample tested at 22 ºC. Taking into account the reduced values of Charpy 

energy, it can be concluded that the material has low toughness under impact loading conditions, which 

leads to a potential reduced tolerance to defects. Such low values are comparable with those obtained 

for materials of other existing metallic bridges in Portugal (Raposo et al., 2017) (Table 8.4).  

Table 8.4 – Charpy fracture energy (Joules): comparison of values for several materials of bridges 

Bridge Structural element Direction 
Thickness 

(mm) 

Number of 

specimens 

Charpy 

energy (J) 

Temperature 

(ºC) 

D. Luiz I Diagonal Longitudinal 6 
5 13 0 

11 14 22 

Eiffel Beam (viaduct) Longitudinal 5 - 7 0 

Pinhão 

Bracing 
Longitudinal 

7.5 
4 89 19 

Transversal 4 26 19 

Diagonal 
Longitudinal 

7.5 
4 107 19 

Transversal 4 20 19 

Trezói Bracing 

Longitudinal 

10 

5 24 26.50 

3 6 -10 

Transversal 
4 16 26.50 

4 4 -10 
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In addition, it should be stressed that the results for the Charpy energy obtained for the members 

extracted from the Várzeas Bridge are similar to those found for the material of the Trezói Bridge, for 

the transversal direction concerning the lamination. For the longitudinal direction, higher Charpy energy 

results are expected, as observed for the tested material of the Trezói Bridge (Raposo et al., 2017). 

Considering the values experimentally obtained for the Charpy energy and according to MSI (1991), the 

toughness of the investigated material may be estimated as follows: 

 𝐾 = [(12√𝐶𝑁𝑉 − 20). (
25

𝐵
)
0.25

] + 20 (8.1) 

where, 𝐾 is an estimate of the material toughness (MPa.m0.5), 𝐵 the thickness of the specimen (mm) and 

𝐶𝑁𝑉 is the Charpy V-notch energy of the material (J). Taking into account equation (8.1), the toughness 

values as a function of the thickness of the samples may be plotted for the two temperatures considered 

in the laboratory tests performed (Figure 8.11). 

 

Figure 8.11 – Estimate of the toughness of the material as a function of 𝐵 and 𝑇 

 

As presented in Figure 8.11, according to the results achieved for the temperature of 22 ºC, it can be 

concluded that the values for the toughness vary between 62.54 and 47.18 MPa.m0.5 for thicknesses 

between 5 and 30 mm, respectively. On the other hand, for the temperature of -20 ºC, the toughness 

assumes values from 23 to 25 MPa.m0.5, for the same thickness range. Furthermore, taking into account 

the theoretical solution for the stress intensity factor for an edge notched plate, 𝐾: 

 𝐾 = 𝑌. 𝜎. √𝜋𝑎 < 𝐾𝑐 (8.2) 

and assuming the particular case of a semi-infinite plate with an notched edge, 𝑌=1.12, the failure 

assessment diagram (FAD) can be established as a function of both 𝐾𝑐 and defect size, 𝑎, 
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 𝐾 = 𝐾𝑐 ↔ 𝜎𝑐 =
𝐾𝑐

1.12√𝜋𝑎
 (8.3) 

Considering equations (8.2) and (8.3), the maximum admissible values for the nominal stress, 𝜎𝑛, 

depending on the size of the defect, for the temperatures considered in the Charpy tests and for two 

different thicknesses, admitting the propagation in the direction perpendicular to the lamination of the 

profile, are presented (Figure 8.12). 

 

Figure 8.12 – Failure assessment diagram of the material as a function of 𝐵 and 𝑇 

 

According to the results outlined in Figure 8.12, it can be stated a reduced tolerance of the material to 

the presence of defects. For example, assuming a defect of 0.50 mm in a structural element 20 mm thick, 

the maximum allowable nominal stress would be 36 MPa at room temperature (20 ºC). Also, the effect 

of the temperature is clearly outlined. As expected, the influence of thickness on the maximum allowable 

𝜎𝑛 is negligible for the negative temperature considered. 

 

8.2.1.4. Monotonic tensile strength 

The assessment of the tensile resistance under quasi-static loading conditions is of paramount 

importance to define the material behaviour that must be considered in the safety assessment of metallic 

structures of Civil Engineering. The evaluation of the monotonic behaviour may be performed by tensile 

tests carried out in accordance with NP EN10002-1 (IPQ, 2006). 

In this regard, concerning the material extracted from the Várzeas Bridge, the planned laboratory tests 

included a set of tensile ones performed on 5 cylindrical samples obtained from the web-flange 

intersection of the UPN140 steel profiles with the geometry shown in Figure 8.13. 
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Figure 8.13 – Geometry of specimens used for tensile strength testing (mm) 

 

After machining the required specimens with the dimensions presented in Figure 8.13, the tensile 

strength tests were carried out in a standard laboratory test setup composed of a testing machine and 

clip-on extensometers. More specifically, a MST810 servo-hydraulic machine was considered, with a 

loading capacity of 100 kN and a test speed of 2 mm/min, combined with MTS632.12C-20 clip-on 

extensometers, with a gauge length, 𝐿0, equal to 20 mm (Figure 8.14). 

 

a) testing machine b) the 5 specimens after testing 

  

c) tested specimen and a clip-on extensometer d) necking out of the instrumented length 

Figure 8.14 – Tested specimens on the MST810 servo-hydraulic machine 
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In Figure 8.14, the testing machine, a specimen with a clip-on gauge properly installed and the 5 

specimens after testing are shown. Analysing such tested samples presented in Figure 8.14 b), it is 

possible to conclude that a considerable necking was verified. However, the deformation occurred out 

of the instrumented central length of the specimens (Figure 8.14 d)), which led to stress-strain curves 

underestimating the ductility of the material. After the testing, the results obtained for the monotonic 

tensile strength can be outlined (Figure 8.15).  

 

a) stress-displacements curves b) stress-strain curves 

Figure 8.15 – Results of the monotonic tensile tests 

 

The stress-displacement and stress-strain curves presented demonstrate a typical response of mild steel 

with low carbon content, showing a well-defined yielding behaviour. Despite the necking deformation 

occurred out of the instrumented length, which led to shorter curves after the ultimate stress values, the 

elongation at rupture was computed by comparing the final length with an established reference 

dimension defined for specimens (3) to (5), after the first ones broke outside of the gauge length of the 

extensometer. The mechanical properties resulting from the tests performed are presented in Table 8.5. 

Table 8.5 – Results of the monotonic tensile tests: summary of the values obtained 

Specimen E (GPa) 𝑓𝑦𝑑 (MPa) 𝑓𝑢 (MPa) A (%) Z (%) 

(1) 203 267 382 - 59 

(2) 247 263 353 - 75 

(3) 204 253 367 39 56 

(4) 217 269 379 35 53 

(5) 209 267 366 39 55 

Average 216 264 369 38 60 

Coef. of variation (%) 7.50 2.20 2.80 5.00 13.30 
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Concerning the average results, a yield strength of 264 MPa and ultimate tensile strength of 369 MPa, 

respectively, 𝑓𝑦𝑑 and 𝑓𝑢, were obtained. Also, an average elongation at fracture, 𝐴, of 38% and a necking 

coefficient,  , of 60% were evaluated. Thus, the static resistance values of the material are compatible 

with the specification of St37 steel that should have a minimum yielding stress of 235 MPa and ultimate 

tensile stress between 330 and 460 MPa. The specification St37 meets the equivalent specification S235, 

according to standard EN10025 (CEN, 2005). 

In addition, reference values available in the literature for the mechanical properties of other materials 

obtained from Portuguese bridges are presented and compared with the experimental ones (Jesus et al., 

2011; Gallegos Mayorga et al., 2017; Raposo et al., 2017; Pedrosa et al., 2019) (Table 8.6).  

Table 8.6 – Comparison of the mechanical properties of several materials of bridges  

Bridge (material) Age E (GPa) fyd (MPa) fu (MPa) A (%) Z (%) 

Ref. values (puddle iron) Before 1900 170-200 220-280 330-400 <25 n/a 

Ref. values (mild steel) After 1900 200-220 250-300 340-450 25-35 n/a 

Eiffel (puddle iron) 1878 193.10 292.38 341.75 8.14 11.60 

D. Luiz I (puddle iron) 1886 192.70 302.60 396.60 21.20 27.18 

Fão (puddle iron) 1892 198.70 219.90 359.33 23.13 13.06 

Pinhão (transition) 1903-1906 210.68 305.89 361.06 33.19 70.97 

Trezói (mild steel) 1956 198.49 398.33 473.33 23.00 66.33 

Várzeas (mild steel) 1958 216 264 369 38 60 

 

Regarding the results achieved for the material extracted from the Várzeas Bridge, it can be concluded 

that the values obtained are typical of mild steels, as previously stated. Comparing with the material of 

the Trezói Bridge, which is located on the same railway line and built at the same period, it can be 

concluded that the samples of the Várzeas Bridge present a significantly lower resistance in about 100 

MPa, both in yield and ultimate tensile strength (Raposo et al., 2017). However, such results cannot be 

generalised and one cannot assume that the strength of the material of the Várzeas Bridge is lower than 

that of the Trezói Bridge, since several steel grades compose the respective structural systems. As 

described in subsection 6.2.1.1 and based on the results obtained for the Trezói Bridge, it is assumed 

that the main structural elements of the Várzeas Bridge are composed of the S355, while the secondary 

ones are made up of the S235, e.g. inferior bracing elements, as concluded. 

Concerning the ductility values obtained based on the performed tensile strength tests, it may be stated 

that the investigated material exhibits high ductility, which is demonstrated by the relevant elongation 

after fracture and necking deformation. Nonetheless, such values are contradictory to the exceptionally 

low values of Charpy energy. Consequently, according to the results achieved, it can be concluded that 
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the material presents low toughness under impact loading but appreciable toughness under monotonic 

(quasi-static) loading conditions. Thus, the value achieved for the toughness of the material based on 

the Charpy energy is an extremely conservative estimate and specific fracture tests are recommended. 

 

8.2.1.5. Fatigue crack propagation rates 

Naturally, the fatigue life associated with the growth of a crack strongly depends on the relation between 

the increase of the respective length and the local stress and strain fields at its tip. In order to obtain the 

fatigue crack propagation rates of the material extracted from the Várzeas Bridge, 𝑑𝑎/𝑑𝑁, several 

specimens were machined and subjected to test procedures provided in ASTM E647-15e1 (2015), using 

a MTS 810 servo-hydraulic machine (Figure 8.16). 

 

 

a) CT specimen: geometry (mm), according to ASTM 

E647-15e1 (2015) 

b) CT specimen installed on the MTS 810 machine 

and clip-on extensometer 

Figure 8.16 – Setup for evaluation of the fatigue crack propagation rate 

 

In Figure 8.16, the geometry of the CT specimens considered to perform the planned tests is presented, 

as well as the conceived laboratory setup. For the sake of better understanding, a specific reference was 

associated with each specimen tested at a given stress ratio, 𝑅 (Table 8.7). 

Table 8.7 – Labelling of the tested CT specimens and respective stress ratios, 𝑅  

Specimen reference Stress ratio, 𝑅  Specimen reference Stress ratio, 𝑅 

AA1 0.05  AA2 0.25 

AA4 0.05  AA3 0.50 
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As presented in Table 8.7, three different stress ratios, 𝑅, with a sinusoidal loading at a frequency of 5 

Hz, were considered and associated with certain specimens: i) 𝑅=0.05 (samples AA1 and AA3); ii) 

𝑅=0.25 (sample AA2); and iii) 𝑅=0.50 (sample AA3). The crack propagation rates, 𝑑𝑎/𝑑𝑁, and the 

stress intensity factor, ∆𝐾, were obtained for each tested sample using a computer system controlled by 

the FlexTest console and by FCGR software integrated into the MTS machine, as part of the designed 

and implemented laboratory setup. 

During the tests performed, the values for the stress intensity factor related to the CT geometry were 

calculated according to ASTM E647-15e1 (2015), as follows:  

 ∆𝐾 =
∆𝐹

𝐵. √𝑊
𝑓(𝑎/𝑊) (8.4) 

in which, 

 𝑓(𝑎/𝑊) =
(2 + 𝑎 𝑤⁄ ). [0.886 + 4.64 𝑎 𝑤⁄ − 13.32(𝑎 𝑤⁄ )2 + 14.72(𝑎 𝑤⁄ )3 − 5.6(𝑎 𝑤⁄ )4]

√(1 − 𝑎 𝑤⁄ )3
 (8.5) 

Also, 𝑎 is the crack length, ∆𝐹 the range of the applied force and 𝐵 and 𝑊 are, respectively, the thickness 

and the width of the specimen. For the material extracted from the Várzeas Bridge, a set of graphs is 

presented showing the fatigue crack propagation rates as a function of the stress intensity factor ranges, 

for the several stress ratios adopted (Figure 8.17). 

 

a) stress ratio, 𝑅=0.05 b) stress ratio, 𝑅=0.25 
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e) average 𝑑𝑎/𝑑𝑁 vs. ∆𝐾 (stress ratio, 𝑅=0.05, 𝑅=0.25 and 𝑅=0.50) 

Figure 8.17 – Propagation rates (𝑑𝑎/𝑑𝑁) vs. stress intensity factor (∆𝐾) (bi-log representation) 

 

In Figure 8.17 a) to c), the results achieved after testing the machined specimens, considering the 

respective stress ratio as defined in Table 8.7, are shown. Analysing the values obtained for the 

correlations between 𝑑𝑎/𝑑𝑁 and ∆𝐾, a small scatter was found. Also, the comparison between the values 

of the crack propagation rate as a function of the stress intensity factor range, evaluated for the stress 

ratios 𝑅=0.05, 𝑅=0.25 and 𝑅=0.50, is presented in Figure 8.17 d). Furthermore, average relations for 

𝑑𝑎/𝑑𝑁-∆𝐾, established after a linear regression analysis of log(𝑑𝑎/𝑑𝑁)-log(∆𝐾), are shown in Figure 

8.17 e). Taking into account the results achieved, one may conclude that the propagation of cracks in 

the extracted material from the Várzeas Bridge is not significantly affected by the effect of the mean 

stress. Concerning the evaluation of the stress intensity factor at the propagation threshold, ∆𝐾𝑡ℎ, the 

values obtained for the specimen AA4 (𝑅=0.05) included data points for the first propagation stage of 

the crack. Consequently, a value for ∆𝐾𝑡ℎ equal to 245 N.mm-1.5 (7.75 MPa.m0.5) was estimated for this 

CT geometry. For 𝐾𝑐, additional values are given in subsection 8.3.3 (see Table 8.19). 

In general, the variation of the experimental values of the crack propagation rates with the stress intensity 

factor range was found to be of the linear type in the bi-logarithmic representation. Such results show 

that the fatigue cracking regimes I and III, associated with the propagation close to the threshold and 

unstable propagation, respectively, were not covered by the laboratory tests performed, except for 

specimen AA4 for which it was possible to evaluate ∆𝐾𝑡ℎ. Therefore, taking into account the propagation 

rules for fatigue cracks available in the literature, the Paris law was found as the most adequate to the 

domain of the experimental results obtained (Paris and Sih, 1965). As shown in Figure 8.17, values for 

the constants 𝐶 and 𝑚 were calculated taking into account: i) the results achieved individually for some 

tested specimens; ii) the combination of experimental values assessed for several samples tested with 

the same stress ratio; and iii) all the experimental results obtained combined. Assuming such calculation 

hypotheses, different values for the constants of the Paris law were defined by establishing linear 

regressions, associated with certain coefficients 𝑅2, with the achieved values summarised in Table 8.8. 
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Table 8.8 – Constants 𝐶 and 𝑚 of the Paris law for the tested specimens 

Specimen(s) reference Number of specimens 𝑅 = 𝜎𝑚𝑖𝑛/𝜎𝑚𝑎𝑥 
𝑑𝑎/𝑑𝑁 =  𝐶.𝐾𝑚 

𝑅2 
𝐶 𝑚 

AA1+AA4 2 0.05 1.607E-16 4.0918 0.957 

AA2 1 0.25 4.241E-16 3.9871 0.989 

AA3 1 0.50 2.074E-16 3.3515 0.960 

AA (1+2+3+4) 4 0.05; 0.25; 0.50 1.990E-16 4.0782 0.948 

(𝑑𝑎/𝑑𝑁 in mm/cycle and 𝐾 in N.mm-1.5) 

 

After performing the laboratory tests related to the evaluation of the crack propagation rates, the values 

obtained were combined with similar data available in the literature, evaluated for materials extracted 

from several bridges, i.e. Eiffel Bridge, D. Luiz I Bridge, Fão Bridge, Pinhão Bridge and Trezói Bridge 

(Raposo et al., 2017) (Figure 8.18). Based on such information, a conservative estimate for 𝑑𝑎/𝑑𝑁-∆𝐾 

was achieved. A linear regression analysis was performed with 𝑅2=0.799, which is assumed as a 

relatively high value taking into account the different origins of the materials. The data for D. Luiz I and 

Fão Bridges diverge from the average values, showing higher crack propagation rates (puddle irons). 

Also, a specimen extracted from the Eiffel Bridge exhibited lower 𝑑𝑎/𝑑𝑁 for intermediate values of ∆𝐾. 

Therefore, it may be concluded that the relation between the crack propagation rate and the stress 

intensity factor range proposed by Correia (2014), 𝐶=2E-12 and 𝑚=3 (𝑑𝑎/𝑑𝑁 in mm/cycle and 𝐾 in 

N.mm-1.5), is conservative for the materials considered, including the one extracted from the Várzeas 

Bridge. Furthermore, it should be noted that the slope 𝑚 evaluated from log(𝑑𝑎/𝑑𝑁)-log(∆𝐾) is 

compatible with the values suggested for current steels. On the other hand, the constant 𝐶=2E-12 is out 

of the recommended range of values for such materials (1.2E-13 ≤ 𝐶 ≤ 5E-13). 

 

Figure 8.18 – 𝑑𝑎/𝑑𝑁 vs. ∆𝐾 for several materials of bridges using the Paris law, (bi-log representation) 

d
a
/d

N
(m

m
/c

y
c
le

)

K (N.mm-1.5)

1.0E-6

1.0E-4

300 500 1500

1.0E-5

1.0E-3

1000

1.0E-7

1.0E-2

da/dN=2.00E-12x∆ 3.00

da/dN=3.18E-15x∆ 3.64

Várzeas Bridge

Correia (2014)

Pinhão Bridge

D. Luiz I Bridge

Eiffel Bridge

Trezói Bridge

Fão Bridge

Mean curve

∆𝐾 (𝑁.𝑚𝑚 −1.5)



Chapter 8: Phase III, Detailed Analysis: The Várzeas Bridge Case Study 

 

395 

In summary, according to the data presented in Figure 8.18, for the material of the Várzeas Bridge, 𝑚=3 

and 𝐶=2E-12 (𝑑𝑎/𝑑𝑁 in mm/cycle and K in N.mm-1.5) may be conservatively considered to define the 

Paris law of interest. Concerning the threshold for the stress intensity factor range, ∆𝐾𝑡ℎ, a value equal 

to 63 N.mm-1.5 may be assumed with a basis on the recommendations of BS7910 (BSI, 2013). On the 

other hand, a ∆𝐾𝑡ℎ of 245 N.mm-1.5 was calculated after testing specimen AA4. Regarding such values, 

it is advisable to conservatively assume the lowest one to define the threshold stress intensity factor 

range. Therefore, it can be said that the results of the experimental tests performed, combined with 

additional data available in the literature, allowed one to fully define the properties of the steel that may 

be required in further analyses involving propagation of fatigue cracks. 

 

8.2.1.6. Fatigue strength of riveted connections 

As part of the planned laboratory tests, a set of experimental procedures was carried out in order to 

investigate the mechanical properties associated with the fatigue of the material extracted from the 

Várzeas Bridge. Several double shear riveted connections were produced using steel plates from the 

UPN140 profiles, part of the inferior bracing. In such a type of detail, two shear planes are connected 

by the same mechanical fastener, which reduces the probability of rivet failure. The test specimens were 

designed to obtain a single failure mode at the net section of the middle plate (Figure 8.19). 

 

Figure 8.19 – Geometry of the double shear and single-rivet connections (mm) 

 

In Figure 8.19, the geometry adopted for the riveted detail, composed of three plates connected by a 

single-rivet with a nominal diameter equal to 18 mm, is presented. Concerning the procedure related to 

the task of assembling the test specimens, it should be noted that the riveting operation was performed 

by a staff team of I.P. (bridge management authority of the Várzeas Bridge), according to the common 

procedures implemented in the maintenance of riveted structures. In order to achieve a perfect alignment 

of the steel plates during the riveting process, a gabarit was produced and used following the sequence 

of tasks illustrated in Figure 8.20. 
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Figure 8.20 – Sequence of assembly tasks of the riveted specimens using a gabarit 

 

According to the planned geometry, 11 riveted specimens were produced and labelled (Figure 8.21 a)). 

Also, a laboratory setup, composed of a EHS servo-hydraulic machine with a maximum loading capacity 

of 1000 kN and circular clamps with the respective centres apart of 580 mm, was used to carry out the 

foreseen experimental testing programme on the conceived riveted details, adopting a displacement 

speed of 0.00025 s-1 (Figure 8.21 b)). 

 

a) riveted specimens b) servo-hydraulic equipment 

Figure 8.21 – Produced riveted specimens from the bridge material and laboratory testing setup 

 

Before performing the planned fatigue tests, in order to calibrate the loading ranges to be considered, 

two monotonic tests were performed to assess the static strength of the built connections. Naturally, the 

same servo-hydraulic equipment was used. Taking into account the results of such tests, ultimate 

strengths of 64 kN and 62 kN were evaluated (Figure 8.22). 
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a) force-displacement: 2 tested specimens b) force-displacement: mean results  

Figure 8.22 – Monotonic force-displacement curves obtained for the two tested specimens 

 

Regarding the results obtained, the force-displacement diagrams assessed are outlined in Figure 8.22 a). 

From this relation evaluated for the two tested specimens, mean values were calculated, namely, a 

proportionality limit, 𝐹𝑦𝑑, of 49 kN and an ultimate resistance, 𝐹𝑢, equal to 63 kN (Figure 8.22 b)).  

Concerning the fatigue tests, the characteristics of each experimental test were progressively established 

with a basis on the results evaluated for the previous ones, in order to achieve fatigue lives up to 1x106 

cycles, avoiding excessively long tests taking into account the low loading frequency adopted (3 Hz). 

Regarding the test of specimen (1), despite considering a maximum loading higher than the yielding one 

and approximately 85% of the ultimate value, a long fatigue life of 2.50x105 cycles was achieved. In 

general, for each fatigue test performed, the applied maximum force was calibrated to obtain: i) a value 

for the gross stress, 𝑔𝑟𝑜𝑠𝑠, calculated based on the gross area, 𝐴𝑔𝑟𝑜𝑠𝑠, inferior to the yielding one; and ii) 

a nominal stress computed by considering the net area at the critical section, 𝑛𝑒𝑡 (𝐴𝑛𝑒𝑡), superior to the 

yielding value of the material in order to achieve admissible fatigue lives (low number of run-outs). A 

summary of the geometrical and loading characteristics adopted in the fatigue tests is presented in Table 

8.9, with the corresponding results shown in Table 8.10. 

Table 8.9 – Fatigue tests: summary of the geometrical and loading characteristics adopted 

Specimen 

Central 

plate 

(id.) 

𝐴𝑔𝑟𝑜𝑠𝑠   

(mm2) 

𝐴𝑛𝑒𝑡 

(mm2) 

𝐹𝑚𝑖𝑛 

(kN) 

𝐹𝑚𝑎𝑥 

(kN) 

𝐹𝑎𝑣𝑟 

(kN) 

𝐹   

(kN) 

𝑛𝑒𝑡 

(MPa) 

𝑔𝑟𝑜𝑠𝑠 

(MPa) 

(1) B1 264.00 156.00 6.30 54.20 23.95 47.90 307 181 

(2) B4 267.79 157.99 6.30 54.20 23.95 47.90 303 179 

(3) F4 263.40 155.40 7.20 59.30 26.05 52.10 335 198 

Average Curve

𝐹𝑦 = 49 kN

𝐹𝑢 = 63 kN
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Table 8.9 – Fatigue tests: summary of the geometrical and loading characteristics adopted (continued) 

Specimen 

Central 

plate 

(id.) 

𝐴𝑔𝑟𝑜𝑠𝑠   

(mm2) 

𝐴𝑛𝑒𝑡 

(mm2) 

𝐹𝑚𝑖𝑛 

(kN) 

𝐹𝑚𝑎𝑥 

(kN) 

𝐹𝑎𝑣𝑟 

(kN) 

𝐹   

(kN) 

𝑛𝑒𝑡 

(MPa) 

𝑔𝑟𝑜𝑠𝑠 

(MPa) 

(4) E2 268.40 158.60 7.10 59.20 26.05 52.10 328 194 

(5) N4 267.79 157.99 6.80 58.70 25.95 51.90 328 194 

(6) D1 261.60 153.60 5.90 51.50 22.80 45.60 297 174 

(7) I3 264.00 156.00 6.00 51.90 22.95 45.90 294 174 

(8) G1 272.80 161.20 6.60 56.70 25.05 50.10 311 184 

(9) H4 267.79 157.99 6.30 53.20 23.45 46.90 297 175 

 

In Table 8.9, as said, 𝐴𝑔𝑟𝑜𝑠𝑠 and 𝐴𝑛𝑒𝑡 are, respectively, the gross and net area of the riveted connection 

associated with the corresponding stress ranges, 𝑔𝑟𝑜𝑠𝑠 and 𝑛𝑒𝑡. Such stress variations were 

calculated with a basis on the geometrical properties and applied loading range, 𝐹, defined by a 

minimum, maximum and mean force value, respectively, 𝐹𝑚𝑖𝑛, 𝐹𝑚𝑎𝑥  and 𝐹𝑎𝑣𝑟. 

Table 8.10 – Fatigue tests: summary of the results obtained for the riveted connections 

Specimen 
Central plate 

(id.) 
𝑅 

𝑛𝑒𝑡        

(MPa) 

𝑁           

(cycles) 
Note 

(1) B1 0.116 292 250030 Failure 

(2) B4 0.116 288 216540 Failure 

(3) F4 0.121 318 34440 Failure 

(4) E2 0.120 312 268660 Failure 

(5) N4 0.116 312 25110 Failure 

(6) D1 0.115 282 1000000 run-out 

(7) I3 0.116 280 1000000 run-out 

(8) G1 0.116 295 267663 Failure 

(9) H4 0.118 282 786602 Failure 

 

The stress ratio and nominal stress ranges, respectively 𝑅 and 𝑛𝑒𝑡, are defined in Table 8.10. Also, the 

fatigue life is shown expressed in terms of cycles, 𝑁. Concerning the latter, a note is presented to identify 

the two run-out tests obtained for specimens (6) and (7). The failure of the remaining tested geometries 

was achieved in a defined number of cycles. A variation of 10 mm in length was established as a failure 

criterion. For all the collapsed specimens, the failure occurred in the central plate where the nominal 

stress was found higher, with relevant deformation at rupture. The fatigue failure mode achieved for the 

specimen (E2), in which a complete separation occurred, is shown in Figure 8.23. 
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a) upper view after failure b) section after failure 

Figure 8.23 – Failure mode of a riveted specimen tested for fatigue (E2) 

 

For specimen E2 presented in Figure 8.23, the fatigue crack propagated until about half of the width of 

the critical section (50% of 4 mm), which indicates a material toughness higher than the one that was 

estimated with a basis on the Charpy fracture energy, confirming the results achieved after performing 

the monotonic tests carried out to evaluate the tensile properties described in subsection 8.2.1.4. 

Concerning the fatigue results, the values of the nominal stress ranges were corrected to 𝑅=0, using the 

relation proposed by Taras and Greiner (2010b) described below: 

 ∆𝜎𝑅=0 =
∆𝜎

𝑓(𝑅)
 (8.6) 

where, ∆𝜎𝑅=0 and ∆𝜎 are, respectively, the corrected stress range and the one applied and 𝑓(𝑅) is a 

normalisation function to take into account the effects of the stress ratio, defined as dependent on the 

type of material. For puddle iron and mild steel manufactured before 1900, 𝑓(𝑅) is defined as: 

 

𝑓(𝑅) =
1 − 𝑅

1 − 0.7𝑅
       →           1 ≤ 𝑅 < 0 

(8.7) 

𝑓(𝑅) =
1 − 𝑅

1 − 0.75𝑅
     →           𝑅 ≥ 0 

For mild steel produced after the beginning of the 20th century (St37, St48, St52, etc.), the following 

normalisation function is proposed: 

 

𝑓(𝑅) =
1 − 𝑅

1 − 0.4𝑅
       →           −1 ≤ 𝑅 < 0 

(8.8) 

𝑓(𝑅) =
1 − 𝑅

1 − 0.6𝑅
       →           𝑅 ≥ 0 

After correcting the values of the applied stress ranges, the results of the performed fatigue tests, as well 

as a mean regression line with a low correlation coefficient and low slope (high value for 𝑚), are plotted 

in Figure 8.24 a). Also, the values obtained for the material of the Várzeas Bridge were compared with 

design S-N curves available in the literature (Figure 8.24 b)).  
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a) fatigue results, S-N curve (Várzeas Bridge) b) comparison with design S-N curves 

Figure 8.24 – Fatigue results for the material of the Várzeas Bridge (bi-log representation) 

 

As can be clearly stated from the results outlined in Figure 8.24, a relevant disagreement between slopes 

was found and important differences in the fatigue resistance of the tested specimens in relation to the 

design S-N curves, including normative ones, were obtained. In addition, results of fatigue tests 

performed on double shear riveted connections available in the literature were compared with those 

achieved in the current investigation (Taras and Greiner, 2010b). Also, all the values were benchmarked 

assuming as reference the S-N curves based on nominal stresses, in particular the normative one 

considered in the previous stages of the fatigue analysis carried out in the present work (Figure 8.25). 

 

Figure 8.25 – S-N results for several bridges materials (bi-log representation) 
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As outlined in Figure 8.25, one may conclude that the results associated with the material of the 

investigated bridge are a higher bound for the fatigue resistance considering the experimental 

information plotted. Therefore, taking into account all the data gathered for riveted connections built 

with materials of several bridges, a conservative S-N curve is proposed (Table 8.11). 

Table 8.11 – Parameters of the S-N curve proposed for riveted connections of old bridges 

Slope, 𝑚 5 

Reference value for the fatigue strength, ∆𝜎𝑐 (MPa) 

(95% survival probability) 
90 

 

Except for 2 results of puddle iron specimens with more than 100 years in service related to the Eiffel 

Bridge, which are not assumed to be representative for this reason, the suggested S-N curve can be 

defined as a lower bound for the fatigue resistance of double shear riveted connections. In this regard, 

it is worth noting that the internal forces developed in the riveted length should be representative of the 

fatigue response of a relevant part of the riveted details mainly submitted to axial forces, including the 

connections associated with the diagonals, D.5, part of the truss structural system of the Várzeas Bridge. 

 

8.2.2. EXPERIMENTAL TESTS PERFORMED IN SITU: IMPROVEMENT AND VALIDATION OF THE MODELLING 

In general, for large structures, global models must be conceived to obtain an accurate numerical 

representation of the global structural responses, allowing efficient calculations compatible with the 

pace and deadlines associated with Civil Engineering tasks. As previously exemplified, certain fatigue 

analyses may be performed at this scale based on beam elements models, considering global fatigue 

methods. Naturally, if fatigue-critical connections are identified after obtaining the respective results, 

more accurate calculations must be performed. Two coupled improvements may be implemented by: i) 

increasing the detail of the numerical modelling; and ii) considering alternative fatigue approaches. As 

foreseen in Chapter 5, both tasks were progressively carried out in Phase III. 

Concerning the Várzeas Bridge case study, the fatigue-critical details were previously identified and 

must be further investigated. Among the connections with higher fatigue damage, those associated with 

the diagonals were defined to be preferentially analysed due to their importance for the global behaviour 

of the structural system and the lack of redundancy of the related structural members. If any riveted 

detail D.5 is affected by relevant local fatigue damage, the load-carrying capacity of the structural 

system will be compromised. Therefore, aiming to investigate the connection at x=109.30 m, associated 

with a diagonal and part of the superior node at x=110.50 m, a refinement of the modelling between 

x=98 m and x=113 m, was performed. As a first approach, the complete height of the deck was refined 
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in such a length of 15 m. Shell finite elements were considered to numerically represent the members of 

the main structural system and longitudinal stringers. On the other hand, the bracing systems, rails and 

sleepers were defined by beam finite elements, as in the previous version of the global model. Naturally, 

for the structural members represented by shell elements, the necessary modifications were performed 

to correct minor deviations in the position of the centre of gravity of the cross-sections. The thickness 

of the components was adjusted and calibrated to obtain the equivalent properties to those of the existing 

steel members. Such differences are motivated by the approximation of the volumetric components that 

compose the real structure to the planar ones used to conceive this refined length of the modelling. Also, 

the values of the punctual masses were accurately redefined. Furthermore, it should be stressed that the 

positions of the inferior and superior flanges of the inverted Warren trusses were assumed as reference 

to conceive the planned local refinement (Figure 8.26). 

 

a) local shell refinement (perspective) b) superior nodal connection (detail) 

 

c) local shell refinement (side view) 

Figure 8.26 – Local refinement incorporated into the global beam model (Model A) 

 

In Figure 8.26, the local shell refinement of the length between x=98 m and x=113 m is presented. The 

incorporation of the conceived modelling enhancement, essentially based on shell finite elements, into 

the existing global model composed of beam finite elements was carefully defined to minimise local 

distortions and geometrical nonlinearities (Figure 8.27). 
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a) links beam-to-shell and beam-to-beam (1) b) links beam-to-shell and beam-to-beam (2) 

Figure 8.27 – Local shell modelling and respective links to the global model (Model A) 

 

Part of the links between the shell and beam elements and the non-modified members of the global 

model are outlined in Figure 8.27. Two different techniques were considered: i) beam-to-shell links 

based on multi-point constraint equations, in which the nodal forces acting at the extreme node of a 

certain beam are distributed to the nodes of the corresponding shell finite elements according to the 

respective position, i.e. a relation master-slave is defined; and ii) beam-to-beam links, in which the nodal 

forces are directly transmitted between the nodes of different line elements, resulting in the merging of 

the 𝐷𝑂𝐹𝑠 of the connected nodes. After incorporating the local refinement into the global model, a modal 

analysis was performed to verify if any significant change would be obtained. No relevant modifications 

were identified for the global and local numerical vibration modes previously associated with those 

identified experimentally (Table 7.1 and Table 7.2).  

In general, at this stage, the numerical viability of incorporating the shell refinement into the global 

model should be investigated in terms of calculation times. Smaller extensions for the refined area may 

be adopted if no relevant changes in the very local responses are detected. Consequently, assuming as a 

reference the refinement of the modelling between x=98 m and x=113 m, considering the full height of 

the deck, different hypothesis for minor refined areas were analysed. Nonetheless, more significant 

modifications of the local responses were obtained. This sensitivity is attributed to the trussed 

characteristics of the structural system. Also, it is worth mentioning that the links between the global 

model and the conceived refinement should be preferentially performed at plain sections where no 

relevant local responses, such as those originated by the existing bracings, are verified. 

In order to ensure a high level of accuracy and a high degree of confidence compatible with the 

computational effort and refinement of the modelling performed, it was considered necessary to evaluate 

whether the global model is able to adequately reproduce the time histories of stresses evaluated in the 
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real structure. For this purpose, a short-term experimental campaign was carried out to assess the strains 

and associated stresses at positions of interest, originated by a given train with known axle loads. As 

mentioned in Chapter 7, no weighing campaign was performed in the scope of this work and regular 

passenger trains were taken into account for such an assessment.  

Considering the results obtained in previous calculations, the position of each strain gauge was planned 

to evaluate the strain measurements at 19 points located on the different members. Consequently, two 

groups of experimental sensors were defined: i) the strain gauges associated with the structural elements 

part of the nodal connection at x=110.50 m; and ii) the strain gauges related to the cross-girder and 

vertical-post at x=104.50 m. Due to the geometrical characteristics of the bridge, an important logistic 

plan was required to access all the locations considered as relevant. A properly designed platform was 

previously placed under the railway track, covering the investigated length and allowing a secure 

installation of the planned sensors at the experimental points (Figure 8.28). 

 

a) side view from outside of the bridge b) perspective from inside of the platform 

Figure 8.28 – Auxiliary platform to access the instrumented structural members 

 

In Figure 8.28, exterior and interior views of the installed footboard are presented, complying with all 

required safety rules. In particular in old bridges, access to structural elements of interest may be a hard 

task due to the structural configuration or lack of proper access points. Such restrictions may have 

relevant implications both in regular maintenance procedures and in specific operations to evaluate 

experimental data concerning structural responses. As mentioned and considering the accessibility 

allowed by the platform, 14 strain gauges out of the 19 planned were installed on the several structural 

members associated with the nodal connection at x=110.50 m, namely, the cross-girder, the superior 

flange, the vertical-post and the diagonal (Figure 8.29). Also, as for the structural members related to 

the nodal connection above column P3, the remaining 5 strain gauges were installed at the positions 

associated with the cross-girder and the vertical-post, part of the nodal connection without confluent 

diagonal at x=104.50 m (Figure 8.30). 
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a) cross-section at x=110.50 m (m) b) section A-A’ (m) 

 

c) sections 1-1’ to 5-5’ (mm) 

Figure 8.29 – Position of the strain gauges installed on the cross-sections at column P3 (x=110.50 m) 

 

  

a) cross-section at x=104.50 m (m) b) section 1-1’ to 3-3’ (mm) 

Figure 8.30 – Position of the strain gauges installed on the cross-sections close to column P3 (x=104.50 m) 

 

The position of each strain gauge was specified in detail, as shown in Figure 8.29 and Figure 8.30. In 

general, near to relevant riveted connections, 3 sensors were installed by each cross-section with the aim 

of defining the stress plane from the obtained strain measurements. Also, other strain gauges were 
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planned in order to evaluate additional strain time histories. Naturally, the in situ works associated with 

the installation of the strain gauges required a series of laborious tasks aimed at preparing the surface, 

glueing and protection of the sensors (Figure 8.31 and Figure 8.32). 

 

a) S2 (before the mechanical protection) b) S3 (before the mechanical protection) 

 

c) S7 and S8 (after the mechanical protection) 

  

d) S9 and S10 (after the mechanical protection) e) S12 and S13 (after the mechanical protection) 

Figure 8.31 – Strain gauges installed on the cross-sections at column P3 (x=110.50 m) 
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a) S15 (before the mechanical protection) b) S17 (before the mechanical protection) 

 

c) S15, S16, S17 and S19 (after the mechanical protection) 

Figure 8.32 – Strain gauges installed on the cross-sections close to column P3 (x=104.50 m) 

 

In Figure 8.31 and Figure 8.32, as an example, photos related to the installation of the strain gauges are 

presented for some of the positions at x=110.50 m and x=104.50 m, respectively. In addition to the 

foreseen sensors for strain measurements, two redundant strategies were adopted to calculate and 

validate the speed of each train circulating on the bridge, namely: i) two optical sensors were placed 

separated by a known distance; and ii) two rail pad sensors were installed at different pre-established 

locations. In both cases, for each train, a time history of the respective measured quantity was evaluated, 

allowing to detect the passage of the axle loads and consequently to obtain the velocity of the trains in 

circulation with known distances between axles. 

Regarding the data acquisition system, a National Instruments cRIO-9172 was adopted. Depending on 

the type of sensors installed, each of them was connected to an acquisition module to translate into 

structural parameters the recording of the respective quantities, e.g. through the relative variation of the 

electrical resistance or changes in the characteristics of the light beams. Concerning the 19 installed 

strain gauges, the connection was made to a National Instruments module NI 9236 (1/4 Wheatstone 

bridges), while the optical sensors were connected to a module NI 9239 and the adopted rail pad sensors 

were linked to a module NI 9237 (Figure 8.33). 
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Figure 8.33 – Acquisition system cRIO-9172 (modules NI 9236, NI 9239 and NI 9237) 

 

For two days, the strain time histories for several trains were evaluated. The circulation of three types 

of rail vehicles was recorded: i) regional passenger trains; ii) intercity passenger trains; and iii) freight 

trains. Despite the relevance for fatigue damage of the latter, only the axle loads of the first two are 

typified and available in official information provided by the operating companies and in previous works 

in which weighing tasks were performed (Pimentel, 2008; Albuquerque, 2015; Marques et al., 2016). 

For this reason, such trains were considered to carry out the foreseen validation of the conceived 

numerical model. Consequently, comparisons were made between the numerical stress time histories 

and the respective experimental values, indirectly obtained from the evaluated strains assuming a purely 

elastic behaviour for the material. The results for a regional passenger train, circulating at an average 

velocity of 53.34 km/h, are presented (Figure 8.34). 

 

a) strain gauge 3 b) strain gauge 4 
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c) strain gauge 6 d) strain gauge 7 

 

e) strain gauge 9 f) strain gauge 11 

 

g) strain gauge 12 h) strain gauge 14 
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i) strain gauge 15 j) strain gauge 18 

Figure 8.34 – Comparison between experimental and numerical stress results 

 

In Figure 8.34, the overlapping of the experimental and numerical values of stress is outlined for several 

strain gauges. As can be verified, a good agreement was achieved. Naturally, for a regional passenger 

train characterised by reduced axle loads, the magnitudes of the evaluated stresses were also found low. 

For the normative fatigue trains that compose the traffic mixes previously considered for the fatigue 

assessment, higher stress values are expected, as computed in Phase II. In general, if the magnitude of 

the railway loading is compatible with the elastic behaviour of the material, the numerical results are 

expected to be in accordance with the real structural responses. Eventually, for higher axle loads, some 

deviations may be evaluated close to connections due to the nonlinear response of existing loading 

transference mechanisms materialised by mechanical fasteners. Overall, it can be concluded that the 

global model conceived using line elements and refined mainly with planar ones between x=98 m and 

x=113 m is able to properly reproduce the dynamic behaviour of the real structure. 

As part of subphase III.1, the development of the submodel required to implement approach 3 is planned, 

but for the sake of a better understanding concerning the established submodelling relation, the 

respective modelling works are described in the next subsection. 

 

8.3. SUBPHASE III.2 – DETAILED FATIGUE ASSESSMENT 

In the current stage of fatigue analysis, dynamic calculations are foreseen using detailed information 

about the investigated structure. The implementation of such an approach allows approximating as much 

as possible the numerical behaviour to the structural performance of the existing bridge, considering the 

real and calibrated dynamic amplification factors, with a basis on an optimised and validated numerical 
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model. Typically, this level of accuracy and detail is not compatible with the design stage of new 

structures, since the use of comprehensive experimental data concerning a specific structural system is 

required. However, concerning existing bridges, this type of approach should gain importance, as it 

reduces the conservatism and increases the reliability of the fatigue assessment, allowing one to obtain 

results in agreement with real structural responses. 

As mentioned, despite being a widely used method in Civil Engineering, global analyses based on S-N 

curves and nominal stresses have several drawbacks. In particular for riveted connections, the lack of 

geometries experimentally tested leads to a conservatism that can be exaggerated since the S-N curve 

for the detail category 71 typically adopted does not allow considering the specificities of each riveted 

connection, being assumed as a lower bound for fatigue resistance. The definition of relations applicable 

to the investigated structure and respective connections, based on results available in the literature and 

experimental tests performed on the material of the bridge, can configure an acceptable strategy to 

reduce the level of uncertainty of the calculations and compute fatigue lives more consistent with the 

details analysed. Therefore, in Phase III, two different S-N curves are considered, namely, the normative 

relation previously adopted (∆𝜎𝑐=71 MPa, 𝑚1=3 and 𝑚2=5) and the one experimentally derived (∆𝜎𝑐=90 

MPa and 𝑚=5, see Table 8.11). Comparative analyses are established between the results calculated 

using each of them. Also, a comparison is carried out with the values obtained in Phase II.  

The refinement of the numerical model combined with submodelling techniques enables evaluating 

numerical local responses of a particular connection with relevant accuracy. As a consequence, the 

implementation of local approaches allows considering the real mechanism of loading transference, 

assessing the fatigue life related to each rivet or line of rivets. Such a calculation approach may 

significantly reduce the uncertainties associated with normative global methods used for fatigue 

assessment. On the other hand, those analyses require more relevant computation times, compatible with 

the modelling detail. For structures in which several connections are classified as fatigue-critical, 

representative calculations based on the mentioned local approaches may be carried out. In the case of 

the Várzeas Bridge, considering the structural complexity, approach 3 proposed in Chapter 4 should 

allow performing local analyses to investigate the initiation of cracks, which would not be possible 

without the implementation of submodelling techniques combined with principles of modal 

superposition. Depending on such results, a progressive numerical propagation of a certain crack with a 

basis mainly on approach 2 may be performed as exemplified in subsection 4.5.3. Alternatively, for 

theoretically infinite fatigue lives associated with the crack initiation, preliminary calculations 

consisting of the integration of the Paris law, defined for the material extracted from the bridge, may be 

carried out in order to roughly evaluate the susceptibility to the propagation of a pre-existing defect. In 
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cases of non-detectable defects by the naked eye, a relevant propagation time until reaching the unstable 

growth of a given crack may be critical to adopt appropriate repairing actions.  

The assumptions of the fatigue assessment associated with Phase III, Detailed Analysis, are defined and 

justified below. Naturally, such premises are consistent with those assumed in Phase I and II. 

 

8.3.1. FATIGUE ANALYSIS ASSUMPTIONS 

In the first two phases of calculation, several identified riveted connections revealed to be critical 

concerning the fatigue damage, in particular those close to the columns and supports. The riveted details 

associated with the diagonals showed to be submitted to relevant nominal stress ranges that may lead to 

important fatigue issues for the considered normative traffic scenarios. In general terms, the analysis of 

all types of connections classified as fatigue-critical must be performed in Phase III. However, in the 

present work and as previously mentioned, the detail D.5 located at x=109.30 m is representatively 

investigated, in order to evaluate safety margins considered in the fatigue assessment using the global 

model conceived with beam elements and implementing global methods based on the nominal stress 

concept and normative definition of strength. 

Regarding the analysis assumptions related to the structural performance and geometrical 

characteristics, the maintenance of the premises assumed in Phases I and II was adopted. Also, 

concerning the railway loading, the heavy and standard traffic scenarios suggested in EN1991-2 (CEN, 

2017) were considered. As said, in order to perform a straight comparison of the results obtained and 

evaluate the coherence between phases, the consistency of the analysis assumptions is critical for the 

goals of the proposed integrated methodology for fatigue life prediction. In the calculations previously 

presented, a global model conceived using beam elements properly calibrated and optimised was used. 

The numerical results obtained were considered to implement a global approach for the assessment of 

the fatigue damage with S-N curves based on nominal stresses, which does not allow obtaining 

information concerning the loading transference mechanisms, but was useful to efficiently identify 

critical details of the bridge. As noted, the implementation of S-N curves is associated with important 

limitations that may lead to an inherent conservatism, in particular for connections with relevant 

redundancy. On the other hand, the nominal stress method is based mainly on tensile stresses installed 

in the structural members related to the investigated details and possible secondary dynamic effects may 

not be correctly accounted for, e.g. stringer-to-floor-beams connections (see subsection 2.3.1). Thus, 

considering such limitations and with a basis on the experimental information obtained, two sequential 

improvements to the calculation strategy underlying the previous Phase II were taken into account in 

Phase III, namely: i) an additional S-N curve was adopted, based on experimental results and available 
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data in the literature (global method) (see Figure 8.25 and Table 8.11); and ii) local fatigue assessment 

approaches were implemented, such as those suggested in section 4.5 (local methods).  

For both admissible refinements, dynamic calculations were considered based on a moving load 

approach combined with modal superposition, allowing to compute accurately 𝜑′. Also, the calibrated 

values for 𝜑′′ related to the irregularities of the track, presented in subsection 7.3.5, were taken into 

account. In order to consider the permanent load effect due to the self-weight, the characteristic 

combination of action was assumed, as shown in equation (6.10). The relevance of the permanent 

stresses to compute the effective stress range was previously approached, admitting the expected 

evaluation of nominal stresses compatible with the elastic domain. On the other hand, for the calculation 

of local stress values at hot-spots, the influence of the permanent loadings must be mandatorily taken 

into account and added to the variable portion to assess the eventual development of plasticity 

phenomena. For the latter, depending on the magnitude of stresses, elastoplastic post-processing may 

be required and the residual plastic deformation should be correctly accounted for, if existing. Regarding 

the evaluation of stress ranges of interest and the respective number of cycles, ∆𝜎𝑖-𝑛𝑖, the rainflow cycle 

counting method was applied to both nominal and local stress time histories. Naturally, the 

implementation of local approaches requires appropriate modelling works, compatible with establishing 

submodelling relations. Also, for the calculations related to the consideration of an additional S-N curve, 

modelling refinements should be properly considered to achieve a numerical accuracy consistent with 

the advanced characteristics of the calculations underlying the current Phase III, Detailed Analysis. 

Taking into account the assumed analysis assumptions, the results of the fatigue calculations 

representatively performed for the detail D.5 at x=109.30 m, associated with a diagonal and previously 

classified as fatigue-critical, are presented and discussed. Depending on the calculated values for the 

fatigue life related to the admitted traffic scenarios, the level of safety is analysed and information for 

the critical analysis is obtained. Future admissible actions are suggested. 

 

8.3.2. GLOBAL APPROACH: FATIGUE ANALYSIS OF THE DETAIL D.5 AT X=109.30 M (DIAGONAL) 

The laboratory tests performed on the steel extracted from the Várzeas Bridge allowed characterising 

the mechanical and fatigue properties of the respective material. Mild steel with low carbon content 

compatible with the St37, which meets the equivalent specification S235 as defined in EN10025 (CEN, 

2005), was found for the material that composes the secondary structural elements, namely the inferior 

bracing. As described in subsection 6.2.1.1, according to the design documents of the Trezói Bridge and 

experimental testing on the respective material, the main structural members of the Várzeas Bridge are 

expected to be composed of St52, equivalent to the S355, as established in EN10025 (CEN, 2005). 
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Consequently, higher resistance to that obtained for the tested material was assumed. Such differences 

between static resistances (𝑓𝑦𝑑 and 𝑓𝑢) particularly influence the strength associated with the crack 

initiation, as a distinct magnitude of the fatigue loading is required to develop plasticity. On the other 

hand, for the crack propagation stage, the differences are not expected to be relevant. For this reason, 

the design standards (e.g. EN1993-1-9 (CEN, 2010c)) do not distinguish the influence of the material 

on the fatigue life, since such guidelines assume that the most relevant damage is associated with the 

crack propagation, which is typical of welded connections. Regarding the structural elements of the 

Várzeas Bridge, the experimental fatigue data evaluated based on the S235 steel grade are conservative 

for the fatigue resistance associated with the crack initiation in members composed of the S355, such as 

the diagonals. A higher relation between ∆𝜎𝑖 and 𝑛𝑖 should be required to develop a macroscopic crack. 

Therefore, taking into account that comprehensive fatigue data related to several Portuguese bridges 

were considered, the S-N curve suggested in Table 8.11 was taken into account for complementary 

calculations by implementing a global approach based on nominal stresses, as previously noted. 

In addition to the alternative bound for the fatigue resistance, modelling improvements should be 

accounted for. Generally, a refinement of a certain length of the global model conceived with beam 

elements is advised, using shell elements incorporated into the modelling. Alternatively, a submodelling 

technique may be adopted if it is found to be more efficient. For the analysis of the detail D.5 located at 

x=109.30 m, associated with a diagonal of the Várzeas Bridge, such a task was already performed and 

used to validate the accuracy of the modelling under the known loading of a circulating train, as 

comprehensively described in subsection 8.2.2. Thus, this modelling refinement was assumed to carry 

out the additional calculations foreseen on the basis of the global approach. 

Taking into account the experimentally derived S-N curve and the modelling refinement, two calculation 

tasks were performed with different goals. Firstly, the refined global model and the S-N curve for the 

detail category 71 suggested in EN1993-1-9 (CEN, 2010c) were considered to evaluate the fatigue 

damage. Such analyses were carried out to retroactively confirm the accuracy of the results obtained in 

Phase II, since in the current third stage of calculations a validated model was used. The coherence 

between calculation phases is evaluated. Secondly, the fatigue life associated with the normative S-N 

curve (∆𝜎𝑐=71 MPa, 𝑚1=3 and 𝑚2=5) is compared with the one derived from experimental data (∆𝜎𝑐=90 

MPa and 𝑚=5), in both cases taking into account the numerical values evaluated in the refined 

modelling. The relevance of assuming a more appropriate fatigue strength curve is investigated. Also, a 

representative analysis to the importance of implementing local approaches is carried out. For both 

calculation tasks, the geometrical characteristics of all plates were correctly considered in the shell 

modelling refinement. As previously mentioned, concerning the detail investigated, it should be noted 

the existence of two strengthening plates with a thickness of 14 mm on each side, materialising a 
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distributed loading transference mechanism along the riveted length. In order to show the relevance of 

the local geometry to evaluate the fatigue life of the connection between the diagonal and the gusset 

plates, two sections were defined at which the nominal stresses should be computed (Figure 8.35). 

 

Figure 8.35 – Detail D.5 located at x=109.30 m (section 1-1’ and section 2-2’) 

 

In Figure 8.35, sections 1-1' and 2-2', related to the first line of rivets of each strengthening plate (inner 

and outer plate, respectively), are presented. Concerning section 1-1’, a parallelism can be established 

with the section used in Phase II to compute the nominal stresses of interest. The net properties 

associated with the double UPN400 cross-section were taken into account as previously described in 

subsection 6.2.1.1. Regarding section 2-2’, the inner strengthening plates were considered as part of the 

resistant cross-section after 27.15 cm of riveted length, materialised by 5 fasteners on each side. The 

corresponding net properties were calculated and assumed (double UPN400 + two plates 14 mm thick). 

In such a section, the geometrical nonlinearities related to the existing mechanical fasteners hinder the 

evaluation of the installed internal forces according to the definition established for the nominal concept, 

i.e. the stress assessment in the parent material excluding stress concentration effects, which means that 

the required criteria for the fatigue calculation by implementing a global S-N method are not fulfilled. 

As a numerical approximation, the fatigue evaluation at this section assumed the linear distribution of 

stresses in the diagonal that was virtually verified in the shell modelling. For these reasons, section 2-2’ 

may be defined as a dummy location for the fatigue assessment to demonstrate and frame the 

conservatism of evaluating the fatigue life independently of the geometrical and material characteristics 

of the riveted length. Taking into account the assumptions described for both sections, the nominal stress 

Outer plate

Inner plate
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values were computed considering the four assessment points in correspondence with the position of the 

rivets, as previously defined in Figure 6.13. 

Concerning section 1-1’, associated with the first line of rivets, for the same railway loading and 

resistance conditions (S-N curve for the detail category 71), a straight comparison is possible between 

the results achieved in Phase II and III (Figure 8.36). 

 

Figure 8.36 – D.5, Damage for 100 years (𝐷100): diagonals, using two models, x=109.30 m (section 1-1’) 

 

In Figure 8.36, fatigue damage computed assuming the normative S-N curve defined at 2x106 cycles by 

∆𝜎𝑐=71 MPa and Mf compatible with the safe life assumption, as well as the respective global models, 

are outlined for section 1-1’. As it can be clearly stated, a relevant agreement was achieved. Therefore, 

it may be concluded that the results obtained using the global model built only with beam elements are 

in accordance with those calculated considering the refined length with shell elements, properly 

validated as shown in subsection 8.2.2. The minor differences verified between the values computed 

demonstrate the quality and precision of the modelling in the three stages of fatigue calculation. 

As previously noted, the refined global model and the S-N curve for the detail category 71 suggested in 

EN1993-1-9 (CEN, 2010c) were also the basis of the fatigue analysis at section 2-2’ (Table 8.12). 

Table 8.12 – D.5, Damage for 100 years (𝐷100): evaluated at two sections, x=109.30 m 

Section 

Standard traffic scenario Heavy traffic scenario 

𝐷100  
Fatigue life  

(years, months) 
𝐷100  

Fatigue life  

(years, months) 

1-1’ 1.216 78 yrs, 11 mos 1.563 63 yrs, 11 mos 

2-2’ 0.125 850 yrs 0.158 588 yrs, 2 mos 

Global Model (only beam elements) Global Model (refined with shell elements)
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Relevant differences were found between the fatigue life predictions as shown in Table 8.12. In section 

1-1’, the nominal stresses were evaluated independently of the geometry of the riveted length. However, 

as demonstrated in subsection 7.3.6, the influence of the number of rivets and lines of rivets cannot be 

ignored concerning the magnitude of the local stresses at critical locations, which in the investigated 

detail are expected to be the rivet holes. For example, the existing number of mechanical fasteners should 

lead to lower stresses at the hot-spots of the first line in comparison to what would happen if only such 

mechanical fasteners materialised the mechanism of loading transference. On the other hand, the local 

stresses at section 2-2’ is not uniform thru the thickness, as assumed considering the values obtained 

from the internal forces and net properties. As also shown in subsection 7.3.6, a relevant part of the 

loading should still be installed in the diagonal with a minor transference to the so-called inner plate, 

which leads to an unsafe assessment based on the nominal stress concept. Therefore, for both sections, 

the real fatigue damage must be calculated accounting for the characteristics of the riveted length. 

Subsequently, the fatigue life of the riveted detail located at x=109.30 m was evaluated considering the 

S-N curve proposed in Table 8.11 (∆𝜎𝑐=90 MPa and 𝑚=5), being compared with the results presented 

in Table 8.12 associated with the normative S-N curve (∆𝜎𝑐=71 MPa, 𝑚1=3 and 𝑚2=5) (Table 8.13). 

Table 8.13 – D.5, Damage for 100 years (𝐷100): using two S-N curves, x=109.30m (section 1-1’) 

Traffic  

scenarios 

S-N curve 

∆𝜎𝑐=71 MPa, 𝑚1=3, 𝑚2=5 ∆𝜎𝑐=90 MPa, 𝑚=5 

𝐷100  
Fatigue life  

(years, months) 
𝐷100  

Fatigue life  

(years, months) 

Heavy 1.563 63 yrs, 11 mos 0.737 135 yrs, 8 mos 

Standard 1.216 78 yrs, 11 mos 0.583 171 yrs, 6 mos 

 

The influence of adopting a more appropriate fatigue strength is clearly demonstrated by the calculated 

fatigue damage and corresponding fatigue lives. For the investigated detail, even considering a global 

approach based on nominal stresses, with the respective limitations mentioned in the current work that 

may lead to excessively conservative results, an expected fatigue life higher than 100 years was achieved 

adopting the S-N curve characterised by ∆𝜎𝑐=90MPa and 𝑚=5. Comparing the results for both S-N 

relations, when the fatigue strength derived from the experimental values associated with the Várzeas 

Bridge and other Portuguese bridges was assumed, the fatigue life associated with the heavy traffic mix 

increased in 71 years and 9 months (from 63 years and 11 months to 135 years and 8 months). 

Considering the results achieved, a classification of the investigated detail as fatigue-safe is admissible. 

However, the structural behaviour and local response of the riveted geometry must be analysed and fully 

understood by implementing approach 3 proposed in section 4.5. 
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8.3.3. LOCAL APPROACH: FATIGUE ANALYSIS OF THE DETAIL D.5 AT X=109.30 M (DIAGONAL) 

The implementation of global approaches based on nominal stresses and S-N curves allows addressing 

fatigue phenomena, identifying the critical connections of certain structures in most cases. Nonetheless, 

such methods do not consider the internal behaviour of the details and the existing loading transference 

mechanism, particularly relevant in connections with mechanical fasteners (i.e. bolted and riveted 

details). Also, the modelling strategies typically adopted based on beam or shell finite elements may 

oversimplify some characteristics of the local response, which is conservatively considered in the fatigue 

assessment adopting relevant safety margins. These approaches may be sufficiently accurate to design 

new structures, in particular welded ones, but the assumed level of conservatism may be incompatible 

with verifying the safety of existing bridges. 

The development of accurate numerical models conceived with volumetric finite elements, assuming a 

detailed geometry properly characterised with the mechanical properties of the materials and 

considering the existing contacts, approximates the numerical responses to the real ones as much as 

possible. Such a level of detail should be the basis of calculations grounded on local responses and 

corresponding fatigue parameters to accurately evaluate the characteristics of fatigue damage processes. 

Also, the implementation of local methods allows performing independent calculations concerning the 

fatigue life associated with the crack initiation and the crack propagation. Regarding the latter, the 

investigation of already damaged details is possible by implementing Linear Elastic Fracture Mechanics 

concepts (LEFM). In addition, the transition between these two stages of fatigue damage may be 

performed using fatigue parameters locally evaluated in order to apply appropriate methods, e.g. 

Kitagawa-Takahashi diagram or propagation laws that consider regimes I and II of the crack growth. 

In Chapter 4, two fatigue approaches that conciliate concepts of submodelling and modal superposition 

were suggested. The main difference between these proposals consists in performing the modal 

superposition of local quantities (local stresses, stress intensity factors, etc.) or computing, at each instant 

of time, the boundary displacement fields that should be inputted into the volumetric model (submodel). 

Considering the results obtained for the Várzeas Bridge and in particular for the detail D.5 located at 

x=109.30 m, approach 3 was implemented to assess the fatigue life associated with the crack initiation. 

As shown in section 4.5, this calculation strategy allows to properly consider the local aspects typically 

related to riveted connections, such as the influence of the clamping stress or the contacts between the 

structural components, part of the connection. Local methods to compute the fatigue damage may be 

adopted, depending on the level of stress evaluated at the critical locations for the crack initiation, e.g. 

Basquin (1910) or Morrow (1965, 1968) relations. Also, elastoplastic post-processing based on the 

Neuber (1946) or Glinka (1985b, 1985a, 1988) models may be implemented when required. In function 

of the local stress magnitude, the calculation strategy to address the initiation of cracks was defined. 
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Considering the characteristics of the computational algorithm related to approach 3, a submodel was 

developed to locally investigate the structural response of the analysed riveted connection. A relation 

with the global model refined adopting shell elements, presented in Figure 8.26 and Figure 8.27, was 

geometrically planned and established. A local geometrical survey was performed using the auxiliary 

platform installed between x=104.50 m and x=110.50 m (see Figure 8.28). The geometry of the existing 

plates was considered according to the cross-sections of the structural elements. Also, the plates 

associated with the bracings, as well as the filling ones, were taken into account. Concerning the rivets 

of interest shown in Figure 8.35, the corresponding locations were defined and the dimension of the 

respective heads was measured. After, the remaining geometrical characteristics, including the nominal 

diameter of the shaft, were defined according to the proposed by Åkesson (2010). Based on the evaluated 

information, the submodel of the riveted detail located at x=109.30 m was conceived, mainly adopting 

volumetric finite elements to replicate the real structure as accurately as possible (Figure 8.37). 

 

a) isometric view b) cross-section view (plan 0yz) 

  

c) side view (plan 0xz) and top view (plan 0xy) d) Detail A 

Figure 8.37 – Local model of the detail D.5 located at x=109.30 m 
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In Figure 8.37, the conceived local model is presented and the respective structural members identified. 

Due to the geometrical and loading symmetry of the bridge about the plane 0xz, as defined in Figure 

6.6, only the submodel of the nodal connection at x=110.50 m with higher global yy-coordinates, located 

at the left part of the structure assuming as reference the positive xx-direction (west-east orientation), 

was required to investigate the riveted detail at x=109.30 m.  

Two diagonals, each one composed of two UPN400 cross-sections, are connected to two gusset plates 

14 mm thick. Additionally, two strengthening plates 14 mm thick on each side of each diagonal form a 

distributed mechanism of loading transference (inner and outer plates). Such components materialise 

several admissible loading paths, increasing the redundancy of the riveted connection. Also, the superior 

flange, composed of two UPN400 and a continuous plate 12 mm thick, is connected to the gusset plates 

through the webs of the U-shaped sections. Concerning the vertical-post, the I-shaped cross-section that 

materialises it was modelled and linked to the gusset plates. Transversally, the cross-girder composed 

of an I-shaped section is connected through its web to the gusset plates using two L-shaped sections. 

Regarding the cross-sectional bracing, two L-shaped sections are linked to a corner plate 12 mm thick, 

connected to the inferior flange of the cross-girder and to the inner flange of the vertical-post. In addition, 

as part of a localised bracing over the columns, an existing bracing plate is connected to the superior 

flange of the cross-girder and to the inferior flange of the UPN400 cross-sections of the superior flange 

of the Warren truss. The structural elements part of this additional bracing were modelled using both 

volumetric and beam elements. The respective diagonals were not found as relevant to the structural 

response of the investigated riveted detail, with a modelling approach with line elements being 

considered accurate enough to ensure adequate compatibility of displacements with the remaining 

modelled members. In the particular case of the cross-sectional bracing, a beam-to-solid approach was 

implemented, connecting the extreme node of the beam finite element to those associated with the 

volumetric elements by adopting multi-point constraint equations (master-slave). 

Regarding the boundaries of the local modelling, sections at locations without relevant stress 

concentrations were assumed. After the optimisation and validation of the global model, it can be stated 

that at such cross-sections the stress and strain fields are accurately reproduced by the global model. 

Therefore, with a basis on the boundary nodes of the submodel, the interpolation of displacements 

evaluated at the nodes of the shell finite elements of the global model was adopted (shell-to-solid). 

Assuming the well-known St. Venant’s principle, it may be considered that only at these locations the 

distribution of stresses and strains in the submodel is disturbed, after imposing the boundary 

displacement conditions (𝐵𝐷𝐶𝑂𝑠). Also, for the bracings, the transference of displacements was assumed 

from the 𝐷𝑂𝐹𝑠 of the global model to those of the submodelling, both related to beam finite elements at 

the same sections and nodes with similar coordinates (beam-to-beam). 
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Concerning the existing riveted connections at the superior node with confluent diagonals located at 

x=110.50 m, except for the investigated detail, the structural elements were considered in full contact 

sharing 𝐷𝑂𝐹𝑠, which obviously does not reflect the real structural behaviour. However, it should be 

noted that the response of Civil Engineering structures is in the domain of small displacements and, for 

such a reason, the option assumed for the numerical modelling of these riveted details does not influence 

the local behaviour of the one between the diagonal and the gusset plates at x=109.30 m. Furthermore, 

besides being irrelevant for the purpose of the present analyses, modelling all contacts and rivets would 

represent an excessive computational burden. On the other hand, all contacts and rivets related to the 

investigated riveted geometry were considered. For each side, 22 rivets with a nominal diameter of 28.05 

mm (head diameter of 46 mm) were taken into account according to the geometrical matrix of the rivets 

evaluated after the local geometrical survey (Figure 8.38). 

 

a) rivets matrix, plan 0xz (structural drawing, m) b) local view, plan 0xz (numerical model) 

 

c) local view, perspective (numerical model) d) rivets and rings detail (numerical model) 

Figure 8.38 – Detailed view of the local model of the detail D.5 located at x=109.30 m 

 

In Figure 8.38, a local view of the matrix of the rivets and local views of the developed local numerical 

model are shown. Concerning Figure 8.38 a), the local dimensions associated with the riveted length 
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and the identification of each rivet and respective hole are presented. In this regard, it should be noted 

that the outlined rivets are from the inner part of the bridge (close to the railway track). Regarding the 

outer ones, a similar identification was established, assuming the three axes of the rivet grid dependent 

on the yy-coordinate as A’, B’ and C’, i.e. the inner rivet A1 has the same xx and zz-coordinates as the 

outer one named A’1. Taking into account the described geometry, 20-noded volumetric elements 

(SOLID186, ANSYS (2017a)) were used to conceive the submodel, except for the bracing members. 

For the latter, beam elements (BEAM188, ANSYS (2017a)) were employed. Also, the contacts between 

the structural elements associated with the connection diagonal-to-gusset plates, located at x=109.30 m, 

were modelled using contact pair elements CONTA174-TARG170 available in ANSYS (2017a). Seven 

surface-to-surface physical contact pairs were established: i) rivet head - (inner or outer plate); ii) rivet 

head - diagonal; iii) rivet shank - (inner or outer plate, diagonal or gusset plate); iv) inner plate - diagonal; 

v) inner plate - outer plate; vi) outer plate - gusset plate; and vii) gusset plate - diagonal. For each pair, 

both normal and friction behaviour were admitted in order to avoid finite penetration and allow limited 

sliding, respectively (Coulomb model). These contact pairs were characterised considering the material 

properties of each steel component. In addition, a clamping force was simulated using a negative 

temperature variation aiming to obtain a reduction of the length of the rivets. For such a purpose, 

according to the thermal expansion of the admitted material (𝛼𝑦=10-5 ºC-1), variations of temperature 

were defined to install a clamping stress of 60 MPa. Due to the relevant riveted length associated with 

14 rows of staggered rivets and different heights of the shaft of the mechanical fasteners (14x2 mm or 

14x3 mm, see Figure 8.38 c)), values between -290 ºC and -390 ºC were considered. 

As defined in subsection 6.2.1.1, elastic values according to the S355 steel grade were adopted. 

Nonetheless, when the crack initiation is investigated, the magnitude of local stresses may be high 

enough to require an elastoplastic relation between stresses and strains. Thus, as presented in subsection 

4.5.2.1 and Figure 4.33, the necessary material parameters and the respective characteristics of the cyclic 

curve were assumed, i.e. 𝜎𝑓′=952.2 MPa, 휀𝑓′=0.737, 𝑏=-0.089, 𝑐=-0.664, 𝑘′=595.85 MPa and 𝑛′=0.0757 

(Jesus et al., 2012). Regarding the rivets, as in the numerical models previously presented in section 4.5, 

a material defined by Young´s modulus, 𝐸, of 198.7 GPa, density, 𝜌, equal to 7850 kg/m3, Poisson’s 

ratio, 𝜐, of 0.26 and friction coefficient, 𝜇, equal to 0.15 was considered (Correia, 2014).  

Once established all the geometrical and material characteristics of the nodal connection located at 

x=110.50 m, in order to obtain a compromise between calculation efficiency and accuracy of results, a 

sensitivity analysis was performed to define the mesh density. As shown in Figure 8.38 b), c) and d), for 

the structural elements associated with the investigated riveted detail, a refined mesh was adopted, 

aiming to obtain accurate stress and strain fields at the admissible hot-spots for the crack initiation. On 

the other hand, for those with reduced influence on the local behaviour of the riveted geometry of 
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interest, a coarser mesh was assumed, ensuring that the response of the nodal connection is properly 

reproduced. 101089 elements and 199371 nodes were considered with a total number of 𝐷𝑂𝐹𝑠 equal to 

597411. The local detail associated with the modelling of the 44 rivets, strengthening plates and 

connected members (diagonal and gusset plates) led to a large numerical model. Such a fact associated 

with the required nonlinear calculations gave origin to relevant computational challenges. 

After defining the numerical properties of the local submodel, preliminary analyses were performed to 

confirm the location of the hot-spots, which were found at the rivet holes, as expected. Subsequently, 

approach 3 was implemented as proposed in section 4.5 following the computational algorithm 

suggested in Figure 4.27. The modal analysis of the refined global model was carried out, allowing to 

evaluate the modal displacements related to the boundary conditions of the conceived submodel, 

associated with 4200 vibration modes corresponding to a frequency limit of 85.15 Hz, according to the 

investigation performed for the detail type D.5 in Phase II (see Figure 7.18) (Figure 8.39).  

 

a) global model (perspective) b) submodel (perspective) 

Figure 8.39 – Submodelling relation between the refined global model and the local model at x=109.30 m 

 

In Figure 8.39, the locations of some of the boundaries of the submodel in the global model are shown, 

establishing a shell-to-solid relation. For the heavy traffic mix proposed in EN1991-2 (CEN, 2017), the 

modal superposition of 𝐵𝐷𝐶𝑂𝑠 was performed. As in Phase II, a time step of 0.001 s was defined 

respecting the maximum admissible value, ∆𝑡𝑚𝑎𝑥=1/(8.𝑓𝑚𝑎𝑥) (Ribeiro, 2004). For each train, the static 

outcomes for the 𝐵𝐶𝐷𝑂𝑠 were related to the respective 𝐵𝐷𝐶𝑂𝑠 (𝑡), amplifying the former by the 

applicable 𝐷𝐴𝐹, [1+0.5(𝜑′+0.5𝜑′′)], as in equation (5.4), assuming that the inertia load field acting on 

the submodel is negligible when compared with the elastic forces imposed by the displacements applied 

to the boundary nodes. The calibrated value for 𝜑′′ presented in subsection 7.3.5 was considered. Thus, 

for each train and for each time step, the boundary conditions in the time domain were inputted into the 

local model, in order to compute the required local stresses and strains time histories. 
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In computational terms, the proposed approach 3 does not allow the modal superposition of local 

quantities due to the nonlinearities of existing contacts. For each train, a set of numerical analyses should 

be mandatorily performed with a basis on the conceived submodel, leading to relevant calculation times. 

Despite this limitation and respective reduction of the computational efficiency, such an approach makes 

it feasible to perform the planned analyses, which would be hardly achieved if a direct time-integration 

algorithm accounting for the material and contact nonlinearities was considered, due to the excessive 

computational burden. On the other hand, for approach 3, independent numerical analyses are foreseen. 

For each time step 𝑡, the required calculation is associated with the boundary conditions inputted into 

the submodel, which are independent of those related to the previous step, 𝑡-1. Consequently, parallel 

computing algorithms may be implemented using more than one hardware setup, as outlined in Figure 

4.28 and Figure 4.29. For the riveted detail located at x=109.30 m, taking into account the size of the 

submodel, existing contact nonlinearities and reduced time step, computationally demanding numerical 

analyses were necessary. Therefore, a certain number of calculations were associated with two different 

hardware setups: i) a personal computer (3.40GHz Intel(R) Core(TM) i7-6700CPU processor and 16GB 

RAM memory), used to perform 2 parallel analyses; and ii) a workstation (2.20GHz Intel(R) Xeon(R) 

E5-2630CPU processor and 64GB RAM memory), in which 6 parallel calculations were considered. 

For each train, 8 parallel analyses were carried out, dividing for each computation process the total 

number of steps to increase the efficiency of the calculation. In order to have a measure of the 

computational costs, about 4 days and 12 hours of analyses were required for the fatigue train type 5 

(longer time), while 1 day and 21 hours were necessary for the fatigue train type 11 (shorter time). 

According to preliminary calculations, some multiaxiality was found at the hot-spots for the crack 

initiation located at the rivets holes. Nonetheless, the relevant component of the response was found to 

be the one related to the longitudinal axis of the element, 𝜎𝑥𝑥 (see Table 6.1 or Figure 8.38 a)). 

Conservatively, aiming to evaluate the magnitudes of local stresses, the corresponding von Mises values 

and respective principal stress components were evaluated. If such local results are inferior to the 

yielding stress, 𝑓𝑦𝑑=355 MPa, it can be assumed that no relevant plasticity occurs. Otherwise, if higher 

stress values are found, the required elastoplastic post-processing must be implemented. As suggested 

in section 4.5, the Neuber or Glinka proposals may be considered for cases in which the level of 

multiaxiality is considered as not determinant. For more complex local responses at a certain hot-spot, 

multiaxial elastoplastic post-processing models may be applied (e.g. Moftakhar et al. (1995)). 

As in subsection 4.5.3.4, the time history for a given local stress was assessed assuming the average of 

the stress fields through the thickness of the most stressed member, admitting the appearance of a thru 

crack. This hypothesis may be defined as a reasonable approximation to estimate the fatigue life in 

correspondence with the initiation of an edge crack that propagates for a certain time until reaching the 



Chapter 8: Phase III, Detailed Analysis: The Várzeas Bridge Case Study 

 

425 

full thickness. Thus, the average results obtained allowed defining the stress components properly 

amplified (𝜎𝑥𝑥, 𝜎𝑦𝑦, 𝜎𝑧𝑧, 𝜏𝑥𝑦, 𝜏𝑥𝑧 and 𝜏𝑦𝑧), from which the time histories of the principal stresses (𝜎1, 𝜎2 

and 𝜎3) were calculated and the equivalent von Mises stress was computed, 𝜎 𝑀 (Figure 8.40). 

 

a) rivet A’1 (local view, perspective) b) time histories of the local stresses (rivet A’1) 

 

c) rivet A1 (local view, perspective) d) time histories of the local stresses (rivet A1) 

 

e) rivet C’1 (local view, perspective) f) time histories of the local stresses (rivet C’1) 

1

1

1
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g) rivet B’2 (local view, perspective) h) time histories of the local stresses (rivet B’2) 

 

i) rivet A’3 (local view, perspective) j) time histories of the local stresses (rivet A’3) 

 

k) rivet A4 (local view, perspective) l) time histories of the local stresses (rivet A4) 

  

1

1

1
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m) rivet A7 (local view, perspective) n) time histories of the local stresses (rivet A7) 

 

o) rivet B8 (local view, perspective) p) time histories of the local stresses (rivet B8) 

 

q) rivet A’13 (local view, perspective) r) time histories of the local stresses (rivet A’13) 

  

1

1

1
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s) rivet C’13 (local view, perspective) t) time histories of the local stresses (rivet C’13) 

 

u) rivet B14 (local view, perspective) v) time histories of the local stresses (rivet B14) 

Figure 8.40 – Time histories of the local von Mises stresses for the considered fatigue trains 

 

In Figure 8.40, the local von Mises stresses at the rivet holes are shown for the trains of the considered 

normative heavy traffic scenario. The results presented were evaluated at the hot-spots located at the 

diagonal and the gusset plates, part of the riveted connection. Considering 𝑓𝑦𝑑 equal to 355 MPa and 

assuming a bilinear material behaviour for the steel grade as a reasonable approximation, elastic stresses 

time histories were found for 40 of the 44 holes of the staggered rivets that compose the loading 

transference mechanism. For the hot-spots related to rivets A13, C13, A’13 and C’13, higher values than 

the yielding stress were computed. For the latter, a maximum for the von Mises stress of 404.58 MPa 

was obtained, showing that a phenomenon of plasticity should be initiated after the first passage of the 

fatigue train type 5 (FT5). Nonetheless, for the principal component 𝜎1 a maximum value of 378.21 MPa 

was calculated, with the remaining compressive (𝜎2,𝑚𝑎𝑥=-24.93 MPa and 𝜎3,𝑚𝑎𝑥=-30.88 MPa), which 

shows that the related plasticity may not be relevant. However, elastoplastic post-processing was 

1

1
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considered as required, adopting the model proposed by Glinka (1985b, 1985a, 1988), as suggested in 

Chapter 4. From the elastic values, an elastoplastic time history of stress was calculated (Figure 8.41). 

 

a) time histories of local stresses (rivet C’13) b) stress-strain diagrams (elastoplastic) 

Figure 8.41 – Local von Mises stresses and strains for rivet C’13 (FT5) 

 

In Figure 8.41 a), a comparison between the elastic values and the elastoplastic ones is presented for the 

hole of rivet C’13. For such a location, the 𝜎-휀 relation obtained is shown in Figure 8.41 b). The 

observation of the results achieved allowed one to conclude that the developed plasticity generated a 

residual compressive stress that reduced the permanent local value induced by the self-weight, which 

means that the initial stress state for the subsequent passages of FT5 should be 48.04 MPa instead of the 

previous 112.82 MPa. Given the associated maximum stress range, ∆𝜎 𝑀,𝑚𝑎𝑥, equal to 298.71 MPa, it 

may be assumed that the next loading events should occur in the elastic domain, considering that 

48.04+298.71=346.75 MPa is inferior to the yielding stress (𝑓𝑦𝑑=355 MPa). Therefore, the cyclic 

loading at the origin of the fatigue phenomenon may be assumed as developed in the elastic regime. 

Once computed the local stress-strain relation, 𝜎(𝑡)-휀(𝑡), the rainflow counting method was applied to 

define the ranges related to stresses and strains and the respective number of acting cycles, ∆𝜎𝑖-𝑛𝑖 and 

∆휀𝑖-𝑛𝑖. Such relations allowed implementing the appropriate local S-N approach to compute the 

associated fatigue strength for the crack initiation, 𝑁𝑖. Taking into account the magnitude of the 

evaluated stresses, compatible with the cyclic elastic regime of the material behaviour, the Basquin 

model was considered, accounting for the influence of the mean stress. The values of ∆𝜎𝑖-𝑛𝑖 and the 

material properties previously defined (𝜎𝑓′=952.2 MPa and 𝑏=-0.089) were assumed. On the other hand, 

for local responses with relevant plastic deformation, the Basquin-Coffin-Manson or Morrow proposals 

may be considered. After establishing the relations between ∆𝜎𝑖, ∆휀𝑖, 𝑛𝑖 and 𝑁𝑖, the respective fatigue 

damage was computed and the Miner rule was used to perform the linear damage accumulation for each 

Subsequent Loadings

After the 1st Loading
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fatigue train. Depending on the characteristics of the traffic scenario, the total damage was calculated, 

as well as the respective fatigue life associated with the crack initiation (Table 8.14). 

Table 8.14 – D.5, Damage for 100 years (𝐷100) associated with the crack initiation by rivet 

Rivet 

id. 

Location of the 

hot-spot 

𝜎 𝑀,𝑚𝑎𝑥 

(MPa) 

∆𝜎 𝑀,𝑚𝑎𝑥 

(MPa) 

𝜎𝑓′ 

(MPa) 
𝑏 Daily damage                 

Fatigue life              

(years) 

A’1 Diagonal 350.61 246.75 

952.2 -0.089 

2.28E-08 120137 

A1 Diagonal 336.59 235.60 1.26E-08 218188 

C’1 Diagonal 332.57 233.95 1.03E-08 265050 

B’2 Diagonal 329.65 229.95 8.37E-09 327227 

A’3 Diagonal 291.95 199.92 1.25E-09 2184043 

A4 Diagonal 255.82 174.29 2.04E-10 13399086 

A7 Diagonal 271.24 182.31 4.26E-10 6435152 

B8 Diagonal 278.18 188.79 6.50E-10 4215910 

B10 Gusset Plate 246.02 173.28 1.95E-10 14045679 

A11 Gusset Plate 281.77 202.03 1.44E-09 1900432 

A’13 Gusset Plate 339.29 272.44 9.01E-08 30398 

C’13 Gusset Plate 346.75 298.71 3.25E-07 8421 

B14 Gusset Plate 321.02 221.27 5.42E-09 505361 

 

In Table 8.14, the results achieved for several rivet holes, assumed as representative due to the higher 

local stresses evaluated, are presented. The maximum values for the calculated von Mises local stress, 

𝜎 𝑀,𝑚𝑎𝑥, and the respective maximum local stress ranges, ∆𝜎 𝑀,𝑚𝑎𝑥, are defined. Also, the computed 

fatigue damage related to the crack initiation and corresponding fatigue life predictions are presented. 

The results for the hot-spots associated with rivets A’13 and C’13 are highlighted, being obtained after 

elastoplastic post-processing. For the remaining ones, the assessment of the plasticity phenomenon was 

not considered as required, which explains the maximum stress value presented for the hole related to 

rivet A’1 higher than those calculated for A’13 and C’13, for example.  

The magnitude of the local stresses associated with the 22 mechanical fasteners of the outer part of the 

bridge was found slightly higher than the one obtained for the rivets related to the inner structural 

elements. Such a fact may be explained by the response of the structure when loaded by the fatigue 

trains. The flexure deformation of the cross-girders, which supports the subsystem associated with the 

ballastless railway track, give origin to rotations at the respective connections with the gusset plates and 

vertical-posts, leading to local displacements that induce higher tensile forces in the outer structural 

elements of the bridge (strengthening plates, gusset plate and UPN400 cross-section, part of the 

diagonal). Concerning the assessment of the local stresses associated with each rivet, lines of rivets and 
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respective holes, some considerations may be stated. The location of the hot-spots for the initiation of 

cracks changed thru the thickness of the several structural elements, part of the connection, along the 

riveted length. Regarding the first line, the stress installed in the diagonal was naturally higher, since the 

transference mechanism at this location was almost at its beginning (the friction transference can be 

considered negligible in such a length). Consequently, the critical points were found at the holes of the 

rivets in the webs of the UPN400. After the line of rivets 7, the local stresses evaluated thru the thickness 

of the gusset plate increased significantly, showing that an important part of the loading transference 

occurred after these lines rather than by the alternative path materialised by the strengthening plates. As 

outlined in Figure 8.40, the highest values of local von Mises stresses were obtained for line 13 (holes 

of rivets A’13 and C’13), considering the hot-spots at the thickness of the gusset plate. This location of 

the critical points demonstrates that most of the internal forces had already been transmitted from the 

diagonal to the gusset plates. 

In general, according to the analyses carried out concerning the stress and strain fields, it may be 

concluded that the magnitude of the local stresses evaluated was found higher in the first and last rows 

of the riveted length. Firstly, such a conclusion may be related to the internal forces installed in each 

structural element: i) for the first lines of rivets, the diagonal showed to be the member with the highest 

stress, since the transference mechanism was initiated by these mechanical fasteners; and ii) concerning 

the last rows of rivets, the gusset plates were found as the members in which the hot-spots were located 

due to the transmission of internal forces already performed from the diagonal to these structural 

elements. The strengthening plates were verified to be alternative transmission paths that complement 

the main one defined by the diagonal and the gusset plates. Secondly, considering the results obtained 

after the analysis of the mechanism of loading transference of a representative riveted connection in 

subsection 7.3.6, the rivets which compose the first and last lines are responsible for transmitting higher 

shares of the internal forces, as shown in Figure 7.32. Overall, it can be said that for details with several 

lines of mechanical fasteners, the first and last rows are susceptible points for the appearance of cracks.  

As evaluated in subsections 7.3.2 and 8.3.2, respectively in Phase II and Phase III, for the diagonal 

connected to the node at x=110.50 m, maximum values for the installed nominal stress of 115.12 MPa 

and 105.60 MPa were calculated, corresponding to important internal forces to be transmitted to the 

gusset plates, mostly axial. Admitting a typical value for 𝐾𝑡 equal to 5 associated with a single rivet 

submitted to shear (Åkesson, 2010), higher magnitudes of stresses at the hot-spots would be expected 

not considering the characteristics of the riveted geometry. Nonetheless, as showed in subsection 7.3.6 

and confirmed by the results presented, the number of mechanical fasteners cannot be detached from 

the assessment of local stress and strain fields, influencing the effective stress concentration factor. For 

44 staggered rivets, a large number of cycles to initiate a crack from a given hot-spot was found as 
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required, but it is reasonable to admit that a smaller number of mechanical fasteners would lead to higher 

local stresses and relevant fatigue damage. Therefore, assuming a certain nominal stress to represent the 

local transmission of the installed forces, independently of the number of mechanical fasteners, ignoring 

the distributed mechanism of loading transference and the redundancy related to the existence of several 

lines of rivets, as considered in Phase II according to the implemented global S-N approach based on 

the nominal stress concept, may be highly conservative.  

For each of the normative trains considered, the maximum local stress values and respective ranges were 

calculated at the hole associated with rivet C’13. Therefore, the highest fatigue damage related to the 

crack initiation was computed for this mechanical fastener, as well as the lowest fatigue life value, which 

justifies a closer analysis (Table 8.15). 

Table 8.15 – D.5, Damage for 100 years (𝐷100) associated with the crack initiation for rivet C’13 

Train id. 
𝜎 𝑀,𝑚𝑎𝑥    

(MPa) 

∆𝜎 𝑀,𝑚𝑎𝑥   

(MPa) 

Daily  

damage 

𝐷100  

(initiation) 

Total 𝐷100 

(initiation) 

Fatigue life 

(years) 

FT 5 346.75 298.71 3.04E-07 1.11E-02 

1.19E-02 8421 
FT 6 242.60 194.56 2.58E-09 9.43E-05 

FT 11 270.91 222.87 1.66E-08 6.06E-04 

FT 12 238.49 190.45 2.30E-09 8.39E-05 

 

In Table 8.15, the results evaluated at the hot-spot associated with rivet C’13 are presented for each train 

of the normative heavy traffic scenario considered. In accordance with Figure 8.40, the structural 

response related to FT5 showed to be the one with the highest magnitude of stress and lowest fatigue 

life, which is explained by the respective characteristics mostly influenced by the global structural 

behaviour with non-relevant local cycles. Also, none of the trains considered induced important resonant 

effects. Considering the low values of damage and assuming as a reference the limit service life of 100 

years, a theoretically infinite fatigue life was obtained. Thus, it can be concluded that the investigated 

riveted connection is not susceptible to relevant fatigue phenomena, according to the implemented local 

approach. Adopting the same criteria assumed in the previous stages of calculation, if the conditions of 

conservation are maintained similar to those existing in the early ages of the structure, no crack initiation 

phenomenon is expected to take place. Further standard maintenance tasks are advised to ensure the 

required level of structural integrity. 

Regarding the detail type D.5, it should be noted that only the riveted connections close to the columns 

have the configuration outlined in Figure 8.38, namely those associated with the two diagonals close to 

P2, P3, P4 and P5. In general, the connection diagonal-to-gusset plate is materialised by 12 or 13 

staggered rivets without strengthening plates (Figure 8.42). 
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a) nodal connection at x =116.50 m b) nodal connection at x =104.50 m 

Figure 8.42 – Riveted details associated with column P3, with and without strengthening plates 

 

In Figure 8.42, the inferior nodal connections related to the column located at x=110.50 m, with two 

different riveted configurations, are presented. Both diagonals have a double UNP400 cross-section but 

are submitted to distinct axial forces due to the respective inclination associated with the geometry of 

the inverted Warren trusses (note that at each side of the columns 2 diagonals are composed of 2UNP400 

and the remaining ones of 2UPN350). Between x=98.50-104.50 m and x=116.50-122.50 m, the 

diagonals are submitted to compressive forces, which leads to smaller fatigue damage, as demonstrated 

by implementing the global S-N approach in Phase II (see Figure 7.14 b)). On the other hand, between 

x=104.50-110.50 m and x=110.50-116.50 m, the diagonals are loaded by tensile forces, influencing the 

reduced fatigue life predictions in the previous stage of fatigue calculations (see also Figure 7.14b). 

Assuming column P3 and the geometry of the inverted Warren trusses as a reference, the next diagonal 

elements submitted to tensile forces are located between x=92.50-98.50 m and x=122.50-128.50 m, both 

materialised by 2UPN350 cross-sections. For these members, smaller installed internal forces to be 

transmitted to the respective gusset plates were computed, which was implicitly demonstrated by the 

fatigue damage achieved in Phase II (see Figure 7.14 a)). Thus, for the detail type D.5, considering the 

results previously obtained and the local stress magnitude associated with the investigated connection 

at x=109.30 m, it can be concluded that the geometry of the bridge and respective riveted details, 

including local strengthening plates, was correctly designed and helps to avoid major local stress 

concentrations that would be at the origin of fatigue damage. 

For riveted connections, the magnitude of the installed clamping force may be relevant to local responses 

and to the development of fatigue issues, consequently. However, the assessment of such a stress in 

rivets of existing bridges is a complex task. A range of values between 30 MPa and 120 MPa are 

admissible to be considered in investigations of details with grip lengths as those found in the connection 

analysed in this subsection (see Figure 2.54) (Leonetti, 2020). In order to evaluate the influence of this 

parameter, in addition to the reference value adopted throughout the present work, 60 MPa, two further 
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clamping stress magnitudes, 𝜎𝑐𝑙𝑚, were taken into account: i) 120 MPa, considered as a superior 

admissible value; and ii) 0 MPa, a hypothetical assumption to represent the local structural behaviour 

without any influence of the clamping stress, i.e. an inferior boundary. In line with the objectives of this 

analysis, the passage of the fatigue train type 5, part of the heavy traffic mix proposed in EN1991-2 

(CEN, 2017), was assumed as reference. Also, the comparison between the results achieved was 

performed in terms of the most relevant principal component of the response related to fatigue, 𝜎1, almost 

coincident with 𝜎𝑥𝑥 according to the local axis aligned with the diagonal (see Figure 8.38). At each rivet 

hole and respective hot-spot, two different parameters associated with the local stress fields were 

evaluated to conclude concerning the relevance of the installed clamping stress, namely, the maximum 

stress value and the respective maximum stress range (Table 8.16). 

Table 8.16 – Local results in terms of the principal component 𝜎1, depending on the installed clamping stress 

Rivet id. A’1 A1 C’1 B’2 A’3 A4 A7 B8 A’13 C’13 B14 

𝜎
𝑐𝑙
𝑚

 (
M

P
a
) 0 

𝜎 1
,𝑚

𝑎
𝑥
 (

M
P

a
) 323.91 309.85 305.43 302.90 267.93 223.20 258.79 263.19 341.74 341.79 290.40 

60 311.91 297.85 292.99 288.93 251.32 217.46 238.59 241.05 336.64 338.03 279.78 

120 290.27 276.18 271.31 268.77 230.87 198.64 214.47 219.96 352.61 334.99 253.60 

              

𝜎
𝑐𝑙
𝑚

 (
M

P
a
) 0 

∆
𝜎 1

,𝑚
𝑎
𝑥
 (

M
P

a
) 

250.04 239.02 237.29 235.19 207.90 173.06 192.76 198.12 285.38 293.98 224.94 

60 256.06 245.10 243.15 238.45 210.18 182.63 194.64 196.57 282.09 292.82 234.11 

120 253.57 242.80 240.65 235.19 207.21 179.80 189.52 191.04 278.42 290.29 230.02 

 

In Table 8.16, the local results evaluated at the hot-spots thru the thickness are presented. The values 

related to rivets A’13 and C’13 are highlighted, being obtained after elastoplastic post-processing. As 

can be observed, the variation of the clamping force influenced the maximum local stresses more than 

the calculated ranges, respectively, 𝜎1,𝑚𝑎𝑥 and ∆𝜎1,𝑚𝑎𝑥. For the latter, the results as a function of the 

installed 𝜎𝑐𝑙𝑚, which has a perpendicular direction to the predominant internal forces transmitted 

between the structural elements (local xx-direction, greatly coincident with 𝜎1), showed a maximum 

difference of 3.89% for rivet A4. In this regard, for some mechanical fasteners, ∆𝜎1,𝑚𝑎𝑥 revealed to be 

slightly higher for null clamping stress than for the one equal to 120 MPa, which is explained by the 

group effect influenced by the relevant riveted length and contact nonlinearities. On the other hand, 𝜎𝑐𝑙𝑚 

was found to be more significant for the development of plasticity and for the mean stress value, which 

should lead to a greater influence on fatigue life. A maximum deviation for 𝜎1,𝑚𝑎𝑥 of 17.12% was 

calculated for rivet A7 between the scenarios of 𝜎𝑐𝑙𝑚= 0 MPa and 120 MPa. 

In order to have a qualitative measure in terms of the influence on the local stress fields for the most 

stressed rivet, the results are presented for the xx-direction that dominates the response (Figure 8.43). 
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a) clamping stress = 0 MPa b) clamping stress = 60 MPa c) clamping stress = 120 MPa 

Figure 8.43 – Local stress fields related to 𝜎𝑥𝑥 at the rings around rivet C’13 

 

In Figure 8.43, the stress values related to the variable loading for the xx-direction are shown. The 

increase in the clamping stress led to a reduction in the volume of material submitted to the highest 

stress value (246 MPa to 298 MPa, according to the colour map), which clearly shows the effect of this 

permanent stress state on the local stress fields. Naturally, the results presented are inherently associated 

with the relevant sum of the thicknesses of the connected plates (2x14 mm and 3x14 mm), which 

influences the local response. For thinner plates, the influence of the clamping force should be higher. 

Considering the results obtained in Phase II and Phase III related to the fatigue life, one may state the 

conservatism associated with the global approach based on S-N curves and nominal stresses 

implemented in the second stage of fatigue calculations, as foreseen in the integrated methodology 

proposed in Chapter 5. From a case of limited total fatigue life, it was possible to achieve results 

compatible with a theoretically infinite fatigue life associated with the crack initiation, after considering 

a local notch method. In this regard, it should be noted that approach 3 suggested in the present work 

offers a variety of solutions to implement local fatigue assessment methods for connections that involve 

contact nonlinearities, e.g. riveted and bolted ones, even for situations of local plasticity, which allows 

exploring excessive safety margins. In summary, approaches 2 and 3 provide a range of advanced 

numerical and analytical tools to investigate critical and important connections with singular geometries, 

subjected to different magnitudes of stresses, if the developed plasticity is confined. 

Despite the infinite fatigue life associated with the crack initiation obtained for the riveted connection 

of the Várzeas Bridge located at x=109.30 m, it was considered important to carry out a preliminary 

analysis to quantify the relevance of an eventual pre-existing and non-detected defect. Therefore, a 

methodology was implemented to estimate the residual life associated with the fatigue crack 

propagation, taking into account the principles of Linear Elastic Fracture Mechanics and the 

experimental results for the resistance of the material extracted from the bridge concerning the 

1
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propagation of cracks. Regarding the railway loading, the normative heavy traffic scenario proposed in 

EN1991-2 (CEN, 2017) was assumed. Considering the nominal stress values evaluated in subsection 

8.3.2 using the refined global model, an equivalent nominal stress range related to the fatigue trains and 

respective time histories, ∆𝜎𝑒, was calculated according to: 

 ∆𝜎𝑒 = [∑𝑛𝑖(∆𝜎𝑖)
𝑚 /∑𝑛𝑖]

1/𝑚

 (8.9) 

where, ∆𝜎𝑖 and 𝑛𝑖 are, respectively, the stress range 𝑖 and associated number of cycles and 𝑚 is the 

coefficient of the adopted Paris law. For each train, a rainflow counting method was implemented to 

define the relation ∆𝜎𝑖-𝑛𝑖. Also, taking into account the material data evaluated experimentally and 

previously detailed, the Paris law characterised in Figure 8.17 d) was assumed, with a constant 𝐶 equal 

to 1.99E-16 and a value for 𝑚 of 4.078. Although the grade of the steel extracted from the bridge is 

lower than that which composes the investigated riveted detail (S235 vs. S355), for the level of nominal 

stresses evaluated, the eventual propagation of cracks is going to occur in the elastic regime, with the 

influence of the yielding and ultimate strengths, respectively, 𝑓𝑦𝑑 and 𝑓𝑢, being negligible. Furthermore, 

a stress intensity factor threshold, ∆𝐾𝑡ℎ, equal to 63 N.mm-1.5 was adopted, with the aim of accounting 

only for the stress cycle ranges relevant to the crack propagation, which is reflected on the calculation 

of the equivalent nominal stress range as a function of the geometry of the crack. 

In order to establish the relation between the development of the crack and the railway loading, it was 

necessary to assume an admissible solution for the stress intensity factor. In general, the definition of 

this parameter depends on the local geometry and the respective numerical evaluation may be performed 

using the resources foreseen in the proposed approaches 2 or 3, such as submodelling techniques. 

Nonetheless, due to the preliminary nature of the current calculations, a theoretical solution for the 

propagation of a pre-exiting defect at a rivet hole was adopted. Consequently, considering the 

characteristics of the fatigue loading and local geometry, the classical solution for the stress intensity 

factor for a crack with length 𝑎, emanating from a single circular hole with a radius 𝑅𝑣 in an infinite 

plate, was assumed, i.e. 𝐾𝐼=f(𝑎/𝑅𝑣). 𝜎. √𝜋𝑎 (Table 8.17). 

Table 8.17 – f(𝑎/𝑅𝑣) values for 𝐾𝐼 for an infinite plate with a crack emanating from a circular hole 

𝑎/𝑅𝑣 1.01 1.02 1.04 1.06 1.08 1.10 1.20 1.25 1.30 1.40 1.80 

f (𝑎/𝑅𝑣) 0.3256 0.4514 0.6082 0.7104 0.7843 0.8400 0.9851 1.0168 1.0358 1.0536 1.0495 

 

In Table 8.17, the values of the geometrical function that affects the stress intensity factor are presented. 

It should be noted that such a solution is valid for the propagation of a crack in mode I without the 

influence of the borders or other rivets, losing effectiveness for crack lengths close to these geometrical 

restrictions. For lower values of f(𝑎/𝑅𝑣), the local stress is defined by the circular geometry of the hole. 
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On the other hand, for higher values of the crack length, the presence of the rivet hole becomes negligible 

and the values of f(𝑎/𝑅𝑣) tend to 1.00 (Figure 8.44). 

 

Figure 8.44 – Solution for 𝐾𝐼 for an infinite plate with a crack emanating from a circular hole 

 

Assuming that the known and described solution for the stress intensity factor in an infinite plate is an 

approximation compatible with the preliminary characteristics of the current calculations, the integration 

of the Paris law depends only on the size of the rivet hole in geometrical terms. In this respect, a nominal 

diameter of 28.05 mm (𝑅𝑣=14.0425 mm) was considered, consistent with the geometry of the rivets of 

the investigated detail, evaluated after the local geometrical survey and according to Åkesson (2010), as 

adopted in the previous calculations concerning the initiation of cracks. 

Consequently, for each value of 𝑎/𝑅𝑣, the minimum stress range relevant to the crack propagation, 

corresponding to the stress intensity factor threshold, was defined. After, the respective relation between 

the daily equivalent stress range and associated number of cycles was established (∆𝜎𝑒-𝑛𝑖) (Table 8.18). 

Table 8.18 – Daily equivalent stress range for first crack increment (𝑎/𝑅𝑣=1.01) 

Train ∆𝜎𝑚𝑎𝑥 (MPa) 𝑛𝑖(∆𝜎𝑚𝑎𝑥) 
Number of 

trains/day 
∆𝜎𝑒 (MPa) 

Number of 

cycles/day 

5 84.28 0.5 6 

66.72 51 
6 57.27 0.5 13 

11 65.64 0.5 16 

12 57.01 0.5 16 

 

In Table 8.18, for each train and for 𝑎/𝑅𝑣=1.01, the maximum evaluated nominal stress range and the 

respective number of cycles are presented, ∆𝜎𝑚𝑎𝑥-𝑛𝑖. All cycles above the nominal stress range related 

to ∆𝐾𝑡ℎ were considered to compute the daily ∆𝜎𝑒, achieving a value equal to 66.72 MPa associated with 

2𝑅𝑣

𝑎

𝜎𝑛 (nominal stress)
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51 cycles. For other values of 𝑎/𝑅𝑣, similar calculations were performed influenced by ∆𝐾𝑡ℎ and the 

dimension of the crack. After, in order to evaluate the remaining fatigue life associated with the crack 

propagation, the integration of the adopted Paris law was carried out. Two criteria were assumed to 

define the final length of the crack: i) geometrical restrictions, related to the dimension of the members, 

part of the riveted connection; and ii) the material toughness, associated with the value of the stress 

intensity factor that leads to the unstable crack propagation. Regarding the former, depending on the 

rivet hole for which the pre-existing crack is admitted, the maximum crack length may be different due 

to geometrical constraints. In this regard, it should be noted that the adopted solution for 𝐾𝐼 was not 

changed in the proximities of the borders or other rivets. Additional comments are addressed below. 

Concerning the material properties, the results of the fatigue crack propagation tests presented in 

subsection 8.2.1.5 were used to estimate the limit conditions of the subcritical crack propagation (upper 

limit of the fatigue crack propagation regime II) (Table 8.19). 

Table 8.19 – Estimated fracture toughness based on the subcritical crack propagation tests 

Specimen R ∆𝐾𝑚𝑎𝑥 (N.mm-1.5) 𝐾𝑚𝑎𝑥 (N.mm-1.5) 

AA1 0.05 1006.40 1059.30 

AA2 0.25 803.70 1071.60 

AA3 0.50 577.60 1155.20 

AA4 0.05 1163.80 1225.00 

  Average 1127.80 

  Standard deviation 77.60 

 

In Table 8.19, an estimate for the value of the critical stress intensity factor associated with the toughness 

limit equal to 1127.80 N.mm-1.5 (35.66 MPa.m0.5) is presented, resulting from the average of the 

experimental values obtained for the tested specimens. Such an outcome was evaluated for the limit of 

the stable crack propagation and may be assumed as an inferior bound for the toughness of the material 

extracted from the bridge. Also, this lower limit prediction is consistent with the corresponding values 

achieved with a basis on the results of the Charpy energy tests, which were found higher at 22 ºC.  

Finally, considering the crack propagation law and material toughness defined after the experimental 

tests carried out and the equivalent stress ranges estimated for the normative heavy traffic mix, as a 

function of 𝑎/𝑅𝑣 and ∆𝐾𝑡ℎ, as well as the theoretical solution for the stress intensity factor presented in 

Figure 8.44, predictions for the remaining fatigue life associated with the crack propagation were 

performed, assuming a stress ratio equal to 0 (𝑅=0). Thus, between the admitted small initial defect 

(𝑎𝑖=0.10 mm) and the crack length that leads to the stress intensity factor associated with the estimated 

toughness of the material, the assumed Paris law was integrated numerically (Table 8.20). 
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Table 8.20 – Integration of the Paris law for a crack emanating from a circular hole 

𝑎/r f(𝑎/𝑅𝑣) ∆𝜎𝑒 (MPa) 𝑛𝑖/day 𝑎 (mm) 𝑎-𝑅𝑣 (mm) ∆𝑎 (mm) ∆𝐾 (N.mm-1.5) ∆𝑁 (cycles) 

1.01 0.326 66.72 51 14.180 0.140  145.00  

1.02 0.451 60.58 77 14.321 0.281 0.140 183.42 4.15E+05 

1.04 0.608 48.48 215 14.602 0.562 0.281 199.72 5.87E+05 

1.06 0.710 46.38 257 14.882 0.842 0.281 225.29 3.59E+05 

1.08 0.784 46.38 257 15.163 1.123 0.281 251.06 2.31E+05 

1.10 0.840 46.38 257 15.444 1.404 0.281 271.37 1.68E+05 

1.20 0.985 45.20 289 16.848 2.808 1.404 323.93 4.08E+05 

1.25 1.017 44.16 315 17.550 3.510 0.702 333.38 1.82E+05 

1.30 1.036 43.68 328 18.252 4.212 0.702 342.58 1.62E+05 

1.40 1.054 42.79 354 19.656 5.616 1.404 354.31 2.83E+05 

1.80 1.050 42.59 357 25.272 11.232 5.616 398.25 7.03E+05 

2.00 1.050 42.19 370 28.080 14.040 2.808 415.85 2.95E+05 

2.20 1.050 41.44 392 30.888 16.848 2.808 428.44 2.61E+05 

2.40 1.050 41.44 392 33.696 19.656 2.808 447.49 2.19E+05 

2.60 1.050 41.44 392 36.504 22.464 2.808 465.76 1.86E+05 

2.80 1.050 41.09 398 39.312 25.272 2.808 479.28 1.65E+05 

3.00 1.050 40.28 435 42.120 28.080 2.808 486.30 1.56E+05 

         

         

20.60 1.050 35.43 655 289.224 275.184 2.808 1120.897 5.17E+03 

20.80 1.050 35.43 655 292.032 277.992 2.808 1126.325 5.07E+03 

        cycles 7.53E+06 

        years 66 yrs, 8 mos 

 

In Table 8.20, the values obtained after the numerical integration of the Paris law, evaluated for the 

material extracted from the bridge, are presented. Regarding the toughness of the material, the maximum 

stress intensity factor was reached for a crack length of 292.032 mm (𝑎𝑐), a value that may be considered 

as high. In terms of the remaining fatigue life, taking into account the normative heavy traffic scenario 

proposed in EN1991-2 (CEN, 2017) and admitting a small initial defect (𝑎𝑖=0.10 mm), the unstable 

propagation of the crack would be achieved after 66 years and 8 months. As previously mentioned, this 

limit result does not take into account the existing geometrical limitations. In the case of the investigated 

connection, such a propagation would hardly take place, either due to the restrictions for the growth of 

the crack or because critical sections would be reached, which would lead to failure modes under static 

or dynamic non-cyclical loadings.  
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Concerning the geometrical constraints, both the proximity of the borders and the existence of other 

rivets modifiy the solution for the stress intensity factor. Regarding the first lines of rivets, whose critical 

locations were found in the diagonal, two geometrical restrictions were found: i) 56.00 mm from the 

rivet hole to the border of the cross-section; and ii) 231.80 mm between rivets of the same row. 

Comparing these values with 𝑎𝑐, both are lower than the crack length related to the unstable crack 

propagation. For the former, assuming the condition of infinite plate without geometrical constraints, a 

residual fatigue life of 58 years and 10 months was obtained. For the latter, a limit life of 66 years and 

3 months was computed. However, it must be stressed that these predictions are unsafe, since the 

proximity of the crack tip to the geometrical limitations would result in an increase of the value of the 

stress intensity factor non-proportionally to √𝑎, which means that the geometrical function, f(𝑎/𝑅𝑣), 

would assume higher values than those considered (Rodrigues, 2013). On the other hand, it should be 

noted that for half of the length (28.00 mm), the calculated remaining fatigue life was 53 years and 8 

months, which shows that the early ages of the crack propagation largely influence the cumulative results 

obtained. Thus, it may be said that in the case of a pre-existing defect, the period of time until the end 

of the propagation due to geometrical constraints would be around 50 years for the first rows of rivets, 

a relevant period of time that would allow detecting fatigue problems during standard inspections and 

take proper actions, i.e. implementation of the procedures foreseen in Phase III and Phase IV of the 

proposed integrated methodology. For the last lines of rivets, the geometrical restrictions are different, 

as the hot-spots were found in the gusset plates, which are considerably larger than the webs of the 

UPN400 cross-sections. Therefore, the only geometrical limitation is the distance between rivets (231.80 

mm). Nonetheless, for the approached crack lengths or 𝑎𝑐, it should be stressed that strength safety 

verifications must be performed due to the eventual formation of critical sections. 

Regarding the drawbacks of the performed calculations, in addition to those already justified, the 

existence of several rivets and lines of rivets was not accounted for. As previously concluded, the 

influence of the number of mechanical fasteners is critical for the mechanism of loading transference. 

Consequently, in finite plates, more rivets tend to originate smaller stress magnitudes at each hot-spot. 

Also, the propagation rate of a certain initiated crack should be lower for a connection with multiple 

mechanical fasteners due to the alternative loading paths and local stiffness reduction. On the other hand, 

the assumed 𝐾𝑡 equal to 3.00 was found as unsafe for the most loaded rivets, but the respective influence 

is only relevant for the first crack increments. Thus, the values obtained to characterise the crack 

propagation may be found as a reasonable preliminary approximation. 

Overall, considering the geometrical and material limitations, for the rivets for which the highest local 

stresses were computed, first and last rows, minimum values of remaining fatigue life around 50 years 

may be defined for a crack emanating from a certain rivet hole, considering the assumptions of the 
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preliminary calculations presented. Taking into account such a result and the theoretically infinite lives 

associated with the crack initiation, no further numerical analyses based on the implementation of crack 

branching criteria, as demonstrated in subsection 4.5.3, were found as required. However, for cases in 

which numerical simulations of the development of cracks must be performed, approaches 2 and 3 

should be considered and combined whether necessary, as previously mentioned. For the start of the 

propagation, admitting an initial defect as small as 0.10 mm, the effect of the contacts of the rivet head 

and shank with the member in which the hot-spot is located may be relevant, making mandatory the 

implementation of approach 3. On the other hand, for other lengths not influenced by contact 

nonlinearities, the modal superposition of local quantities allows more efficient calculations and should 

be adopted (approach 2). Nonetheless, for the current case study and considering the results obtained, 

standard maintenance inspections should be established to verify the conservation of the structure and 

control the development of eventual pre-existing defects, which have not been propagating to the present 

day due to the low past and present railway traffic circulating on the bridge. 

 

8.4. CONCLUDING REMARKS 

In the current chapter, the detailed fatigue assessment of the critical connection assumed as 

representative of the detail type D.5 was performed, taking into account the integrated methodology for 

fatigue life prediction of existing metallic railway bridges proposed in Chapter 5. Dynamic calculations 

considering the heavy traffic mix were carried out, allowing to compute the local fatigue parameters by 

implementing the suggested approach 3 and the respective computational algorithm proposed and 

validated in a simple case study in section 4.5. Detailed analyses concerning the possible initiation of 

cracks under tensile stress ranges were performed. Also, preliminary calculations about the propagation 

of eventual pre-existing and non-detected defects were carried out. 

A broad experimental campaign of laboratory tests was planned and performed to investigate the 

properties of the material that composes the Várzeas Bridge. Relevant data concerning the 

metallographic, strength, ductility and toughness characteristics were evaluated. Also, the resistance to 

the propagation of cracks and respective fatigue models were defined after two testing programmes 

considering CT specimens and conceived double shear riveted connections. In addition to the 

experimental values, relatable information obtained for metallic materials extracted from other 

Portuguese old bridges was collected, in order to establish benchmark values and define a 

comprehensive set of data. The combination of the results achieved after experimental testing with those 

available in the literature allowed defining a new S-N curve for nominal stresses (∆𝜎𝑐=90 MPa and 

𝑚=5). Such a fatigue strength limit established reference resistance values to be compared with those 

obtained in the previous Chapter 7, related to the normative S-N curve for the detail category 71. 
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In addition to the laboratory tests, a comprehensive in situ experimental campaign was planned and 

performed to evaluate the stress and strain fields close to the connection D.5 located at x=109.30 m. 19 

strain gauges were installed. The experimental strains were found in the elastic domain, which allowed 

computing the respective stress time histories, both associated with the circulation of a certain train. In 

parallel, the previously conceived, validated and optimised beam global model was refined between 

x=98 m and x=113 m considering mainly shell finite elements, creating a modelling detail that allowed 

accurately representing the experimental points where the strain gauges were placed. Taking into 

account the forced vibration responses under a known railway loading, the experimental results were 

compared with the corresponding numerical ones. A relevant agreement was found, proving that the 

numerical stress and strains fields are representative of the real structural response. 

Combining the information collected from the experimental tests performed in situ and in the laboratory, 

the foreseen calculation strategies were implemented. Although Phase III was proposed as mainly 

focused on local approaches, the nominal stress method was applied considering the fatigue loading 

evaluated using the refined and validated global model and assuming the fatigue strength derived from 

the laboratory tests. The results achieved allowed concluding concerning the safety of the previously 

classified fatigue-critical detail. Considering that the nominal stress values computed in Phase II and 

Phase III were found of the same magnitude, the difference between the respective fatigue lives resulted 

from the assumed fatigue strength, with the conservatism of adopting the normative S-N curve for the 

detail category 71 (∆𝜎𝑐=71 MPa, 𝑚1=3 and 𝑚2=5) as a lower boundary for the fatigue resistance being 

demonstrated. Also, assuming this normative fatigue strength as a reference, the precision of the 

predictions performed in Phase II was retroactively confirmed. 

The structural analysis of a riveted connection with the complexity of the detail type D.5 located at 

x=109.30 m required the development and application of submodelling techniques, in order to 

implement the foreseen local methods and investigate the crack initiation and the crack propagation. 

After validating the refined global model, a detailed local one was conceived using volumetric finite 

elements. Taking into account the boundaries of such a model, a submodelling relation was established. 

As suggested in Chapter 4, in the presence of contact nonlinearities associated with the structural 

performance of the rivets, the proposed approach 3 and the respective computational algorithm were 

implemented. Considering the level of multiaxiality of the local response at the hot-spots, the von Mises 

stresses were computed, after evaluating the stress components. For the most loaded rivet holes, stress 

values higher than the yielding were calculated and the Glinka model was considered to implement the 

required elastoplastic post-processing. Nonetheless, the residual compressive stress induced by the 

developed plasticity gave origin to the subsequent loadings in the elastic regime. Therefore, the 

implementation of the Basquin relation, accounting for the influence of the mean stress, allowed 
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computing the damage associated with each train and the cumulative one. Theoretically infinite lives 

were calculated for the 44 staggered rivets. Such predictions for the fatigue life led to a conclusion 

radically different from the one achieved after implementing Phase II. From a situation of expected 

fatigue damage in a service life of 100 years, the results of Phase III are compatible with a fatigue-safe 

classification for the detail type D.5 located at x=109.30 m, under adequate and regular maintenance. 

Consequently, the level of conservatism of the calculation strategies based on normative approaches 

was clearly demonstrated. The reduction of the inherent margins of safety may be critical to correctly 

evaluate the structural integrity of existing bridges. Overall, the computational algorithm associated with 

the proposed approach 3 allowed implementing a calculation strategy to compute local fatigue 

parameters, correctly addressing the local geometrical and material characteristics of the connection. 

Despite the results obtained, the assumption of infinite fatigue life should only be assumed if the 

conditions of conservation are similar to those of the early ages of the structure. Therefore, after 

computing the fatigue damage associated with the crack initiation for each rivet, preliminary calculations 

were performed concerning the propagation of an eventual pre-existing and non-detected defect. The 

computed remaining fatigue life revealed to be high enough to be detected by standard maintenance 

tasks. The period of time until such a type of defect reaches the unstable propagation stage is of 

paramount importance to maintain the safe operation on the bridge. 

Considering the typology of the investigated connection, only the proposed approach 3 was 

implemented. Nonetheless, as demonstrated in section 4.5, the algorithms related to approach 2 also 

provide several computational solutions to analyse fatigue issues in notched details without the local 

influence of contact nonlinearities. The combination of the principles underlying both approaches 2 and 

3 provides a range of tools to investigate fatigue phenomena in existing metallic railway bridges with 

different types of connections and composed of materials with certain properties. These calculation 

strategies, properly framed into the proposed integrated methodology for fatigue assessment, present the 

possibility of performing detailed analyses to verify the safety of details previously classified as critical 

to fatigue damage, after implementing stages of calculation associated with relevant levels of 

conservatism. Also, for connections susceptible to important secondary effects, the suggested 

approaches allow addressing accurately the local structural response. In this regard, further 

developments should be implemented to perform a fatigue assessment more in accordance with the 

multiaxiality characteristics of local responses. 

In the case of the Várzeas Bridge, scheduling regular maintenance operations is advised and 

strengthening works are not required for the detail type D.5 at x=109.30 m. Taking into account the 

values of damage achieved in Phase II (see Figure 7.14 b)), complementary checks should be performed 

to the inferior node of the same diagonal to assume a general conclusion for all the details D.5 of the 
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bridge. As foreseen in the proposed integrated methodology, for connections classified as fatigue-critical 

at the end of the third stage of fatigue calculations, Phase IV must be implemented and a critical decision 

should be assumed, according to the principles described in section 5.6. The proposed approach 2 and 3 

and associated computational algorithms may be the basis for the design of remedial measures, 

validating the respective impact on fatigue life predictions. In addition, the capabilities of the developed 

numerical tools may be considered useful as virtual sensors integrated into the philosophy of digital 

twinning applied to existing railway bridges. 

After the implementation of the three stages of calculation, it can be said that the proposed multiphase 

methodology presents a systematised process to investigate existing bridges built and designed using 

superseded standards, without specific safety verifications concerning fatigue phenomena. A set of 

calculation strategies is suggested, perfectly framed into the respective stages of analysis, supported by 

comprehensive experimental information and relatable data available in the literature. Taking into 

account the variability of solutions for structural calculations, including submodelling techniques, model 

superposition concepts and local methods for fatigue analysis, the proposed integrated methodology for 

fatigue life prediction may be applicable to a broad range of existing metallic railway bridges, 

overcoming the normative limitations of the current standards and guidelines. 
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9 
9. CONCLUSIONS 

 

 

9.1. GENERAL CONCLUSIONS 

The main objective of the present work was the development of new approaches based on local fatigue 

assessment methods, properly integrated into a methodology for fatigue life prediction of existing 

metallic railway bridges. Innovative numerical and analytical tools were proposed with the aim of 

answering structural safety concerns, addressing the expected growth of the traffic demands related to 

economic progress and sustainable green policies. 

According to the master plan of the European Union for the system of transports, railways are planned 

to have a critical role in the expansion of the safe transport of passengers and goods, decreasing the 

energy consumption and emissions of CO2. In line with the development of the circulation by train, the 

stock of railway infrastructures is expected to increase, which shows the relevance of extending the 

service life of existing bridges. Nonetheless, those structures are approaching their limit of service life 

and the growth of the traffic demands may present important risks to the respective structural integrity. 

Since the 19th century, several critical failures under cyclic loadings inferior to the ultimate static 

resistance have been reported in metallic bridges. The awareness of fatigue has led to comprehensive 

research works concerning the principles and roots underlying the regimes of initiation and propagation 

of cracks, allowing one to understand the physical phenomenon to properly address the structural design 

in order to prevent critical damage. The progressively consolidated knowledge has been reflected in 

standards and guidelines, mostly focused on the nominal stress method as a consequence of the 

expeditious application after structural analyses at the global scale. However, the recent development of 

computational capabilities has been allowing to explore the implementation of fatigue assessment 

methods based on local fatigue parameters to overcome relevant limitations of the calculations based on 

the concept of nominal stress. 

Due to the historical context, international standards and guidelines have mainly been addressing the 

design of welded and bolted connections, taking into account the prominence of those details in recent 
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years. Nonetheless, early technologies of metallic construction led to a particular relevance of riveted 

connections for older structures, for which limited guidance is provided. A comprehensive review of 

research works performed on the assessment of the fatigue behaviour of connections involving such 

mechanical fasteners was carried out. In the first decades, as for the welded and bolted details, several 

authors evaluated the fatigue strength based on existing S-N curves. The detail category 71 suggested 

in EN1993-1-9 (CEN, 2010c) was found as a representative lower bound for detection of cracks in 

connections composed of mild steels, with some evidence that higher categories may be assumed for 

the loss of load-carrying capacity taking into account the inherent redundancy of certain riveted 

geometries. The definition of catalogues for S-N curves depending on the geometrical characteristics 

has been proposed to reduce the level of conservatism. After extensive experimental testing carried out 

on single and double shear connections composed of materials obtained from old Portuguese bridges, 

the single slope 𝑚=5 has been proposed as more appropriate for riveted details with relatable 

mechanisms of loading transference, assuming ∆𝜎𝑐=71 MPa or ∆𝜎𝑐=90 MPa at 2x106 cycles, 

respectively. On the other hand, for members composed of ancient metallic materials, such as wrought 

iron, a greater scatter of fatigue resistance has been found and lower strengths limits may be considered. 

When important local responses characterise the structural behaviour, such as for double-angle riveted 

connections between stringers and floor-beams (cross-girders), S-N curves for nominal stresses may not 

provide an accurate and safe evaluation of fatigue damage. In these cases, as well as for the reduction 

of the level of conservatism, local fatigue assessment methods may allow properly addressing the 

geometrical and material properties of a given detail. The development of submodelling techniques has 

been considered to enhance the quality of local models, in particular for structures with a global scale 

of the order of dozens or hundreds of metres. The numerical calculations involving global and local 

modelling may be performed taking into account modal superposition concepts, in order to increase the 

efficiency of structural analyses. Also, experimental information evaluated in situ and in a laboratory 

may be used to increase the reliability of fatigue calculations. However, concerning the applicable 

fatigue codes, a lack of appropriate methodologies to address fatigue issues in existing bridges was 

verified, which is added to the absence of guidance concerning the implementation of local approaches. 

In Chapter 3, the fatigue assessment methods proposed in the main international standards and 

guidelines were approached with a focus on the applicable Eurocodes, taking into account that these 

documents are the reference ones in the context of the European Union. Additional contributions 

available in BS5400-10 (BSI, 1980), IIW Recommendations (Hobbacher, 2008), AASHTO (2012) and 

AREMA (2013) were highlighted. A particular relevance was given to procedures to address fatigue 

issues in riveted connections, since EN1993-1-9 (CEN, 2010c) does not provide any guidance for such 

a type of detail, as mentioned in Chapter 2. Two normative methods for fatigue assessment are suggested 
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in Eurocode 3, part 1-9 (CEN, 2010c): i) the equivalent constant amplitude stress range method; and ii) 

the linear damage accumulation method. For both, the fatigue strength is defined based on nominal 

stresses and related S-N curves available for welded and bolted details. For connections involving 

welding, an alternative approach based on structural stresses (hot-spot) is also suggested. In general, the 

international standards and guidelines propose the linear damage accumulation method as the main 

fatigue assessment approach, considering S-N relations for nominal stresses and the well-known 

Palmgren-Miner summation rule for the accumulation of damage related to each cycle. Only the 

Recommendations of the International Institute of Welding comprehensively address alternative 

methods taking into account structural stresses, effective notch stresses and Linear Elastic Fracture 

Mechanics concepts. Therefore, the limitations of the implementation of the S-N relations established 

for nominal stresses may be intrinsically associated with the current standards and guidelines, requiring 

further developments to address concerns about the integrity of structures. 

The theoretical basis underlying common methods for fatigue assessment were presented in Chapter 4. 

Concerning those based on local fatigue parameters, the implementation in the analysis of Civil 

Engineering structures has been limited by inherent multiscale problems. The differences between the 

localised nature of fatigue damage and the several scales of structural response hinder the efficient and 

accurate numerical assessment of local stress and strain fields. Consequently, the development of 

approaches based on such methods must consider workflows to reduce computational demands, 

implementing modal superposition concepts and submodelling techniques to allow local modelling 

compatible with the geometrical and material properties of the investigated details. Firstly, a calculation 

strategy assuming the modal superposition of local quantities was proposed. Subsequently, in order to 

overcome the limitations of the latter for connections involving nonlinear contacts and clamping forces, 

an approach adopting the modal superposition of boundary displacement fields was suggested. Case 

studies derived from an idealised simply supported beam were investigated using both the proposed 

calculation strategies, depending on the admitted notch. Also, the Alcácer do Sal Bridge characterised 

in the literature was investigated considering the modal superposition of local quantities. 

Regarding the crack initiation assessment, accurate results were found using analytical elastoplastic 

models for localised and confined plasticity. For both approaches, the development of larger 

elastoplastic strain fields is assumed as a limitation, but such a level of plasticity is not expected for the 

majority of the details part of railway bridges. The increase of the multiaxiality of the local response at 

notches revealed to have a relevant impact on the quality of the results obtained and more advanced 

elastoplastic models to account for these characteristics of stress and strain fields should be considered. 

For the crack propagation close to rivet holes, the so-called approach 3 based on the modal superposition 

of boundary displacement fields is suggested due to the influence of contact nonlinearities, but for higher 
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crack lengths the one considering the modal superposition of local quantities (approach 2) is advised 

given the improved computational efficiency. In general, the combination of the proposed fatigue 

assessment strategies should allow evaluating the crack initiation and the crack propagation, being 

theoretically generalisable for all types of geometries and materials. 

Despite the foreseen submodelling techniques and modal superposition concepts, the implementation of 

the proposed approaches to investigate dozens or hundreds of details of a certain bridge would not be 

an efficient and realistic methodology to perform the required fatigue analysis. In large structures, it is 

reasonable to assume that the majority of the details should not show proneness to fatigue and the 

development of local numerical models and respective calculations should be considered preferentially 

for the investigation of fatigue-critical connections. Therefore, an integrated methodology for fatigue 

life prediction of existing metallic railway bridges was proposed, foreseeing the implementation of 

global normative methods assuming a certain level of conservatism followed by the local approaches 

suggested in Chapter 4. Four phases of analysis were fully characterised, defining inputs and expected 

outcomes. For each phase, a comprehensive workflow was proposed and described. The progressive 

refinement of the calculation strategies was assumed, properly combined with advanced numerical 

models and comprehensive information about the existing bridge. 

In Phase I and Phase II, normative global stress-life methods based on nominal stresses are suggested. 

The main objective of these stages of calculation is to classify the details concerning the respective 

susceptibility to fatigue, assuming resistance limits from available catalogues of S-N curves. When the 

investigated geometry is not treated in the applicable standards and guidelines, conservative assumptions 

must be established, e.g. the detail category 71 suggested in EN1993-1-9 (CEN, 2010c) for riveted 

details. Naturally, if a propagating crack is identified, the calculation of the remaining life is not 

admissible based on the concept of nominal stress and local methods based on Linear Elastic Fracture 

Mechanics concepts must be implemented, with the respective cracked connection inherently classified 

as fatigue-critical. Also, when a certain geometry is susceptible to secondary effects, the assessment 

based on advanced fatigue analysis should be considered, as demonstrated in Chapter 2. 

After the first two stages of fatigue calculations, the number of details classified as fatigue-critical 

assuming conservative assumptions should be significantly lower than the total number of connections 

identified, allowing the mandatory detailed investigations to be carry out for those without the required 

fatigue life. In Phase III, Detailed Analysis, the fatigue assessment addressing accurately the local 

characteristics of structural responses must be carried out, reducing the level of conservatism and 

unnecessary safety margins. From this stage of calculations, accurate predictions may be obtained for 

the fatigue damage related to the crack initiation and the crack propagation. The values computed for 

the fatigue life may be found as insufficient for the criteria established by the bridge management 
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authority and remedial measures must be defined and implemented to improve the fatigue capacity of 

the bridge. The numerical and analytical tools developed during the third phase of the proposed 

multiphase methodology should be a relevant basis for such engineering works in Phase IV. The tasks 

related to the critical analysis to establish and design remedial measures were not fully addressed in the 

this thesis, but a relevant framework was given in Chapters 2 and 5.  

Underlying the different stages of fatigue assessment, several engineering decision-making processes 

are expected, but comprehensive procedures for the required calculations were suggested. After defining 

the workflows of the proposed integrated methodology for fatigue life prediction of existing metallic 

railway bridges, the respective implementation was performed to investigate the Várzeas Bridge, a 

riveted structure located in Portugal on the international railway line of Beira Alta. 

In Chapter 6, the proposed workflow for Phase I, Initial Assessment, was applied. Firstly, the 

information required to characterise the structure was defined and gathered, subphase I.1. Structural 

drawings and inspection reports were investigated. Also, a geometrical survey was performed to update 

and complement the geometrical data. Based on such information, the development of a global 

numerical model conceived with beam finite elements was carried out. 

At the beginning of subphase I.2, the critical verification concerning the necessity of performing 

mandatory dynamic analyses was checked according to the applicable normative procedure, influencing 

the development of the calculations process. Due to the characteristics of the structural system, the 

equivalent constant amplitude stress range method (also known as the λ-coefficient method) was 

implemented to carry out the preliminary fatigue assessment of the investigated bridge. This calculation 

strategy is inherently conservative and assumed to cover the dynamic effects induced by the railway 

traffic, not influenced by relevant resonant responses. Quasi-static analyses properly amplified were 

performed considering the load models LM71 and SW/0 foreseen in EN1991-2 (CEN, 2010c). 2286 

riveted details were identified and divided into 13 types (D.1 to D.13), depending on the respective 

geometry and structural performance. For each location, the value of the fatigue damage factor was 

calculated. Only 22.05% of the details showed to be prone to fatigue (504/2286), being characterised by 

values of 𝜇𝐹𝐷𝐹 higher than 1.00, adopting a conservative assumption for the dynamic amplification 

factor, 3. On the other hand, 18.28% (418/2286) would be classified as fatigue-prone assuming the 

enhancement factor 2 advised for the equivalent constant amplitude stress range method in EN1991-2 

(CEN, 2017). Considering the conservative calculations to account for additional uncertainties related 

to the structural analysis, 1782 connections may be classified as fatigue-safe if the in situ visual 

inspections allow verifying that no local damage process has occurred and the conditions of conservation 

are similar to those existing in the early ages of the structure. Non-detected defects related to defective 
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construction should critically influence the fatigue life, which highlights the relevance of careful 

periodic standard inspection procedures.  

The majority of the details classified as fatigue-prone was found as part of the principal connections, as 

expected when no important defective design was originally carried out. The highest fatigue damage 

factors were calculated for the types of details associated with the diagonals and cross-girders (D.5 and 

D.6, respectively), showing that these structural elements are those that may be more susceptible to 

fatigue. According to the philosophy of the proposed integrated methodology, only 252 connections 

would have to be investigated by adopting refinements of numerical models and fatigue assessment 

methods (assuming the symmetry of the structural system). Nonetheless, taking into account the 

academic characteristics of this work, all the types of details with relevant values of 𝜇𝐹𝐷𝐹 were analysed 

to verify the consistency of results between phases. 

Afterwards, the procedures foreseen in Phase II were implemented in Chapter 7. The information 

obtained from the previous calculations was updated and refined, subphase II.1. Ambient vibration tests 

were performed to evaluate the modal properties related to the global structural behaviour and those 

associated with the local subsystem materialised by the ballastless railway track and respective support 

elements. Based on such values, a two-step optimisation methodology was implemented considering 28 

vibration modes. Due to the complexity of the structural system, composed mainly of line elements, the 

numerical paring was performed using the Energy Modal Assurance Criterion. For the global modal 

properties, an average error in terms of frequencies of 2.995% (∆𝑒𝑓̅̅ ̅̅ ̅) and an average 𝑀𝐴𝐶 equal to 0.949 

(𝑀𝐴𝐶̅̅ ̅̅ ̅̅ ) were found. On the other hand, for the local subsystem, ∆𝑒𝑓̅̅ ̅̅ ̅=1.507% and 𝑀𝐴𝐶̅̅ ̅̅ ̅̅ =0.948 were 

achieved. Therefore, a good agreement was obtained between experimental and numerical values.  

Subsequently, the structural and fatigue analyses were progressively performed, subphase II.2. As in the 

first approach, the linear damage accumulation method was implemented based on quasi-static 

calculations, assuming the heavy and standard traffic scenarios proposed in EN1991-2 (CEN, 2017). 

The fatigue strength of the riveted details was represented by the same detail category adopted in Phase 

I. The coherence between results of the different calculation stages was evaluated and consistent values 

were found. Taking into account the defined service life for the bridge (100 years), the accumulation of 

damage allowed obtaining fatigue life predictions. 1002 details were investigated and some relevant 

conclusions were stated. As expected according to the principles of the integrated methodology, a 

relevant number of connections previously identified as fatigue-prone were not subsequently classified 

as fatigue-critical, allowing to achieve a reduction of the number of connections that must be 

investigated in further analyses. Also, none of the riveted details identified as fatigue-critical had not 

been previously flagged in Phase I, which proved the accurate estimation of the λ-coefficients. Of the 

2286 details of the bridge, only 148 were classified as fatigue-critical, assuming the normative heavy 
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traffic mix (6.47% compared to 22.05% classified as fatigue-prone in Phase I). For the standard traffic 

scenario, 72 details were identified as fatigue-critical (3.15%). After, dynamic analyses were 

implemented to investigate the details for which unsatisfactory fatigue life predictions were computed. 

A two-stage calculation process was applied to evaluate the conservatism associated with the normative 

amplification factors, 𝜑′ and 𝜑′′. Comparing the results influenced by these latter with those obtained 

and calibrated considering dynamic analyses, a relevant level of conservatism of the normative 𝐷𝐴𝐹, 

[1+0.5(𝜑′+0.5𝜑′′)], was found for the investigated structural system, mainly related to the definition of 

𝜑′. Regarding 𝜑′′, the dependency only on the determinant length proved not to be accurate for complex 

systems such as the one of the Várzeas Bridge. These refinements of the calculation approach allowed 

defining 100 connections as fatigue-critical, instead of the 148 details previously classified for the heavy 

traffic mix. Also, the magnitudes of the fatigue damage were considerably reduced, e.g. for the diagonal 

at x=109.30 m, 𝐷100 decreased from 2.049 to 1.623. For the standard traffic scenario, 44 details were 

defined as fatigue-critical, comparing with the previous 72, with the damage reduced from 1.732 to 

1.288 for the riveted connection D.5 at x=109.30 m. Also, 40 of the 44 critical details were found 

associated with the diagonals for the latter normative traffic, proving the relevance of additional works 

to characterise admissible past, present and future traffic scenarios. The remaining 4 showed to be 

related to the cross-girders. Overall, only some locations associated with the diagonals and cross-girders 

must be subsequently analysed. For the remaining details, assuming the absence of existing defects, a 

satisfactory fatigue life is expected for loadings less severe than those associated with the standard traffic 

scenario, admitted as considerably higher than the real one according to data available in the literature. 

Additionally, it was considered relevant to investigate the mechanism of loading transference associated 

with a representative riveted connection. A parametric investigation was performed, varying several 

geometrical and non-geometrical parameters that may define the characteristics of this type of detail. 

The transference of the internal forces was found to be made progressively but non-proportionally thru 

the different lines of rivets. The first and last lines showed to be those in which higher percentages of 

the internal forces are transferred between the connected structural elements. The force transmitted by 

a certain mechanical fastener influences the respective local stress and strain fields due to the nonlinear 

contacts, affecting the fatigue damage at the rivet hole. Consequently, more lines of rivets and rivets per 

line should lead to higher fatigue lives, for cases without pre-existing defects. Also, when a crack is 

initiated, a local reduction in stiffness and a redistribution of internal forces are expected to occur, giving 

origin to a lower crack propagation rate. Furthermore, as demonstrated in Chapter 2 after reviewing 

several works of interest, it should be noted that a failure mode involving the rivet should not imply a 

relevant loss of the load-carrying capacity for details with several mechanical fasteners. Such 

characteristics of the local structural response cannot be fully addressed by the concept of nominal stress. 

An approximation was performed by considering the number of rivets in the definition of the net 
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properties to calculate nominal stresses, as suggested in prEN1993-1-9 (CEN, 2020). Therefore, it was 

concluded that computing the fatigue damage independently of the geometry of the riveted length may 

be a source of relevant conservatism that may be critical for the fatigue classification. 

As noted in Chapter 6 and Chapter 7, the applicable Eurocodes for fatigue assessment of bridges presents 

a set of relevant drawbacks, which gains importance when the fatigue life prediction of existing railway 

bridges is required. Concerning the equivalent constant amplitude stress range method, additional 

clarification concerning the range of applicability of the amplification factors is required (2 or 3). 

Also, the definition of the λ-coefficients should be improved. Both factors are dependent on the 

estimation of lengths related to the influence line, which may not be representative for complex 

structural systems due to the influence of local responses. On the fatigue resistance side, the limitations 

of the concept of nominal stress and the conservatism of evaluating the fatigue strength independently 

of the mechanism of loading transference were demonstrated. Also, the limitation of using nominal 

stresses to address internal forces influenced by relevant bending moments was mentioned. In addition, 

the available catalogue of S-N curves may be an important drawback to correctly address the local 

geometrical and material characteristics, even when no relevant secondary effects are found. The 

limitations described are mainly related to EN1991-2 (CEN, 2017), EN1993-1-9 (CEN, 2010c) and 

EN1993-2 (CEN, 2006), which should require further developments. 

By default, at the end of Phase II, the proposed integrated methodology considers the possibility of 

implementing Phase III or directly apply Phase IV, depending on the relevance of the fatigue-critical 

details and associated structural members. For the Várzeas Bridge case study, due to the importance of 

the connections related to the diagonals, it was found as critical to investigate these details by improved 

fatigue approaches, as the global load-carrying capacity of the inverted Warren trusses rests importantly 

on such structural members. For this reason, a fatigue failure in those elements may be defined as critical, 

putting at risk the structural integrity of the bridge with eventual ultimate collapse. 

In Chapter 8, the proposed workflow for Phase III, Detailed Analysis, was implemented. Several tasks 

related to gathering additional information were carried out, subphase III.1. A comprehensive set of 

laboratory tests using material extracted from the bridge was planned. Metallographic and chemical 

analyses, Vickers hardness tests, Charpy V-notch tests, monotonic tensile strength tests and fatigue 

crack propagation tests were performed using samples of the steel extracted from two members of the 

inferior bracing. The properties of the material were obtained, being compatible with modern mild steel 

with low carbon content, classified as the S235 steel grade according to EN10025 (CEN, 2005). Such 

values were related to the properties of the materials that compose the similar structural system of the 

Trezói Bridge, built at the same time on the same railway line, validating the characteristics adopted in 

Chapter 6 to conceive the global numerical model. Despite the steel grade obtained, it was found 
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reasonable to assume that the main structural elements are composed of the S355 steel grade, 

establishing the defined parallelism with the inverted Warren trusses of the Trezói Bridge. The 

parameters 𝐶 and 𝑚 of the Paris law were defined. Also, monotonic (quasi-static) and fatigue tests were 

performed on double shear riveted connections built with the material extracted from the Várzeas 

Bridge. The fatigue properties evaluated, combined with similar data from other existing Portuguese 

bridges, were used to derive a new S-N curve for nominal stresses defined by a fatigue strength at 2x106 

cycles of 90 MPa and a single slope 𝑚 equal to 5.  

In order to investigate the detail D.5 located at x=109.30 m, experimental tests were performed in situ, 

with the aim of evaluating stress and strain time histories in the structural elements close to such a riveted 

connection, under known loadings. The installation of 19 strain gauges was carried out. The 

experimental results were compared with the numerical ones calculated using the global model 

previously optimised, including a shell refinement between x=98 m and x=113 m, i.e. the area related 

to the riveted detail of interest. A good agreement was obtained, allowing one to validate the accuracy 

of the numerical modelling, which showed to be able to reproduce the real structural behaviour. The 

consistency achieved between the numerical and the real structural response is assumed as critical for 

the implementation of submodelling techniques, part of the calculation strategies foreseen in Phase III. 

The combination of the information obtained from the experimental results allowed performing a 

representative fatigue assessment based on the nominal stress method to verify retroactively the 

accuracy of the results achieved in Phase II, considering the validated global model and the normative 

S-N curve for the detail category 71. Comparable values for the fatigue damage were achieved, showing 

that the magnitude of the nominal stresses was of the same order when evaluated from the global model 

only compose with beam elements or using the refined one. Also, the fatigue damage was computed 

based on the S-N curve for nominal stresses derived after the laboratory tests (∆𝜎𝑐=90 MPa and 𝑚=5), 

using the global model refined with shell finite elements. For the heavy traffic mix, a prediction of 135 

years and 8 months was obtained, in comparison with the 63 years and 11 months using the normative 

S-N curve (respectively, 𝐷100=0.737 and 𝐷100=1.563). Concerning the standard traffic scenario, an 

increase in the fatigue life to 171 years and 6 months was computed, compared to the previous 78 years 

and 11 months (respectively, 𝐷100=0.583 and 𝐷100=1.216). Taking into account that similar nominal 

stress ranges were found in both calculations, the conservatism of assuming the normative S-N curve 

for the detail category 71 as a lower boundary for the fatigue resistance was demonstrated. 

After, a local notch method was implemented to investigate the crack initiation at the riveted detail D.5 

located at x=109.30 m, part of the superior node at x=110.50 m. Considering the relevance of the contact 

nonlinearities associated with this type of connection, approach 3 proposed and validated in Chapter 4 

was applied. From the existing geometrical data, complemented by a local measurement survey, the 
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characteristics of the required volumetric submodel were established. The matrix of the 22 staggered 

rivets was defined for both sides of the diagonal (a total of 44 rivets). All the existing contacts of the 

investigated geometry were properly modelled and characterised according to the material properties of 

the associated metallic components, i.e. rivets, diagonal, gusset plate, inner plate and outer plate. The 

remaining riveted connections that compose the superior node with confluent diagonals located at 

x=110.50 m were not found as relevant to the investigated detail, with a numerical representation 

assuming full continuity between the structural members being adopted. After conceiving the local 

model, a submodelling relation with the global one was established, defining the sections where the 

modal boundary conditions (𝐵𝐷𝐶𝑂𝑠𝑗) were evaluated. 

According to the computational algorithm proposed in section 4.5, for each train of the normative heavy 

traffic mix, a moving load approach was implemented and the time history of the 𝐵𝐷𝐶𝑂𝑠 was obtained 

by modal superposition. At each time instant, such quantities were related to the respective static 

outcomes, with the latter multiplied by the applicable amplification factors. The one related to loading 

effects, 𝜑′, was implicitly computed by comparing the dynamic and static results. For the amplification 

factor associated with imperfections of the track, 𝜑′′, the value calibrated in Phase II was considered. In 

general, the dynamic enhancement is implemented to the structural parameters of interest, but due to the 

influence of the nonlinear contacts on the stress fields along the riveted length, the multiplication of the 

static response was performed with a basis on the boundary conditions, admitting that the inertia field 

generated on the submodel is negligible when compared with the imposed elastic forces. 

Subsequently, taking into account the large number of time steps required, a parallel calculation process 

was implemented by defining eight sets of analyses divided by two hardware setups. Combining the 

results of the calculations performed, the time histories of the local values of interest at the rivet holes 

(hot-spots for the crack initiation) were obtained. For the hot-spots related to rivets A13, C13, A’13 and 

C’13, elastic values higher than the yielding stress were achieved and the Glinka model was taken into 

account to implement the necessary elastoplastic post-processing. Nonetheless, the residual compressive 

stress derived from the developed plasticity allowed the subsequent loadings in the elastic regime. Thus, 

the implementation of the Basquin relation, accounting for the influence of the mean stress, was 

considered to compute the damage related to each train and the cumulative one. Even for the normative 

heavy traffic mix, assumed as considerably higher than the real one, theoretically infinite fatigue lives 

were predicted for the 44 hot-spots. However, as previously said, the classification as fatigue-safe can 

only be adopted if the conditions of conservation are similar to those existing in the early ages of the 

structure. In this regard, assuming an eventual pre-existing and non-detected defect, a preliminary 

calculation was carried out to investigate admissible residual fatigue lives related to the several rivet 

holes, integrating the Paris law defined after the experimental tests performed. A relevant span of time 
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was found until the beginning of the unstable crack propagation. Despite the possible formation of 

critical sections that would lead to ruptures under static or dynamic non-cyclical loadings, a period of 

crack propagation around 50 years would be required to achieve a relevant length, which should allow 

the timely detection of the crack progression during standard inspections.  

Taking into account the fatigue life predictions obtained, the detail D.5 located at x=109.30 m was 

classified as fatigue-safe. Consequently, the conservatism assumed by the calculation strategies based 

on normative approaches was comprehensively proved. In general, the workflow related to approach 3 

allowed implementing a fatigue assessment based on local parameters, addressing accurately the local 

geometrical and material properties, as well as the characteristics of the loading transference mechanism. 

Based on the results achieved in Phase II, additional calculations are recommended concerning the 

inferior node associated with the same diagonal, in order to assume a general conclusion applicable to 

all the connections of this type of detail. Also, the application of analytical tools to address the 

multiaxiality of the local response at some rivets may be considered. Taking into account the results 

achieved, the critical analysis foreseen in Phase IV was not implemented, but a general framework for 

this stage was provided in Chapter 5, including the characterisation of several admissible remedial 

measures applicable to different levels of safety. As said, the numerical and analytical tools developed 

in the three phases of fatigue assessment should be assumed as the basis of future critical analysis if 

those are required. After optimised and validated, the numerical models may be defined as virtual 

sensors, which can be used as part of the application of digital twinning for fatigue behaviour. 

The implementation of the integrated methodology for fatigue life prediction of existing metallic railway 

bridges proved to present a robust and systematised calculation procedure to evaluate the integrity of 

structures built and designed using superseded standards, without specific safety checks concerning the 

fatigue phenomenon. The so-called approaches 2 and 3 based on submodelling techniques, model 

superposition concepts and local methods for fatigue calculation may be implemented to properly 

investigate a broad range of bridges, aiming to validate higher service lives according to cost-effective 

solutions, addressing the increase of the traffic demands. 

 

9.2. FUTURE DEVELOPMENTS 

The suggested innovative approaches for fatigue life prediction foresees the development of several 

numerical models and computational algorithms that may be the basis of future valuable works in the 

assessment of the fatigue capacity of existing bridges and subsequent improvement. Also, the respective 

integration into the proposed multiphase methodology is inherently connected to several valuable 

resources associated with the management of data concerning the characteristics of the bridge and 
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corresponding structural behaviour. The combination of these capabilities can give the management 

authority powerful tools to implement large programmes to evaluate the structural integrity of bridges, 

performing periodic fatigue analyses based on reliable geometrical, material and loading information. 

After the fatigue assessment carried out, it was clearly concluded concerning the relevance of evaluating 

reasonable traffic scenarios to achieve more accurate fatigue life predictions in accordance with the real 

progression of damage in critical details. In Chapter 5, the possibility of performing a weighing 

campaign as part of Phase II or Phase III was foreseen. Nonetheless, in the present work, it was not 

possible to implement such an in situ evaluation. Also, the available data concerning the historical and 

current railway traffic revealed not to be detailed enough to estimate past, present or future traffic 

scenarios. Therefore, relevant works in the definition of the trains circulating on the Portuguese railway 

lines should be performed. Taking into account the identified drawbacks, it is planned to implement a 

Bridge Weigh-in-Motion system (B-WIM) using fibre-optic sensors in the simply supported span with 

20 m that links the railway station of Luso to the Várzeas Bridge (Pimentel et al., 2021). A long-term 

campaign is scheduled to evaluate the characteristics of the trains and respective speed of circulation, in 

particular of the freight ones about which a higher dispersion of axle loads may be found. The evaluation 

of experimental data concerning the railway loading is going to contribute to two main purposes, 

namely: i) a comprehensive characterisation of the traffic on the Portuguese railway lines, combining 

the experimental information evaluated with similar data available from other works, implementing 

probabilistic methods also based on the historical context and expected traffic growth; and ii) definition 

of the real trains circulating on the Várzeas Bridge, allowing to improve the respective fatigue life 

prediction in real time. In the latter case, the B-WIM system may be defined as a data streamer.  

Regarding the proposed approaches 2 and 3, some limitations were found for local responses with a 

non-negligible level of multiaxiality when investigating the initiation of cracks. Therefore, further 

developments are foreseen to perform the fatigue assessment fully addressing such characteristics of the 

response. Also, additional elastoplastic models should be considered to carry out the post-processing of 

the elastic values, when required. Concerning the propagation of cracks, the application of additional 

local models based on the principles of Linear Elastic Fracture Mechanics is planned. Overall, the 

implementation of improvements in the analytical tools is required to obtain accurate information about 

the physical properties of the eventual initiation of a crack and respective propagation, allowing to 

achieve a fatigue life prediction fully in line with the nature of the local phenomenon. 

The acquisition in real time of information concerning the trains circulating on the bridge, combined 

with the approaches proposed in Chapter 4, respective computational algorithms and developed 

numerical and analytical tools, should allow establishing a virtual replication of fatigue phenomena in 

the real structure (digital twinning). Also, from the conceived global model, new submodelling relations 
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may be defined and validated, multiplying the number of finite elements and nodes that can be adopted 

as virtual sensors to evaluate the structural behaviour with good reliability. The information gathered 

and generated, including results of structural analyses, as well as the conceived numerical modelling 

and routines, may be stored according to a Building Information Modelling philosophy (BIM) adapted 

to bridges for the management of valuable data. 

In Chapter 2, a review of several works concerning the repairing and strengthening of metallic structures 

applicable to fatigue-critical locations was presented. Currently, the development of CFRP materials 

opened a set of possibilities to improve the fatigue capacity of bridges. The development of local 

remedial measures based on glueing CFRP patches applicable to real details of bridges is assumed as a 

valuable further development. Also, the investigation of new methods based on unbounded external 

CFRP strips may be a relevant field for innovation, since those that have been proposed are mainly 

related to simple structural responses. These types of suggested improvements should be based on 

relevant experimental and numerical works. For the latter, the conceived finite element models in the 

present work may be used to support comprehensively the required research tasks. 

Finally, the implementation of the proposed integrated methodology for fatigue life prediction of 

existing metallic railway bridges to additional case studies is necessary to allow increasing the efficiency 

of its applicability, as well as the accuracy of numerical and analytical tools. The enhancement of 

submodelling capabilities is found as critical for all the described further developments, being a major 

advance for the investigation of local phenomena such as fatigue. 
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