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ABSTRACT

Railways are essential to build a more sustainable future. In a time of ris-
ing concerns regarding climate, rail transport is highlighted as the greener
alternative. The European Union is focused on developing high-capacity and
environmentally-friendly rail networks, as demonstrated by the efforts in estab-
lishing the Europe’s Rail Joint Undertaking, through which research projects
have worked towards improving the life cycle of infrastructures. High-speed
railway bridges are vital parts of rail networks whose design is conditioned by
norms such as the Eurocodes. This thesis builds upon concerns expressed not
only by the scientific community but also by regulatory bodies regarding gaps
identified in the Eurocodes.

A three-part literature review is presented as a basis for research. The first
includes the design dispositions in European, Chinese, and Japanese norms; the
second focuses on methodologies to assess the dynamic behaviour of the train-
bridge system; the third goes over probabilistic methods to evaluate structural
safety. The gaps identified in this review motivate the three main objectives of
the thesis.

The first is to evaluate the limitations of the EN 1991-2 High-Speed Load
Model (HSLM), considering that it may not cover new trains and that its limits
of validity may be inconsistent. Randomly generated articulated, conventional,
and regular train load models are generated and compared with the HSLM's
envelope on a case study bridge. In addition to train signatures, dynamic
analyses are presented, for which a novel tool to decrease computational cost
in moving loads analysis is introduced. It is found that a load model can abide
by the norm’s limits but still not be covered by the HSLM. At the same time,
the current HSLM envelope is partially suited to cover new trains.

The second objective addresses deck acceleration in ballasted bridges, limited
to 3.5 m/s? by the EN 1990. This value is based on the application of a seem-
ingly arbitrary safety factor of 2.0. To test its suitability, the physical limit for
ballast stability of 7.0 m/s? is compared with design accelerations calculated
at critical speeds corresponding to probabilities of failure of 10~%. This target
pertains to the fact that, while deck acceleration does not compromise structural
safety, ballast instability may lead to derailment, and therefore, it is considered
an Ultimate Limit State. To determine design accelerations, new definitions
are put forward, clarifying the EN 1991-2’s dispositions. The assessment of
critical speeds conditioned by low probabilities of failure is done with a newly
proposed algorithm based on subset simulation. Results from four case study
bridges show that a bridge can be designed with a deck acceleration greater
than the norm’s current limit while staying within the target probability of
failure, thereby without jeopardizing the traffic safety.

The third goal is to understand the existence of a limit for deck acceleration
in ballastless bridges. In these structures, the EN 1990’s limit of 5 m/s?, in
addition to being based on the same safety factor, likely reflects an assumption
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that a deck acceleration of 10 m/s? (i.e. circa 1 g) is indicative of wheel-rail
detachment. Using both lateral and vertical dynamics, derailment criteria are
calculated on five case study bridges containing different rail irregularities.
A new three-dimensional model based on the HSLM is developed for this
parametric study. The simulations’” results do not suggest that there is a strong
correlation between deck acceleration and derailment criteria.

The normative recommendations from this work constitute suggestions to-
wards advancing the Eurocodes in further revisions. By allowing new, faster
trains to operate on existing lines, the lifecycle of high-speed railway bridges
can be extended.

KEYWORDS High-speed; Railway bridges; Eurocode; Running safety; Proba-
bilistic analysis.
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RESUMO

A ferrovia é essencial para a constru¢do de um futuro mais sustentavel. Numa
fase de crescente preocupacdo com as questdes ambientais, o transporte fer-
rovidrio destaca-se como a alternativa mais verde. A Unido Europeia estd
determinada em desenvolver redes ferrovidrias de elevada capacidade e res-
peitadoras do ambiente, tal como demonstrado pelos esforgos em estabelecer a
Empresa Comum do Setor Ferroviario Europeu (Europe’s Rail), através da qual
os projetos de investigacdo desenvolvidos tém contribuido para aumentar o
ciclo de vida das infraestruturas. As pontes ferrovidrias de alta velocidade sédo
parte vital das redes ferrovidrias, cujo dimensionamento é condicionado por
normas como os Eurocédigos. Esta tese sustenta-se nas preocupagdes expressas
ndo s6 pela comunidade cientifica, mas também pelas entidades reguladoras
quanto as lacunas identificadas nos Eurocédigos.

Como base para a investigacdo, é apresentada uma revisdo de literatura em
trés partes. A primeira inclui as disposi¢des de dimensionamento das normas
Europeias, Chinesas e Japonesas; a segunda enquadra as metodologias de
avaliacdo do comportamento dindmico do sistema ponte-comboio; a terceira
diz respeito aos métodos probabilisticos de avaliacdo da seguranca estrutural.
As lacunas identificadas motivam os trés principais objetivos da tese.

O primeiro ¢é avaliar as limita¢des do High-Speed Load Model (Modelo de
Carga HSLM) da EN 1991-2, considerando que poderd ndo abranger novos
comboios e que os seus limites de validade poderdo ser inconsistentes. Através
do caso de estudo de uma ponte, sdo gerados aleatoriamente modelos de
cargas de comboios articulados, convencionais e regulares, sendo comparados
com a envolvente do HSLM. Para além das assinaturas dos comboios, sdo
apresentadas andlises dindmicas, obtidas através de uma nova ferramenta para
redugdo do custo computacional em andlise de cargas moveis. Verifica-se que
um modelo de carga pode respeitar os limites da norma, mas ainda assim nao
estar abrangido pelo HSLM. Ao mesmo tempo, a atual envolvente do HSLM é
parcialmente adequada a incluir novos comboios.

O segundo objetivo diz respeito a aceleragdo do tabuleiro em pontes balas-
tradas, limitada pela EN 1990 a 3.5 m/s?. Este valor é baseado na aplicagdo de
um fator de seguranca aparentemente arbitrdrio de 2.0. De modo a testar a sua
adequacéo, o limite fisico de estabilidade do balastro de 7.0 m/s* é comparado
com aceleracdes de dimensionamento calculadas com velocidades criticas cor-
respondentes a probabilidades de falha de 10~*. Este alvo diz respeito ao facto
de que, embora a aceleragdo do tabuleiro ndo comprometa a seguranga estrutu-
ral, a instabilidade do balastro pode levar ao descarrilamento, sendo por isso
considerado um Estado Limite Ultimo. Para determinar aceleracdes de dimen-
sionamento, sdo propostas novas defini¢des, clarificando as disposi¢des da EN
1991-2. A avalia¢do de velocidades criticas condicionadas por probabilidades
de falha baixas é feita com um algoritmo inovador baseado em simulagdo de
subconjuntos. Os resultados do caso de estudo de quatro pontes demonstram
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que uma ponte pode ser dimensionada com uma acelera¢do do tabuleiro maior
do que o limite da norma, permanecendo dentro da probabilidade de falha
alvo, sem comprometer a seguranga de circulagao.

O terceiro objetivo é compreender a existéncia do limite de acelera¢do do
tabuleiro em pontes ndo-balastradas. Nestas estruturas, o limite de 5 m/ s? da
EN 1991-2, para além de ser baseado no mesmo fator de seguranca, aparenta
refletir o pressuposto de que uma aceleragdo do tabuleiro de 10 m/s? (ou seja,
cerca de 1 g) indica a perda do contacto roda-carril. Utilizando tanto dindmica
vertical como lateral, sdo calculados critérios de descarrilamento num caso de
estudo com cinco pontes, com diferentes niveis de irregularidade dos carris. E
desenvolvido um novo modelo tridimensional baseado no HSLM. Os resultados
das simulagdes ndo sugerem que exista uma forte correlacdo entre aceleragao
do tabuleiro e critérios de descarrilamento.

As recomendagOes normativas deste trabalho constituem sugestdes para
atualizar os Eurocédigos em futuras revisdes. Ao permitir que novos comboios
mais rapidos possam circular nas linhas existentes, o ciclo de vida das pontes
ferroviarias de alta velocidade pode ser alargado.

PALAVRAS-CHAVE Alta velocidade; Pontes ferroviarias; Eurocédigo; Segu-
ranga de circulagdo; Andlise probabilistica.
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INTRODUCTION

1.1 SCOPE

“Why Rail?”

This was the question that the European Commission’s Directorate-General
for Mobility and Transport (European Commission) (2021) used to promote
the European Year of Rail (EYR) in 2021 (Figure 1.1). The EYR was an initiative
of the European Parliament and Council of the European Union (2020) that
solidified rail transport at the centre of conversations and policymaking in
Europe. This question aptly puts forward three of the main advantages of rail
transportation:

TERRITORIAL COHESION The EYR document calls attention to the role that
the rail sector has in assuring “social, economic and territorial cohesion
on continental, national, regional and local level”, making clear that rail
transportation is a key aspect of the European Union’s characteristic free
movement of people and goods.

sUSTAINABILITY The EYR stemmed from the implementation of the European
Green Deal (EGD) (Comission to the European Parliament et al., 2019)
as a plan for sustainable action within the European Union regarding
environmental and climate concerns. In a recent report, the European
Union Agency for Railways (2024a) (ERA) states that railways account for
only 0.5% of all transport emissions.

SAFETY Statistically, railway transport accounts for a comparably low number
of fatalities (less than o.1 per billion passenger-km from 2012 to 2021
(European Union Agency for Railways, 2024b)). The EYR grouped this
aspect with comfort and affordability to underscore Rail’s popularity.

The transportation sector, as a whole, is responsible for slightly less than a
quarter of greenhouse gas emissions in the European Union (European Union
Agency for Railways, 2024a). The EGD sets a goal of reducing that share by
90% by the year 2050 by giving priority to multimodal transportation, setting
the goal of shifting a “substantial part” of inland freight from roads (which
currently account for 75% of all freight transportation) to railways and inland
waterways. In fact, the European Union Agency for Railways (2020) under-
scores that “rail will become the backbone that supports an environmentally
sustainable multimodal transport system and will be favoured as a transport
mode by the new generation”, foreseeing development in high-speed lines. This
trend is verified in the statistics found in the Directorate-General for Mobility
and Transport (European Commission) (2024) regularly published pocketbook,
stating that there are currently 12,015 km of high-speed railway lines in the
European Union, with 1,601 km under construction (Figure 1.2).
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Figure 1.1: EYR facts and figures. (a) length of rail networks; (b) sustainability; (c) safety.
(adapted from Directorate-General for Mobility and Transport (European
Commission) (2021))

This vision of the future, placing Rail in the centre of mobility in Europe,
is aligned with the ERRAC’s research agenda (European Railway Research
Advisory Council, 2024) and vision for 2050 (Mazzino et al., 2017). These
guidelines plan a future focused on social cohesion and decarbonization, with
the rail sector serving these purposes anchored on technological innovation,
such as automation, digitalization, and intelligent asset lifecycle management.
Railways are the core of safe and environmentally conscious travel, as evidenced
by the European Union’s recent investment of €7 billion in sustainable transport
projects (80% of which in railways) (Directorate-General for Mobility and
Transport (European Commission), 2025).

1 under construction
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Figure 1.2: Length of high-speed lines in the European Union (data from Directorate-
General for Mobility and Transport (European Commission) (2024)).
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1.2 BACKGROUND

To achieve significant transformations in the rail sector’s operations and to
foster scientific breakthroughs in various disciplines related to railways, strict
cooperation is needed between regulators, corporations, academia and the
general public. To that end, the Council of the European Union (2021) estab-
lished the Europe’s Rail Joint Undertaking (taking the place of the Shift2Rail
Joint Undertaking (Council of the European Union, 2014)), a public-private
partnership aimed at innovating the rail sector.

Europe’s Rail regularly funds research projects through calls for propos-
als. The work presented in this thesis contributed to the fulfilment of two
past projects (IN2TRACK?2, 2018; IN2TRACK3, 2021), with the results being
integrated into the projects” deliverables at various stages of progress.

More recently, some of the present thesis’ contents have also been aligned with
the InBridge4EU (2023) project, which was successfully funded by Europe’s
Rail through a Horizon Europe call for proposal (EU Funding & Tenders
Portal, 2025). This project addresses a technical note published by the European
Union Agency for Railways (2022) regarding the work necessary for closing the
Technical Specifications for Interoperability’s open points on bridge dynamics.
One of the topics of that document focuses on the deck acceleration limit of the
Eurocode EN 1990 (CEN, 2023a), for both ballasted and ballastless track bridges.
The traffic stability criteria are a priority of the European railway regulatory
body, as well as of the infrastructure managers.

These research projects highlight the importance of bridges in rail networks.
In fact, there are an estimated 300,000 bridges across European rail lines, with a
study of 220,000 of them by Paulsson et al. (2010) characterizing the set as being
composed of arches (41%), concrete bridges (23%), steel beam bridges (22%)
and steel concrete composite bridges (14%). The topic of running safety on
railway bridges has been widely studied in recent years (Allahvirdizadeh et al.,
2024b; Gong et al., 2020; Montenegro et al., 2021; Zhang et al., 2022), making
clear that the safe and efficient operation of railway networks is dependent on
the design and assessment of railway bridges, which are susceptible to dynamic
effects.

1.3 OBJECTIVES

This thesis aims to provide new perspectives and develop techniques that can
assist in advancing the Eurocode’s normative dispositions for the design and
assessment of high-speed railway bridges. The objectives listed below stem from
the gaps identified in the literature review and the necessities that academia and
regulatory bodies have identified. The following objectives focus on potential
knowledge transfer from academic to industry practices:

a) Evaluating the High-Speed Load Model’s limits of validity The HSLM
is a necessary tool, according to the TSI (European Comission, 2002).
However, its limits of validity, as defined in the EN 1991-2 (CEN, 2023b),
may be inexact. The same norm is also lacking in defining some of its
parameters, which can make it difficult to address this question. It is
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also pertinent to check the model’s readiness to encompass trains whose
dimensions are already outside the predicted range, such as the ICE-4
(Glatz and Fink, 2021).

b) Developing an expedited methodology to test load models Using mov-
ing loads analysis, testing different load models on the same bridge model
can be simplified using a linear superposition method.

c) Developing an optimized methodology for probabilistic assessment
Foreseeing the need to work with strict reliability targets, a subset simula-
tion application for railway bridges can be tested.

d) Improving the safety factor for deck acceleration in ballasted bridges
The EN 1990 limiting value (CEN, 2023a) is based on a seemingly arbi-
trary safety factor, applied to a physical limit for ballast instability. The
hypothesis that this factor is overestimated is tested, which can lead to
higher permissible accelerations. To that end, it is crucial to clarify what
constitutes upper and lower bound estimates of mass and stiffness, called
for by the EN 1991-2.

e) Testing the relation between acceleration and derailment in ballast-
less bridges Without the physical phenomenon of ballast instability, the
EN 1990 limit for ballastless bridges is seemingly based on the assumption
that deck acceleration is an indicator of running safety. The hypothesis
that this relation is inexistent is tested, which can lead to the removing
this limit.

It is evidenced that the present thesis proposes to focus on issues found in
the EN 1990 and the EN 1991-2, which constitute the three problems addressed
in the core chapters of this document:

PROBLEM 1: “Identification of the HSLM limitations”

PROBLEM 2: “Enhanced safety factor for the deck acceleration limit on bal-
lasted bridges”

PROBLEM 3: “Analysis of the deck acceleration criterion on ballastless track
bridges”

1.4 OUTLINE OF THE DOCUMENT

This thesis comprises six chapters. The present introduction is followed by a
literature review (Chapter 2) that goes over a multitude of normative criteria
(Section 2.2). The same chapter includes reviews of high-speed railway bridge
dynamics (Section 2.3) and of the probabilistic assessment of running safety
on bridges (Section 2.4). A critical overview of existing studies in application
to railway bridges allows the identification of the research gaps currently
addressed.

The first problem, related to the limitations of the HSLM, is addressed in
Chapter 3, with research questions being listed in Section 3.1. A methodology
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to assess the limits of validity of the HSLM is proposed in Section 3.2 and a
novel contribution to dynamic assessment methodologies (Single Load Linear
Superposition) is given in Section 3.3. The thesis’ first case study bridge (and
general 2D modelling approach) is presented in Section 3.4, as well as variable
sets to generate random train load models. The simulation results are shown in
Section 3.5, both in terms of train signatures and dynamic analysis. The initial
research questions are answered in Section 3.6.

The second problem, focusing on the safety factor for deck acceleration in
ballasted bridges, constitutes Chapter 4. After listing research questions in Sec-
tion 4.1, a methodology is presented in Section 4.2, in which a novel definition
for a safety factor is proposed, based on critical speeds and design scenarios.
Section 4.3 describes a subset simulation application, including the proposal
of an efficient algorithm to determine critical speeds. Three more case study
bridges are presented in Section 4.4. The algorithm is optimized in Section 4.5
and applied in Section 4.6.1. Deterministic scenarios for bridge design are pro-
posed in Section 4.6.2, and the safety factors are given in Section 4.6.3. Finally,
normative recommendations are given in Section 4.7, before answering the
research questions in Section 4.8.

The third problem, concerning running safety on ballastless bridges, is the
topic of Chapter 5, with its initial considerations (Section 5.1) listing research
questions. The methodology in Section 5.2 analyses the deck acceleration levels
in comparison to derailment criteria. 3D bridge models, as well as an adaptation
of the HSLM, are presented in Section 5.3. The dynamic analyses results in
Section 5.4 are complemented with a study of increased rail irregularities, differ-
ences in bridge rigidity, and the effect on riding comfort. Recommendations for
the norm’s revision are given in Section 5.5, after which the research questions
are answered (Section 5.6).

Lastly, Chapter 6 summarizes the main findings (Section 6.1) and lists recom-
mendations for further research (Section 6.2).
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2.1 INITIAL CONSIDERATION

The design of civil engineering structures is governed by norms that ensure
safe practices and standard construction. In many ways, these norms condition
railway infrastructures, and railway bridges are no exception. In the case of
high-speed railway bridges, their design must fulfil, among others, various
safety and serviceability normative criteria related to the dynamic behaviour of
the structure under railway traffic. Therefore, in addition to studying norms,
a thorough evaluation of normative criteria must be built upon foundational
knowledge of bridge dynamics and reliability analysis.

The present chapter is divided into three main parts. Firstly, in Section 2.2,
European, Chinese, and Japanese normative criteria are presented, emphasis-
ing bridge deformation and vibration verifications. Several related studies are
discussed, providing a critical overview. Fundamental aspects of railway bridge
dynamics are detailed in the second part (Section 2.3), from design considera-
tions to the modelling and analysis of the train-bridge dynamic system. Lastly,
the third part (Section 2.4) describes different levels of probabilistic analysis and
its applications to design norms and railway bridges. The concluding remarks
in Section 2.5 point to the research opportunities that can be derived from the
knowledge gaps.

2.2 NORMATIVE CRITERIA

Wherever railway networks are present, there are sets of rules that govern how
the infrastructures are built and maintained and how the rolling stock can and
cannot operate. These regulations, often with normative value, provide the
foundation for assessing railway structures, not only in terms of their limit
states but also concerning running safety and other matters such as passenger
comfort.

There are distinct norms in different parts of the world, reflecting the specific
regional needs of various networks and geographical constraints. Thus, the
present section goes over the norms currently in use in Europe (Section 2.2.1),
China (Section 2.2.2) and Japan (Section 2.2.3). Different derailment criteria are
presented in Section 2.2.4, and a critical overview is provided in Section 2.2.5.

2.2.1  European criteria

The necessary verifications in European norms regarding railway bridges are
presented in the EN 1990 (CEN, 2023a) (Annex A, Section A.2) and in the
EN 1991-2 (CEN, 2023b). In this section, the criteria controlling track stability
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are listed regarding deformation limits (Section 2.2.1.1) and vibration limits
(Section 2.2.1.2).

2.2.1.1 Bridge deformation

In the vertical direction, the maximum deck displacement due to rail traffic is
limited to ensure that any given track radius does not compromise running
safety. For any span of length L, the EN 1990 limits this value to L/600. This
value must be greater than the maximum displacement caused by the Load
Model 71 (LM71) (from the EN 1991-2, representing the vertical action of normal
traffic) and, if necessary, the maximum displacement due to Load Models SW /o
(in the case of continuous bridges) and SW/2 (representing heavy rail traffic).
The LMy1 and SW/o models are presented in Section 2.3.1.

Regarding transversal deflection, the EN 1990 limits both the maximum
horizontal rotation (rmax) and maximum change of radius of curvature (0}, max)
(listed on Table 2.1 for different speeds V). This rotation refers either to the angle
at the end of the deck, 0, or the variation of rotation between adjacent spans,
01 + Opp (illustrated in Figure 2.1). For a span of length L, with a transverse
deflection of Jj, the radius of curvature r is given by:

2
= 8L(5h (2.1)
To perform this verification, the structure must be considered with the char-
acteristic loading of the LM71 or SW/o, as appropriate, multiplied by the
dynamic factor (the same applies if designing with a real train) and classifying
factor a. Additionally, nosing and centrifugal force, wind effects, and transverse
temperature differential must also be taken into account.

r

Figure 2.1: Transverse deflection (adapted from Montenegro et al. (2021)).

Furthermore, the EN 1990 limits the vertical and longitudinal displacements
at the end of the deck on the upper surface, referring to the EN 1991-2. Even
though these norms do not state additional limitations in the case of dynamic
analysis being required, the French norm (SNCF, 1998) limits the deck’s rotation
f (with a distance /i (m) between the rail and the support) over an abutment:

-3
6 < % (2.2)

and the relative rotation 0; + 6, between adjacent decks:

4 %103
61+ 6> < — (2.3)
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7/'I‘I‘laX
V (km/h) 01 max (radian) SINGLE DECK MULTI-DECK
BRIDGE
V <120 0.0035 1700 3500
120 < V <200 0.0020 6000 9500
V > 200 0.0015 14000 17500

Table 2.1: Maximum horizontal rotation and change of radius of curvature.

These displacement checks intend to limit rail and fastening system stress and
avoid track instability. In the longitudinal direction, the relative displacement
Oy (Figure 2.2a and Figure 2.2b) due to traction and braking between decks or
between a deck and an abutment is limited to 5 mm for continuously welded
rails without expansion devices or 30 mm if rail expansion devices are present
on both the deck’s ends. An exception is made if the ballast layer presents a
movement gap in addition to the rail expansion devices. In the same direction,
but due to the LMy1 (or SW/o, if applicable), the limiting value is 8 mm if
considering the combined behaviour of both structure and track or 10 mm
otherwise. In the vertical direction, the displacement J, (Figure 2.2c) caused by
actions such as the LMy1 (or SW/0) or unfavourable temperature variation is
limited to 3 mm in lines with speeds up to 160 km/h or 2 mm otherwise.

(a) (b) (©

Figure 2.2: Displacement at the end of the deck. (a) Longitudinal (fixed support); (b)
Longitudinal (guided support); (c) Vertical. (adapted from Montenegro et al.
(2021))

The EN 1990 also limits the maximum twist for any given deck loaded
with the LMy1 (or SW/o or SW/2), affected by the dynamic and classifying
factors and the HSLM with centrifugal effects. Considering a track with gauge
s of 1.435 m, the maximum twist t over a development of 3 m (depicted in
Figure 2.3) is limited to the values presented in Table 2.2. The French norm
(SNCF, 1998) has an additional limitation for speeds greater than 220 km/h of
1.2 mm/3 m. Given that this check relates only to twist due to traffic actions,
the norm also states that the total twist (adding also twist that may already be
present, like in the case of a transition curve) must not exceed 7.5 mm/3 m.

Deformation control is also used to assess passenger comfort indirectly.
Even though the governing factor is the vertical acceleration measured inside
the coach b, (considered very good if lower than 1.0 m/s?, good if lower than

9
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Figure 2.3: Deck twist (adapted from CEN (2023a)).

V (km/h) t (mm/3 m)
V <120 4.5
120 < V <200 3.0
V > 200 1.5

Table 2.2: Maximum deck twist.

1.3 m/s? and acceptable if lower than 2.0 m/s?), the EN 1990 offers a check of the
maximum vertical deflection ¢ of the deck, along a track’s axis, depending on the
span L, running speed V, number of spans and their respective configuration. ¢
is calculated with the LM71 (multiplied by the appropriate dynamic factor and
a classifying factor of 1) on a single track, even if multiple tracks are present.
Figure 2.4 shows the maximum values for L/J , considering 3 or more simply
supported spans and a target b, of 1 m/s?. These values can be divided by b, if
the target is different and should be multiplied by 0.7 if the number of spans is
inferior to 3 or by 0.9 if there are three or more continuous spans.
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Figure 2.4: Maximum deflection for passenger comfort (adapted from CEN (2023a)).

2.2.1.2  Bridge vibration

The EN 1990 provides limits to the maximum vertical deck acceleration for
ballasted and ballastless tracks (such as slab tracks). The former has to do with
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preventing the loss of stability of the ballast layer, and the latter with avoiding
the loss of wheel-rail contact. The limit values are, respectively, 3.5 m/s? (with
the exception of a zone not exceeding 2 sleeper spacings that can go up to
5 m/s?) and 5 m/s?. To obtain the design acceleration, a dynamic analysis is
needed (with real trains and, if applicable, the HSLM), and it should encompass
modes with frequencies up to the maximum of 30 Hz, 1.5 times the first
frequency of the considered element, or the third mode’s frequency.

In ballasted tracks, the SNCF originally observed issues with the ballast layer
in special test runs using the TGV train running at resonant speeds in bridges
equipped with accelerometers. The problems that the SNCF identified (such
as the formation of voids under the sleepers, loss of ballast compaction and
particles, track alignment issues, and excessive concrete cracking) coincided
with acceleration levels between 0.7 g and 0.8 g (ERRI D 214/RP 9, 1999). The
limit value’s definition was then conducted by the ERRI’s technical committee
D214 (ERRI D 214/RP 8, 1999). The experimental campaign, held at the Ger-
man Federal Institute for Materials Research and Training (BAM), concerned
a ballasted track (simulated by a 3 m steel box (Box A) filled with ballast
and four embedded sleepers connected by rails) subjected to varying vertical
acceleration amounts, whose frequencies ranged from 2 Hz to 20 Hz. These
tests confirmed a previous investigation by the SNCF demonstrating that the
ballast layer loses its interlocking capabilities when it experiences accelerations
upwards of 0.7 g (Zacher and Baefiler, 2008). The fact that EN 1991-2 then
provides a limit of ~0,35 g for ballasted tracks is indicative of a safety factor of
2 (in ballastless tracks, the implied safety factor is also 2 since the limit is half
the 1 g acceleration that could cause loss of wheel-rail contact). In fact, in ERRI
D 214/RP 9 (1999), it is clearly stated:

“From the results of the various tests and observed measurements
of the behaviour of track and ballast on bridges subject to resonant
loading it can be seen that adverse behaviour commences with deck
accelerations of the order of 0.7 to 0.8 g. Applying a Factor of Safety
of 2 results in a permitted maximum deck acceleration of 3.5 m/s?
for ballasted track.”

Zacher and Baefiler (2008) replicated these tests by devising an experiment
in which a 1.05 m by 1.05 m steel box (Box B) was filled with ballast and an
embedded sleeper and then subjected to vertical vibrations (with an extended
frequency range up to 20 Hz), while measuring the acceleration in the box
ap and in the sleeper a,. Figure 2.5 shows the transfer function between the
ballast and the sleeper for both boxes. The tests measured simultaneously
the sleeper settlement and its lateral displacement while being sensitive to
the number of acceleration cycles. The measured transfer function is also
compared to a numerical model, confirming that its maximum corresponds to
60 Hz. Additionally, the authors assessed the lateral resistance of the sleeper
by measuring its lateral displacement when the test setup was subject to 500
vertical acceleration cycles. Figure 2.6 displays the tests’ results, where each line
represents a test with frequencies from 10 Hz to 60 Hz. The authors highlight
the low displacements registered for acceleration values below 0.7 g and the

11
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fact that the results are independent of the frequency. In another experiment,
Baefsler (2008) measured the vertical and horizontal displacements in a test
setup consisting of a sleeper, supported by ballast, subjected to a cyclical load
between 10 kN and 50 kN, with a frequency of 1.5 Hz. Figure 2.7 shows the
long-term effects of such loads, with a considerable increase after 250,000 cycles.
In that scenario, the maximum measured acceleration was 4.9 g.

(@) (b)

Figure 2.5: Ballast transfer function. (a) Box A; (b) Box B. (adapted from Zacher and
Baefsler (2008)).
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Figure 2.6: Sleeper lateral displacement (adapted from Zacher and Baefiler (2008)).
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Figure 2.7: Long term sleeper displacement (adapted from Baefiler (2008)).
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Zacher and Baefiler (2008) recommend that exceptionally, acceleration values
above the current limits could be allowed for 10 vibration cycles, up to a
maximum of 0.55 g for ballasted tracks and o.75 g for ballastless tracks (it
is also recommended that the dynamic analysis should be conducted with
frequencies up to the minimum of 60 Hz or the third natural frequency of the
considered member). These values originate from a safety factor of 1.3, the same
as that used in Germany for soil loading capacity. Using a surrogate models
methodology, Allahvirdizadeh et al. (2024a) find a safety factor of 1.38.

In the lateral direction, the only limit presented in the EN 1990 is that the
first natural frequency of vibration in that direction should not be lower than
1.2 Hz. This restriction originated in the studies by ERRI D 181/RP 6 (1995)
with the purpose of avoiding amplified dynamic responses in the trains due to
the bridge’s lateral frequency. However, it should be mentioned that in long,
continuous structures, regardless of the lateral frequency being lower than
1.2 Hz, the associated wavelengths are much longer than the vehicles’, circum-
venting the issue. For this reason, the current norm (CEN, 2023a) improves
upon its previous version (CEN, 2005) by specifying that the limit applies to an
evaluation for each span, disregarding lateral flexibility. Moreover, Montenegro
et al. (2021) note that since this verification is due to the prevention of reso-
nance between bridge and train, it is worthy of special attention in the case of
structures with high-rise piers.

2.2.1.3 High-Speed Load Model

The European Commission’s regulation on the Technical Specifications for
Interoperability (TSI) for infrastructure (European Comission, 2002) states that
railway bridges designed for speeds greater than 200 km/h, where a dynamic
analysis is required, must consider the High-Speed Load Model (HSLM). This
load model is presented in the EN 1991-2 as a means to “represent the loading
from passenger trains at speeds exceeding 200 km/h”.

The definition of an all-encompassing load model began with the ERRI’s
UNIV-A train. This load model took the properties of the Eurostar articulated
train (with an individual axle load of 170 kN and a 3.5 m bogie wheelbase)
and applied a coach length varying between 18 m and 27 m. The objective was
to guarantee that the signature envelope of this model could cover the effects

13
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caused by both articulated (Eurostar and Thalys 2) and conventional (ICE2 and
ETR) trains. However, this model proved to be insufficient to cover the effects
of the Virgin and Talgo trains (Marvillet and Tartary, 2003), namely for the
excitation wavelengths A of 24 m for the former and between 12.5 m and 14.0 m
for the latter. This drawback led to the definition of a new set of 10 reference
trains. These trains’ signatures Sp and their envelope can be seen in Figure 2.8,
for wavelengths A up to 30 m.
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Figure 2.8: HSLM signatures and envelope (adapted from Marvillet and Tartary (2003)).

In the EN 1991-2, this set of load models is referred to as the HSLM-A
(configured as illustrated in Figure 2.9). They are defined by the number of
intermediate coaches N, coach length D, bogie axle spacing d and individual
axle load P (listed in Table 2.3). Additionally, the EN 1991-2 presents the
HSLM-B model for spans with less than 7 m (except for continuous or complex
structures; regardless, the HSLM-B is also applicable if a complex structure has
significant floor vibration modes), consisting of N point forces of 170 kN, with
a regular spacing d.

UNIVERSAL TRAIN N D(@m) d(m) P (kN)
A1 18 18 2.0 170
A2 17 19 3.5 200
A3 16 20 2.0 180
Ay 15 21 3.0 190
As 14 22 2.0 170
A6 13 23 2.0 180
Ay 13 24 2.0 190
A8 12 25 2.5 190
Ag 11 26 2.0 210
A1o 11 27 2.0 210

Table 2.3: Properties of the HSLM-A Universal Trains.
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Figure 2.9: HSLM-A configuration (adapted from CEN (2023b)).

The limits of validity of the HSLM-A are listed in Annex E of the EN 1991-2
concerning articulated, conventional, and regular trains. The three types of
trains are illustrated in Figure 2.10, where:

e P is the individual axle load;

D is the coach length or distance between regularly repeating axles;

dpa is the distance between axles of the same bogie;

dps is the distance between the centres of adjacent vehicle bogies;

Dic is the intermediate coach length (for regular trains);

ec is the distance between consecutive axles on the coupling of two
train-sets (regular trains).
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Figure 2.10: Train type configurations (adapted from CEN (2023b)). (a) articulated train;
(b) conventional train; (c) regular train.
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P is limited to 170 kN or, in the case of conventional trains, the lesser of
170 kN and the value that meets Equation 2.4, where Pysipa, dusima and
Dpysima are the corresponding properties of the Universal Trains. This can be
a single Universal Train if D matches an existing Dysyppa or two Universal
trains; otherwise, selecting the two whose Dysraa values are just greater and
just lesser than D.

d d d
4P cos (7[ BS) cos <7T BA> < 2Pysr.pmAcos <7IHSLMA> (2.4)
D D Dusima

D should be between 18 m and 27 m for articulated and conventional trains,
or between 10 m and 14 m for regular trains, and dps should take a value
between 2.5 m and 3.5 m. While the norm lacks in providing limits for dpg, it
states that D/dps and (dps — dpa) /dpa should not approach integer values
and that dgs must be in accordance with Equation 2.4. Djc must be between
8 m and 11 m and ec between 7 m and 10 m. In addition, there are also limits
for total train weight (10000 kN), length (400 m) and unsprung axle mass
(2 tonnes).

2.2.2 Chinese criteria

The normative criteria regarding high-speed railway bridges in China can be
found in the Code for Design of High-Speed Railway, TB 10621-2014 (National
Railway Administration of the People’s Republic of China, 2014) and in the
Code for Design on Railway Bridge and Culvert, TB 100022017 (National
Railway Administration of the People’s Republic of China, 2017)). The necessary
checks are presented in terms of deformation control (Section 2.2.2.1) and
dynamic response (Section 2.2.2.2).

2.2.2.1 Bridge deformation control

The numerical calculations necessary to perform deformation control checks
are static analyses with dead and live loads, with the latter being the ZK model
for high-speed railways. In the vertical direction, the Chinese norms limit the
maximum deflection to a fraction of the span L, with variations according to
design speed and span length. These values result from a series of dynamic
analyses that accounted for the interaction between train and bridge in several
scenarios with varying structural solutions and spans and, therefore, reflect
safety criteria such as the derailment factor and wheel unloading. Table 2.4
lists the limiting values, considering a double-track, simply supported structure
consisting of at least three spans, with up to 168 m (steel bridges) or 128 m spans
(concrete bridges) and piers of no more than 50 m. For other configurations,
the values must be multiplied by 1.1 (for three or more continuous spans),
1.4 (for two continuous spans or less than three simply supported spans), or
0.6 (for single tracks). In addition, Table 2.5 presents the maximum allowed
displacement due to residual creep. As for lateral displacement of the deck, it
is limited to L/4000 due to the combined effects of swaying, centrifugal force,
wind and thermal loads.



2.2 NORMATIVE CRITERIA

SPAN (m)
sPEED (km/h) L<40 40<L<8 L>80
250 L/1400 L/1400 L/1000
300 L/1500 L/1600 L/1100
350 L/1600 L/1900 L/1500

Table 2.4: Maximum vertical displacement.

SPAN (m)
TRACK TYPE L<50 L>50
Ballasted 10mm 10 mm
Ballastless 1omm min {20 mm; L/5000}

Table 2.5: Maximum vertical displacement due to residual creep.

In both vertical and lateral directions, checks are also made to ensure that
a level of rotation is not exceeded at the beam ends. The maximum allowed
values for vertical rotation are presented in Table 2.6, regarding rotation at
the abutments 6, rotation between consecutive spans 0; + 6, and unsupported
length L;, (m), as can be seen in Figure 2.11, for a structure subjected to live
loads. Considering lateral rotation, the limit values are presented in Table 2.7
(the lateral displacement of the piers must be added to all effects listed for
calculating lateral displacement). Since the piers and abutments are prone to
experience settlements that can worsen the beam end rotation, these displace-
ments are also limited according to the values in Table 2.8, and should be
calculated using dead loads. It is worth noting that the limit values for defor-
mation of ballastless tracks are more rigidly defined, and therefore, to assure
smoothness in the track, the entirety of China’s long-span high-speed bridges
are ballasted (Hu et al., 2014). Lastly, the maximum allowed deck twist in the
Chinese norms for high-speed traffic is 1.5 mm over a 3 m track development.

MAX. ROTATION (rad)

TRACK TYPE 0 01 + 6
Ballasted 2.0%0  4.0%0
Ballastless if L, <0.55 1.5%0  3.0%o
Ballastless if 055 < L, <075 1.0% 2.0%0

Table 2.6: Maximum vertical rotation.
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Figure 2.11: Vertical rotation reference (adapted from Montenegro et al. (2021)).

SPAN (m)
SPEED (km/h) L <40 L > 40
< 200 1.5%0 rad  1%o rad
> 200 1%o rad 1%o rad
Table 2.7: Maximum lateral rotation.
SETTLEMENT
TRACK TYPE Uniform Differential between

adjacent elements

Ballasted 30 mm 15 mm

Ballastless 20mm 5 mm

Table 2.8: Maximum allowed settlement.
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2.2.2.2 Dynamic response

The aforementioned Chinese norms call for specific dynamic analyses that con-
sider train-bridge interaction (TBI). This analysis is only optional if considering
a simply supported double-track box girder up to 32 m, a train measuring
between 24 m and 26 m and a natural structural frequency limited by the values
in Table 2.9. Otherwise, a full TBI analysis must be conducted, considering
the real train that will operate on the bridge. Through these calculations, the
following safety indices should be obtained (explained according to Lu and
C. Cai (2020)):

* Derailment coefficient Y/ Q: overall assessment of derailment safety;

* Wheel unloading rate AQ/Q: derailment due to one-sided wheel load
reduction;

* Wheelset lateral force XY train’s impact on railways;
* Lateral framework acceleration: train’s lateral stability.

In this description, Y represents the wheel-rail lateral contact force, Q is the
vertical contact force, and AQ is the wheel load reduction. Y/Q is limited to
0.8 and AQ/Q must be less than 0.6. The maximum value for ZY is 10 + Qy/3,
where Qo represents the static wheel load. The lateral framework acceleration
must not exceed the threshold of 8 m/s? six consecutive times, considering a
0.5 Hz to 10 Hz band-pass filter.

SPAN (m)
sPEED (km/h) 20 24 32
250 100/L 100/L 120/L
300 100/L 120/L 130/L
350 120/L 140/L 150/L

Table 2.9: Natural frequency limit.

Considering the dynamic response of the deck, its acceleration is limited to
3.5 m/s? in ballasted tracks and 5.0 m/s? in ballastless tracks, with a 20 Hz
low-pass filter.

2.2.3 Japanese criteria

The Japanese norms for high-speed railway bridges are stated in the Design
Standard for Railway Structures (Railway Technical Research Institute, 2006).
This section presents the considerations therein, in terms of ordinary (Sec-
tion 2.2.3.1) and seismic conditions (Section 2.2.3.2). The Design Standard for
Railway Structures uses deck displacement and rotation measurements as a
metric for the various safety evaluations that it calls for, namely:
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* 4, girder deflection caused by the passing vehicle;
* J,, alignment irregularities (vertical and lateral);
* 0,, relative rotation to adjacent elements (vertical and lateral).

Even though this surpasses the need for dynamic analysis, the limit values
the norm presents result from several such analyses and thereby provide indices
that reflect safety concerns such as derailment factors and unloading rates. It is
worth noting that the Japanese norms provide guidance towards the verification
of track restorability, in addition to safety checks.

2.2.3.1  Ordinary conditions

Under ordinary conditions, J, é, (in the vertical direction), and 6, are respectively
limited by the values in Table 2.10 (where L is the span length), Table 2.11, and
Table 2.12, when considering high-speed traffic (in this case, the Shinkansen
train). Concerning the verification of track restorability, both vertical and lateral
0, and 0, are conditioned according to Table 2.13. A track can, therefore, remain
operable without repairs if these conditions are met.

NUMBER OF SPANS

sPEED (km/h) Single span Multi-span Multi-span
(L <70m) (L >70m)
260 L/700 L/1200 L/1400
260 L/900 L/1500 L/1700
260 L/1100 L/1900 L/2000

Table 2.10: ¢ limit values.

SPAN (m)
SPEED (km/h) Single span Multi-span
260 2.0 mm 3.0 mm
300 1.5 mm 2.5 mm
360 1.0 mm 2.0 mm

Table 2.11: Vertical ¢, limit values.
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SPAN (m)

sPEED (km/h) Vertical Lateral

210 4.0 2.0

260 30 1.5 (parallel shift)

1.5 (folding)
300 2.5 1.0
360 2.0 1.0
Table 2.12: 6, limit values (x1/1000).
6,(x1/1000) oy (mm)

DIRECTION TRACK TYPE 50N Rail 50kgRail 50N Rail 60 kg Rail

Vertical Slab track 3.5 3.0 3.0
Ballast track 6.0 7.0 3.0
Horizontal  Slab track 4.0 4.0 2.0
Ballast track 5.5 5.5 2.0

2.0

2.0

2.0

2.0

Table 2.13: Restorability limit values (ordinary conditions).

2.2.3.2 Seismic conditions

As for the verification of safety under seismic conditions, the norm provides
guidance to limit the differential displacement of track surfaces and the lateral
vibration displacement of the structure when subjected to Level-1 earthquake
motion. The displacement limit values, regarding lateral 6, and &,, are shown
in Table 2.14. To evaluate the vibration limit, it is necessary to compute the
Spectral Index (SI) to be compared to the norm’s limits, which can be done by
following the procedure presented by Luo (2005):

1. Calculate the equivalent natural period of the structure T,; (s) and ac-
celeration response by using an equivalent stiffness from a pushover

analysis;

the first step;

0.25

. Obtain the response spectrum of velocity Sy, by applying the action from

Compute SI = [, Su(h,t)dT where S, is a function of the damping

ratio h and time.
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4. Verify whether the obtained SI is lower than the norm’s limiting values
(Figure 2.12, where G* is the ground classification):

3 — 85007, + 6650 if T,y < 0.3s
Limit ST (mm) = 4 4100 if0.3< T, <12s (25
1375T, + 2450 if Top; >1.2s
Track restorability under seismic conditions is assessed similarly to the

ordinary conditions by evaluating vertical and lateral J, and 6,. The limit values
are presented in Table 2.15.

Lateral 6,(x1/1000)

Parallel Shift

MAX. SPEED (km/h) L=10m L=10m Folding Lateral J, (mm)

130 7.0 7.0 8.0 14.0
160 6.0 6.0 6.0 12.0
210 5.5 3.5 4.0 10.0
260 5.0 3.0 3.5 8.0
300 4.5 2.5 3.0 7.0
360 4.0 2.0 2.0 6.0

Table 2.14: Displacement limit values (seismic conditions).

6000 y — T T T T
\ Dangerous area A
! \ /‘
Limit S/ / =
4000 = -GG
—~ & ¥ A
g Safe area S e
g v ~ /A/[G 1
) A & /_& o
> b L
&+ —
P A
E _ 21 i/w/ Response SI by each ground type
- : C according to Level 1 earthquake motion

0.102 04 06 08 10 12 14 16 18 20
Teq (S)

Figure 2.12: SI limit values (adapted from Railway Technical Research Institute (2006)).
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6,(x1/1000) Oy (mm)

DIRECTION TRACK TYPE 50N Rail 50kgRail 50N Rail 60 kg Rail

Vertical Slab track 5.0 3.5 4.5 3.5
Ballast track 7.5 6.5 3.5 4.0
Horizontal  Slab track 6.0 6.0 2.0 2.0
Ballast track 8.0 8.0 2.0 2.0

Table 2.15: Restorability limit values (seismic conditions).

2.2.4 Derailment criteria based on wheel-rail contact forces

The occurrence of derailment is a common concern in railway operations. In
the design of railway bridges, the prevention of this phenomenon is mostly
accounted for by employing indirect measures. In the previous sections, the
presented deflection and vibration limits that are used to control running
safety and passenger comfort are useful tools that conservatively contain the
likelihood of derailment. In regular engineering practice, it is unreasonable
to expect that more complex TTBI models are regularly used, which would
allow for the explicit evaluation of derailment. These direct measures are
based on the calculation of wheel-rail contact forces and the knowledge of
derailment mechanisms, which can typically be divided into wheel flange
climbing (Section 2.2.4.1), track panel shift (Section 2.2.4.2), gauge widening
(Section 2.2.4.3), and wheel unloading (Section 2.2.4.4).

2.2.4.1  Wheel flange climbing

Wheel flange climbing is the mechanism by which the innermost part of a
train’s wheel describes a climbing movement over the rail’s head. Since this can
happen in the presence of significant lateral forces, the criteria that evaluate
this mechanism are based on the ratio between lateral Y and vertical Q contact
forces. The Nadal (1908) criterion evaluates the equilibrium of forces on the
contact point between the flange of the wheel and the rail and can be expressed
as a function of the normal contact F,, and lateral creep F; forces, or of the angle
v and friction coefficient y (Equation 2.6). In Europe, this criterion is limited
to 0.8 by the TSI (European Comission, 2002). The same limit is present in the
Chinese norm (National Railway Administration of the People’s Republic of
China, 2017) and in the Japanese norm (Railway Technical Research Institute,
2006) with the duration of 15 ms. In North America (AAR, 2015), it is limited
to 1.0 for more than 50 ms or a distance of 3 feet.

t l
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The Weinstock (1984) criterion also compares lateral and vertical contact
forces at the contact point, with the addition of considering both wheels (A
and B) of the wheelset WS. The ratio in the flanging wheel is, therefore, given
by the Nadal equation, while in the other wheel, it is equivalent to the friction
coefficient since the contact point is usually at a low contact angle (Equation 2.7).
This criterion is limited in North America to 1.5. Figure 2.13 illustrates the
wheel flange climbing mechanism.

oY tanga-pa
gw_%Q_ 1+}tAtan')fA+VB (2.7)

Figure 2.13: Wheel flange climbing.

2.2.4.2 Track panel shift

Track panel shift occurs when repeated lateral loads cause a displacement of the
sleepers and rails in ballasted tracks, as represented in Figure 2.14. To prevent it,
the Prud’homme (1967) criterion limits the lateral forces applied by the vehicle
to the track. Since residual deformation is due to accumulated incremental
deformation after each load application, limiting the loads above a given value
is essential to maintain operating conditions. The limit of the sum of the lateral
forces over both wheels of each wheelset is given as a function of the static load
per wheel Qo:

gp:ZYzloJrz% (2.8)
WS

This criterion is limited to 1.0 in Europe (European Comission, 2002), and it
is comparable to the Chinese lateral force criterion presented in Section 2.2.2.2.

Figure 2.14: Track panel shift.

2.2.4.3 Gauge widening

Gauge widening can occur in the presence of large lateral deformations and
can cause rail rollover, determined by the overturning moment calculated about
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the pivot point on the external side of the base of the rail. Since, for this
phenomenon, the torsional stiffness of the length of rail between wheels is
significant, the criterion is calculated accounting for all wheels on a bogie by
comparing the ratio between the sum of the lateral and vertical forces at each
side of the bogie to the ratio between the rail’s width 4 and height h:
YY d
r=2==12 (29)
R=¥v5"1 9
The rail rollover criterion, represented in Figure 2.15, is limited in North
America to 0.6 (AAR, 2015).

h

Pivot

Figure 2.15: Rail rollover due to gauge widening.

2.2.4.4 Wheel unloading

The wheel unloading derailment mechanism concerns the loss of contact be-
tween wheel and rail and is evaluated via the ratio between the reduction of
the vertical loads AQ and the static load in a wheelset as:

AQ Q-0 Q

= = =1-= 2.10
cu Qo Qo Qo (210)
It can also be assessed for an entire bogie (comprising wheelsets i and j) as:
L Qi+
Cu=1- 20, (2.11)

The wheel unloading index, illustrated in Figure 2.16, is generally limited
in Europe to 0.9 (CEN, 2010), with a stricter limited 0.6 for twisted track
conditions (CEN, 2016). The same value is presented in the Chinese norm
(National Railway Administration of the People’s Republic of China, 2017). A
limit of 0.8 is given in Japan (Railway Technical Research Institute, 2006), and
0.9 in North America (AAR, 2015).

490

[

Figure 2.16: Wheel unloading.

Similarly, for situations with significant lateral loading, the overturning
coefficient (limited to 0.8 by the Chinese norm (State Administration for Market
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Regulation and Standardization Administration of PRC, 2019)) considers the
ratio between the difference of the dynamic forces in the leeward Q; and
windward Qw wheels and the static load:

_ QL —Qw

¢or o)

(2.12)

2.2.5 Critical overview and existing studies

Based on the study of existing literature, the overview presented in this sub-
section is divided into three parts, corresponding to the problems identified in
Section 1.3.

2.2.5.1 Studies concerning the High-Speed Load Model

The research needed to develop the HSLM began with the idea of separating the
train’s dynamic response from the bridge’s response to facilitate the comparison
of the dynamic loading effects caused by different trains. Such separation
led to the definition of a train spectrum, in the form of a train signature,
successfully obtained through the DER method (detailed in Section 2.3.3). Since
the original ERRI report (ERRI D 214/RP 6, 1999), other authors continued to
contribute to the development of this type of train spectra for analysing the
structural response under railway traffic. Vestroni and Vidoli (2007) developed
an approach based on a non-dimensional representation of the bridge response
and Fourier transform of the train loads. Matsuoka et al. (2019) defined the
train spectrum of the Italian ETR-1000 train to study the influence of local
deck vibrations on assessing the maximum accelerations in a steel-composite
high-speed railway bridge. Auersch (2021) studied resonant effects in railway
bridges using modal force excitation techniques and train axle sequence spectra.

Although the HSLM continues to be the most complete load model currently
available, some authors have recently discussed its limits of validity. One aspect
is related to the fact that the current limits of validity of the HSLM defined in
Annex E of EN 1991-2 are not broad enough to cover new and future trains. An
example of such limitation is the recent introduction into service of the German
high-speed train ICE4 with a coach length D of 28.75 m (Glatz and Fink, 2021),
which has been reported to cause acceleration responses on railway bridges that
are not covered by the HSLM envelope. In fact, Reiterer et al. (2021) observed
that the ICE4 can produce vertical deck acceleration more than double that of
the HSLM-A. In the 2023 version of the EN 1991-2 (CEN, 2023b), it is already
noted that the HSLM may not cover some existing high-speed trains.

This problem is currently leading to new proposals for load models for
railway dynamic analysis, in which two international consortia, one from the
European project In2Track3 (Andersson et al., 2021; IN2TRACK3, 2021) and
another from the German Federal Railway Authority (Reiterer et al., 2022, 2023;
Vorwagner et al., 2021), stand out. Both works are focused on the definition
of alternative load models (as exemplified in Figure 2.17 and Figure 2.18)
that may cover the effects of recent and future trains characterized by design
parameters outside the ranges of variations of the current HSLM, but that were
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adopted by vehicle manufactures due to competition and economic reasons. In
both approaches, the authors assess the train signature envelopes, as well as
bridge responses obtained with dynamic numerical FEM analysis. Regarding
the latter, Vorwagner et al. (2021) reported that their study covers a wide range
of train configurations and bridge characteristics, totalling more than 17 million
dynamic analyses. Such scale brings with it concerns about the computational
cost associated with performing dynamic analysis on FE models.
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Figure 2.17: Train spectra G of the load models proposed by the In2Track3 project
compared to real trains (RT), for { = 0.5 (adapted from IN2TRACK3
(2021)).
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Figure 2.18: Acceleration results of a new load model proposed by the German Federal
Railway Authority project on an existing concrete railway bridge (adapted
from Reiterer et al. (2023)).

Envisaging the possibility of train manufacturers designing new high-speed
trains that do not fully meet the geometric limits stipulated by Annex E due
to economic reasons (avoiding short-length coaches, for example), Unterweger
et al. (2017) investigated the most critical parameters that need to be fulfilled to
ensure that the new vehicle is in line with the HSLM. The authors performed
a study with eight fictitious trains characterized by limit values specified in
Annex E, or slightly outside those limits (D = 16 m, D = 28.5 m, the spacing of
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axles within a bogie dg4 = 1.5 m, and dg4 = 5.4 m), to assess which properties
most contribute to larger responses in a set of single-span railway bridges.
They proposed a methodology to identify the most critical bridges, in terms of
length and first natural frequency, to reduce the number of bridges that must be
investigated with the introduction in the network of new and more aggressive
trains, and concluded that from all train parameters ranges stipulated by Annex
E, only a few are critical for the bridge response, mainly the distance dp4,
for which a slight variation in its value may strongly affect the resonance
phenomena.

Although the scientific community is already studying the lack of coverage
of the HSLM regarding new trains, studies related to the HSLM's coverage of
its current limits of validity (as well as addressing the lack of definition of some
HSLM limiting parameters in the Eurocode) are still scarce in the literature.
Museros et al. (2021) assessed the effects caused by articulated trains that fulfil
the validity limits of the HSLM stipulated by Annex E of EN 1991-2. They
concluded that the limitation that defines the ratio between the coach length D
over the axle spacing within a bogie dg4 should be close to an integer value
is not essential. In contrast, only very few cases of articulated trains defined
within the premises of Annex E would lead to an exceedance in the vertical
acceleration limits. However, the limits of validity regarding conventional or
regular trains were outside this work’s scope. Since only articulated trains were
studied, no conclusions were drawn regarding the lack of information about
the dpg distance.

2.2.5.2  Studies concerning the acceleration limit for ballasted tracks

The presented European, Chinese, and Japanese norms share some common
characteristics, mainly the reliance on indirect measurements as indicators for
running safety. The displacement and acceleration levels that are calculated
using load models are widely used for such assessments. However, it should
be noted that the safety indices and limits in the norms themselves are the
product of more complex analyses conducted during the base research for the
regulations. Nevertheless, the Chinese norms specifically call for train-bridge
interaction analysis in some cases while providing direct safety indices, for
which the consideration of both vertical and lateral contact forces is required.
One common aspect in European and Chinese norms is the limit for deck
acceleration (both use a 3.5 m/s? limit for ballasted tracks and a 5.0 m/s? limit
for ballastless tracks, with the only difference being the considered frequency
range). In the Eurocode, the limit for ballasted tracks is based on tests performed
at BAM, commissioned by the ERRI (ERRI D 214/RP 8, 1999) to validate the then
European pre-standard ENV. Though originally the reports were motivated by
concerns expressed by the SNCF regarding ballast instability in test runs, around
the same time, in the UK, Network Rail also commissioned tests to address
permissible acceleration. Regarding those tests, Norris et al. (2003) suggest that
instead of focusing on the unlikely loss of stability of an entire bridge deck, it
is vital to understand how much of the ballast area becomes unstable. Still in
the early 2000s, W. M. Zhai et al. (2004) proposed a new manner of numerically
modelling the ballast layer, considering load distribution and shear effects.
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This model was validated with full-scale field experiments, finding similar
acceleration peaks greater than 4 g. Also, on full-scale tests, Rebelo et al. (2008)
note that the vertical component of deck acceleration is a sensitive parameter,
linking it with the potential instability of the ballast layer. The authors state that
the ballast contributes intricately to the dynamic response, given its relation to
the structure’s stiffness and, consequently, to the resonance assessment. After
calibrating FE models, the study concludes that there are relevant non-linear
effects of structural stiffness, as well as of the ballast.

The importance of the ballast layer towards the overall bridge stiffness is
addressed by Heiland et al. (2022) after noticing differences between experi-
mental and numerical assessment of natural frequencies. Using models based
on soil dynamics and a small-scale test rig (Figure 2.19), the researchers found
no significant changes in bending frequencies related to varying ballast stiff-
ness. Given the intrinsic uncertainty in modelling characteristics, Stollwitzer
et al. (2024) developed a large-scale, 1:1 rig (Figure 2.20) to investigate ballast
stiffness. The findings concerning track stability state that momentary exces-
sive vibration levels have close to no effect on ballast instability. Even though
isolated events can be innocuous, their cumulative effect can be relevant. This
topic is addressed by Menezes (2024), considering the accumulated damage
in a way analogue to fatigue analysis, allowing for an assessment of lifespan
status concerning lateral track stability. The mitigation of the overall effects of
acceleration is also a topic of study. A practical solution to control the amount
of ballast bed vibration is the usage of ballast mats, which have also been tested
on bridges (Hou et al., 2022).
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Figure 2.19: Small-scale test rig with ballast layer (adapted from Heiland et al. (2022)).
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Figure 2.20: Large-scale test rig with ballast layer and sleepers (adapted from Stoll-
witzer et al. (2024)).

2.2.5.3 Studies concerning the acceleration limit for ballastless tracks

The acceleration limit for ballastless tracks is likely based on the assumption that
a train wheel may detach from the rail when the deck experiences accelerations
upwards of 1 g. Comparing this value to the limit inscribed in the norm suggests
that a safety factor 2.0 was adopted to guarantee a safety margin (similar to
what happened with ballasted tracks). However, as Zacher and Baefsler (2008)
note, the ballastless track’s limit had not been proofed either numerically or
experimentally. In fact, the validity of such a margin was not originally based
upon a probabilistic method, which has led to the proposal of alternatives (such
as the study by Allahvirdizadeh et al. (2022), whose computational model is
shown in Figure 2.21) and studies that give a certain percentage allowance over
the limit (Moliner et al., 2017).
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Figure 2.21: Train-bridge model, with reference to span L, spacing s, running speed
v, linear mass, rigidity, and damping of the beam (m;, EI}, (), slab (s,
El, {s), and rails (m,, EI;, {;), stiffness and damping of the subgrade (kss,
css) and pads (kys, crs), coach length D, axle distance dp4 and axle load p
(adapted from Allahvirdizadeh et al. (2022)).

While the limit for ballasted tracks is connected with a physically assessed
phenomenon, the limit for ballastless (or slab) tracks is seemingly based on
the assumption that a train running on a bridge experiencing accelerations
upwards of 1 g is at risk. Yet, preliminary studies by Arvidsson et al. (2018)
showed that, for the particular case of non-ballasted bridges, when the deck
acceleration reaches 1 g, it does not necessarily lead to wheel detachments, i.e.
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the fact that a point is subjected to 1 g acceleration does not imply the lifting of
the entire train’s mass. Therefore, it is essential to define recommendations to
define a more accurate design criterion based on advanced Train-Track-Bridge
Interaction TTBI simulations that can explicitly assess the risk of derailment and
ensure traffic safety. On the influence exerted by the track itself, it is noted by
Yang and Yau (2017) (whose train-bridge model can be seen in Figure 2.22) that
neglecting the rails can lead to an underestimation of results at high speeds,
while X. Cai et al. (2016) point out the connection between the level of track
irregularities and derailment coefficient.
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Figure 2.22: Train-bridge model, with reference to span L, gap [, running speed v and
rigidity, linear mass, and damping of the beam (EI, m, c) (adapted from
Yang and Yau (2017)).

Other studies on the performance of high-speed ballastless track bridges
have focused on dynamic assessment, such as Yang and Yau (2017), finding
deck accelerations above the normative limit on shorter spans. Contributions
have also been made to the evaluation of deck acceleration, with Matsuoka et al.
(2019) and Yotsui et al. (2024) focusing on the effects of local deck vibrations, or
Garcia-Macias and Martinez-Castro (2020) and Museros et al. (2013) proposing
faster computational methods. Different authors have also approached the
safety of ballastless bridges under seismic actions (Cao et al., 2021; L. Chen and
Jiang, 2013; Y. Chen et al., 2023; Liu et al., 2021), while the previously mentioned
research by Arvidsson et al. (2018) did not consider the lateral dynamics in the
train-bridge interaction analysis, focusing solely on vertical dynamics. Other
studies on ballastless bridges addressed the issues caused by settlement in
subgrade-bridge transition zones (H. Chen et al., 2014; He et al., 2018) and
running comfort (Lai et al., 2022).

2.3 HIGH-SPEED RAILWAY BRIDGE DYNAMICS

High-speed railway bridges are civil engineering structures that present partic-
ular dynamic characteristics, starting with the nature of their loading. Trains
are themselves structures with their own dynamic properties, running over
and at the same time interacting with a bridge. Railway bridges and viaducts
are also especially prone to the occurrence of resonance phenomena due to
the impact of the axle loads and their regular, repetitive cadence. As such,
special considerations are made regarding this possibility. The present section
goes over normative requirements regarding the dynamic analysis of railway
bridges (Section 2.3.1), before going over the steps needed to conduct them
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(Section 2.3.2). In Section 2.3.3, an overview of simplified spectral methods,
moving loads analysis, and interaction analysis is shown.

2.3.1 Design considerations regarding dynamic effects on high-speed railway bridges

There are regulatory demands that consider dynamic effects at different levels
when designing or assessing an HSR bridge. At the simplest level, European
norms provide dynamic factors affecting static analyses. Nonetheless, there are
situations where the norm calls for dynamic analyses.

2.3.1.1 Static analysis and dynamic factors

To perform static analyses, the EN 1991-2 (CEN, 2023b) defines several load
models to represent different traffic actions, from unloaded trains to heavy
traffic. For high-speed lines, it is worth mentioning the Load Model 71 (LM71),
the Load Model SW/o and the High-Speed Load Model (HSLM).

The LM71 exists to represent the static vertical effects of normal traffic. Re-
garding characteristic values, it consists of four point loads of 250 kN and a dis-
tributed load of 80 kN/m, arranged as shown in Figure 2.23a. These values are
to be affected by a classifying factor « € {0.75,0.83,0.91,1.00,1.21,1.33,1.46},
whose value may differ in different countries. Similarly, the EN 1991-2 defines
the Load Model SW/o to represent the vertical static effects on continuous
structures, illustrated in Figure 2.23b. Additionally, the norm presents the
HSLM, which is a set of train configurations intended to represent the actions of
high-speed passenger trains (with speeds greater than 200 km/h). A detailed
explanation of this load model can be found in Section 2.2.1.3.

250 kN 250 kN 250 kN 250 kN

80 kN/m L L L L 80 kN/m

unlimited 0.8 m 1.6 m 1.6 m 1.6 m 0.8 m unlimited

(@)

133 kN/m 133 kN/m

15.0m 53m 15.0m
< <3 <3 =

(b)
Figure 2.23: EN 1991-2 Load models (adapted from CEN (2023b)). (a) LMy1; (b) SW/o.

Furthermore, the EN 1991-2 is sensitive to the dynamic repercussions caused
by moving traffic on bridges, naming inertial response, resonance, and varying
wheel loads as influential effects. It also lists the governing factors for dynamic
effects: traffic speed, span length, track irregularities, vehicle mass and imper-
fections, support regularity, track components and structural mass, frequencies,
and damping. To account for some of the added effects due to dynamic action,
the EN 1991-2 defines the dynamic factor @, although it should be noted that
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it does not cover resonance effects. This factor, to be applied to the LM71 and
SW/o, can either take the value of ®, (Equation 2.13) or ®3 (Equation 2.14),
whether the track has careful or standard maintenance, respectively. In Equa-
tion 2.13 and Equation 2.14, Le (m) is the determinant length, and its definition
is dependent on the physical properties of the structural element in the analysis.

1.44
Oy =———+0.82 1.00 < P, < 1.67 2.1
2 \/E— 02 ( S P s ) (2.13)
2.16
(OB +0.73 (1.00 < &, < 2.00) (2.14)

" VLo —02

If real trains (or the HSLM) are being considered for calculation, Annex C of
the EN 1991-2 indicates the dynamic factor 1 + ¢. This factor can either take
the value of 1 + ¢’ +0.5¢” or 1+ ¢’ 4+ 0.5¢" for tracks of careful or standard
maintenance, respectively. As with the previously discussed factor, the validity
is limited to non-resonant phenomena. Equation 2.15 gives the part of the
dynamic actor that represents the dynamic amplification due to traffic, and
Equation 2.17 stands for the part that accounts for the effect of track and
wheel irregularities. In these equations, v is the maximum speed (m/s), and ng
corresponds to the bridge’s first natural bending frequency (Hz).

K

—— ifK<0.76
¢' = 1-K+K* (2.15)
1.325 if K> 0.76
where
v
K=-—"— .
2Lq> X No (2 16)
<L®>2 Lq) 2
1 lsee \10 Loty _ ().
[ 100 56¢ +50 < 20 ) e >0 (2.17)
with

— ifv <0.76m/s
n=< 22 - (2.18)
1

if v > 0.76m/s

The factors” applicability is conditioned by the lower (Equation 2.19) and upper
(Equation 2.20) limits of ng.

& if4m <Ly <20m
no > { Lo (2.19)

23.58L<f,0‘592 if2om < Ly < 100 m

ny < 94.76L<£O'748 (2.20)
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2.3.1.2 Dynamic analysis requirements

To determine whether a dynamic analysis is required, the EN 1991-2 presents
a flowchart, reproduced in Figure 2.24. The decision process depends on the
maximum line speed V (km/h), span L (m), first natural frequencies for bending
no (Hz) and torsion nt (Hz), and maximum nominal speed v (m/s). The notes
on the flowchart refer to the following considerations:

a) The EN 1991-2 considers as a “simple structure” a simply supported
bridge whose performance is similar to that of a beam or simple plate;

b) Mandatory dynamic analysis if a real train operates at a resonant speed;
) qoéyn represents the dynamic enhancement for real trains;

d) Only if complying with EN 1990 (CEN, 2023a) limits;

e) Only if V <200 km/h;

f) If np exceeds Equation 2.20, dynamic analysis follows the norm’s Annex
G

g) Ig ng is below Equation 2.19, dynamic analysis follows the norm’s Section
8.4.6.

If a dynamic analysis must be conducted, the load models to adopt are the
HSLM (Section 2.2.1.3) (in order to comply with the interoperability require-
ments) and the load configurations of any real trains planned to be employed
on the line the bridge is located in. The European Rail Research Institute’s (ERRI)
technical committee D214 lists the properties of 7 real trains in Annex E of its
report RPg (ERRI D 214/RP 9, 1999). An overview of this data can be consulted
in Table 2.16, where N is the number of axles, L; (m) is the total length of the
train, P (kN) is the most frequent axle load and d (m) is the distance between
regularly spaced axle groups. The train types can either be articulated (double
axle bogies shared by adjacent cars), conventional (two independent double
axle bogies per car) or regular (single axle bogies shared by adjacent cars) (see
Figure 2.10).
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TRAIN TYPE N L; P d
ETR Y500 Conventional 48 295.7 120 26.1
Eurostar 373 Articulated 48 1386.67 170 18.7
ICE2 Conventional 56 350.52 112 264
Talgo AV2 Regular 40 356.05 170 13.14
TGV Atlantique Articulated 60 468.14 170 18.7
Thalys 2 Articulated 52 393.34 170 18.7
Virgin Conventional 44 2587 170 239

Table 2.16: Properties of the real trains for moving loads analysis (adapted from ERRI
D 214/RP 9 (1999))

Start:
Decision on

dynamic analysis

Continuous
bridge? ¢

Simple
structure?

Eigenmodes for
torsion and for
bending shall be
considered

n, within the
limits?

Eigenmodes for
bending sufficient

no

Dynamic analysis not
required. At resonance

Dynamic analysis
required. Obtain bridge
deck acceleration and
@', ° etc. in accordance

with 8.4.6

'
dyn

Dynamic analysis

required > £ ¢

acceleration check and
fatigue check not
requires. Use @ with
static analysis in
accordance with 8.4.5

Figure 2.24: Flowchart to determine the need for dynamic analysis (adapted from CEN

(2023b)).
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2.3.2  The bridge-train dynamic system

In its most complex form, a railway bridge subjected to a moving train can
be thought of as a system comprising two structures that interact dynamically
with each other. Below, the steps necessary to perform dynamic analyses on
such structures are presented, from the modelling requirements that are needed
to account for the formulation and methods to solve the dynamic equations
that derive from it.

2.3.2.1  Modelling the dynamic system

To conduct a dynamic analysis, the dynamic system must be modelled in a
way that accurately reproduces its behaviour while at the same time aiming at
being computationally efficient. Both parts (train and bridge) are themselves
dynamic systems. Therefore, the complexity and level of detail associated with
these models can vary substantially depending on the needed analysis type,
ranging from the simpler moving loads to the more complex vehicle-structure
interaction. Notwithstanding, the EN 1991-2 enumerates a few requirements to
take into consideration.

Regarding loading, it is stated that the running speed range must be consid-
ered in a range from 40 m/s up to 1.2 times the maximum line speed at the site.
The norm also warns that the speed steps should be closer together around
resonant speeds v;, which for simple structures can be estimated by:

0; = Tlo)\i (2'21)

where 1y is the first bending frequency and A; (m) is the excitation wavelength,
given as the ratio between the regular spacing of axle groups d (m) and an
integer i € {1,2,3,4}.

As for the bridge, the norm defines a lower bound estimate of critical damping
¢ (%), which can be seen in Table 2.17 (where L (m) is the span), given that this
parameter greatly conditions the dynamic response at resonant speeds. These
values encompass the results of several experimental assessment campaigns
performed in situ on service phase bridges (ERRI D 214/RP 9, 1999).

BRIDGE TYPE L <20m L>20m
Steel and composite 0.540.125(20— L) o5
Prestressed concrete 1.04+0.07(20—L) 1.0
Filler beam and reinforced concrete 1.5+0.07(20—L) 15

Table 2.17: Lower limit of critical damping ¢ (%).

Furthermore, it is stated that the bridge’s mass must be considered in two
distinct ways. In one scenario, the mass must be set to a lower bound estimate,
which produces the maximum acceleration values. In the other scenario, the
mass is set to its upper bound estimate to correspond to the lowest resonant
speeds.
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Regarding the estimation of stiffness, the norm determines that it must be
lower-bounded in order to avoid overestimating the bridge’s natural frequency
and, consequently, the resonant speeds. The aforementioned considerations can
be promptly incorporated into numerical analyses, such as those recurring to
the Finite Element Method (FEM).

Moreover, a separate model must be made to represent the train accurately.
According to ERRI D 214/RP 9 (1999), each car of a conventional train can be
represented as consisting of a car body (with mass M, and rotational inertia
I;), two double axle bogies (with mass M, and rotational inertia I;) and four
wheel-sets (with mass Mys). The connection between the car and the bogies
(secondary suspension) is represented by two spring-dashpot sets (with stiffness
Ks and damping coefficient c;). Similarly, the connection between the bogies
and the wheel-sets (primary suspension) comprises four spring-dashpot sets
(with stiffness K, and damping coefficient c,). As stated by Calgada (1995), the
stiffness of the wheel-rail connection Kj, can be represented by:

3 273
K, = Ech/ F/3 (2.22)
where F is the static axle load and ¢y, is a constant that depends on the wheel’s
radius and usage. A representation of these variables can be seen in Figure 2.25,
where D, dgs and dpg are the lengths presented in Section 2.2.1.3.

D
M, I, Car body
R K, ¢ Secondary suspension
Mh’ Ib Bogie
K, ¢, Primary suspension
M, Wheelset
K, Wheel-rail connection
dBS —>
dBA

Figure 2.25: Single vehicle model representation (adapted from ERRI D 214/RP 9
(1999))-

2.3.2.2  Formulating the dynamic problem

Considering the train loads as a set of moving loads F(t) applied externally
to the bridge, the dynamic problem can be seen as an equilibrium between
these and the inertial, damping, and elastic forces, respectively F;(t), F;(t) and
Fe(t), in any given moment of time #:

Fi(t) + Falt) + Folt) = F(8) (23)
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Given the structure’s displacement vector u(t) and its mass, damping, and
stiffness matrices (respectively M, C, and K), the dynamic equation can be
rewritten as:

Mii(t) + Cu(t) + Ku(t) = F(t) (2.24)

Clough and Penzien (1975) define a Rayleigh damping matrix as a linear
combination of the mass and stiffness matrices, with the constants ¢; and cy:

C=ciM+cK (2.25)

For a structure whose i-th and j-th vibration mode’s angular frequencies are
w; and wj, with damping coefficients ¢; and ¢;, c1 and ¢ can be given by:

WilD: aJ] — Wi .
{Cl} =2——1 11 {Cz} (2.26)
c2 wj — wj W w G

2.3.2.3 Solving the dynamic problem

Regardless of the complexity employed in modelling the train and bridge
system (whether 2D or 3D, moving loads or vehicle-structure interaction), the
differential dynamic equations that govern the problem need to be solved for
each instant of time.

One available approach is the Newmark method (Newmark, 1959), which
uses direct integration to solve the differential dynamic equations, depending
on two parameters, v and B. While the former weighs how the initial and
final acceleration values influence the velocity, the latter does it in relation to
displacement (Rocha, 2015). Given the displacement, velocity, and acceleration
at an instant f, and assuming that the acceleration varies linearly, the equations
at instant t + At can be written as:

Uppar = w4 (1 — 7)ii At + yilp oAt (2.27)
1
Ui At = Ut + thAt + <2 - ,B) ﬁAtz + ﬁﬁt+AtAt2 (2.28)
giving
Mii(t 4+ At) + Cu(t + At) + Ku(t + At) = F(t + At) (2.29)

This method is unconditionally stable for:

v > % (2.30)

and its maximum stability occurs if:

1/2
= 7+4 / (2.31)
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If y =1/2 and B = 1/4, the method is second-order accurate and is known
as the constant average acceleration method.

The method’s sensitivity to the chosen time-step value is an important aspect
to consider. For a maximum considered frequency of f;q.x (Hz), maximum
number of modes 7, maximum train speed v,y (m/s) and bridge span L (m),
ERRI D 214/RP 9 (1999) states that the time increment At (s) should be taken

as:
1 L
At =min{ ——; ——— 2.32

{8fmax 4nvmax} ( 3 )

Another popular approach is the modal superposition method (Chopra, 1995),
which translates the dynamic problem into a representation of itself using modal
coordinates, standing for the contribution of each vibration mode to the total
response. This idea works by using a set of uncoupled dynamic equations with
a single unknown each, which is the modal coordinate y. Considering the N
mode shapes ¢, a structure’s free vibration can be described as:

N
Y ouyi (2.33)
i=1

Given that a mode’s vibration, whose natural frequency is w can be described
by:

Yau(t) = Ay coswy, + By sinwy, (2.34)

the time variation of the structure’s displacement can be obtained through:

u(t) = @u(yn(t)) (2.35)
which gives:
(K — wiM] ¢p =0 (2.36)

Aside from the null solution, this equation translates a problem of eigenvalues,
existing N real solutions for w?. To each mode corresponds a natural frequency
wy and a mode shape ¢,,.

It is worth noting that there is orthogonality between any two modes, which
allows for constructing a vectorial (rather than geometrical) modal space. Know-
ing this characteristic, it is possible to verify that any matrix being multiplied
on the left by a transposed modal vector and to the right by a different modal
vector results in a scalar o. Taking the mass matrix M as an example, and two
distinct modes n and m:

P M@y =0 (2.37)

As such, it is possible to obtain the scalars M,,, C, and K,;, known respectively
as the generalized mass, damping, and stiffness for mode n by using (again
taking M as an example):

M, = QD,{MGDn (2.38)
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Consequently, the uncoupled equation takes the form of:

Muijn + Calin + Kn yn = Fu(t) (2:39)
which produces N equations each with the single unknown y,,:

Ea(t)
M,

This method has the computational advantage of allowing a structure’s
dynamic response to be characterized with a finite number of modes, which
can be selected through a preliminary analysis. Depending on the model’s
complexity, the first few vibration modes may be sufficient to calculate the
response accurately, given a train’s dynamic load.

Ui+ 28iwny + wpyn = (2.40)

2.3.3 Dynamic analysis methodologies

Knowing the aforementioned methodologies, an accurate depiction of the dy-
namic effects of a train running on a bridge is attainable. Considering the train’s
model as a moving set of point loads often suffices for normative verification
of limit states, such as the maximum allowed deck acceleration. Nevertheless,
obtaining other quantities like the car body acceleration (for the assessment
of passenger comfort) or the variations in the wheel-rail contact forces (to
evaluate derailment risk) depends on a more complex analysis that takes into
consideration the interaction between the two dynamic systems (train and struc-
ture). As such, the numerical models needed for such analyses must represent
all relevant dynamic properties, including the track’s components: rails, rail
pads, sleepers, ballast, or slab. On the other direction of complexity, there are
methodologies that rapidly, even if crudely, assess the dynamic response of
railway bridges and that are useful for quick comparisons.

2.3.3.1 Spectral methods

The present section addresses two common simplified methodologies described
in ERRI D 214/RP 9 (1999): Decomposition of Excitation at Resonance (DER)
and Residual Influence Line (RIL).

The DER method, introduced in ERRI D 214/RP 6 (1999) is applicable to
single span bridges under the cumulative conditions that:

e inertial interaction is ignored;
¢ only the first vibration mode is considered;

¢ the response is decomposed into a Fourier series, retaining only the
resonance term;

¢ the results are independent of time.

Using this method, the maximum mid-span acceleration ij can be estimated
as a product of a constant factor C;, a function for the influence line A(-), and
the train spectrum G(-):

< CA (i) G(M) (2.41)
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where A is the wavelength of the excitation. For a bridge with a first modal
frequency of fo, generalized stiffness K, span L, and linear mass m, the constant
factor C; is given by:

C — 8rfy 8

K mLn (2-42)
and the influence line function A(-) by:
Ccos (nL)
A<§):" (2.43)

2L\?
()

A
Considering a train load model consisting of n loads, where each load number

k at a coordinate x; has a value P, on a bridge with a damping ratio ¢, its
spectrum G(-) is given by:

: 2 . 2
~ 1 L 27X L . [ 2mx;
G(A) _i:mlj?_(la J (I;)Pkcos< 3 )) + (}(Z%)Pksm< ) >>

(2.44)

2gxi
ot
1—e A

There are known limitations of the DER method, namely due to:

¢ the influence of high wavelengths and short trains on the resonance
criteria;

e values of zero of the influence line;
* overestimation of the response for high damping coefficients.

Nonetheless, the method can also be used to approximate the maximum
mid-span displacement y, given the first angular frequency wy and the static
displacement given by the train loads v, as:

ymux

2
)

Y = Ystar + (2.45)

One major aspect of the application of this method is that it introduces
the concept of train signature. Since the train spectrum does not allow for
an assessment of the train effect separate from the bridge response due to its

dependence on the damping coefficient, the train signature So(A) is the result
of:

So(A) = lim G(A) (2.46)

which is given by:
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(2.47)

The signatures allow for fast comparisons between the effects of different
trains. Knowing the signatures of trains in operation on a given line, a new
train can be deemed either apt or inapt for running on that line simply by
comparing the signature of the new vehicle to the existing trains’ signatures.

The RIL method is applicable to simply supported spans with bridge-like
behaviour and is better suited for non-resonant speeds. It is based on the
assumption that trains are substantially lengthier than bridges and that the
dynamic response is greater as the train’s final load leaves the bridge.

Similarly to the DER method, the RIL method estimates the maximum deck
acceleration as:

Ymax = CaA(r)G(A) (2.48)
and the maximum displacement as:

Ymax = C4A(r)G(A) (2.49)
where the constant term for acceleration is:

Cll = % (2'50)
and for displacement:

1
Ci = Mw% (2.51)

A parameter r can be defined depending on the train’s speed v and a bridge’s

span L and first natural frequency ny:
v
r= Lig (2.52)

A dynamic response factor, independent of the train, can be defined as:

T T
1 —20— T\ 20—
A(r) = 1_72\/8 " 414 2cos (7)6 r (2.53)

The factor that incorporates the accumulation of the loads’ effects G(A) is given
as:

X1 — Xk

i
X1 —Xxg\ 278
G(A) = max P.cos [ 27 e A +
(A) k§:0, i ( Yy )
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This method’s limitations include an underestimation of acceleration for
A < (2L/3), an underestimation of mid-span displacement (since it does not
account for the active vibration phase) and an overall overestimation of results
for certain A values if a trains” power car axles are considerably heavier than
the remainder.

2.3.3.2 Moving loads

In a finite elements model, more than knowing the position of each point load
at any given moment, it is necessary to obtain the equivalent nodal loads on the
path intended for a load to travel in. To do so, Albuquerque (2008) formulates a
methodology to condense all equivalent nodal forces in a matrix PP. This begins
by determining the total time t; (s) needed for a train’s load model with length
Ly (m) to completely move across a bridge with a span L (m), starting in a
position Y; (m) before the bridge, at speed v (m/s):
L+ Li+]|Y

B v

The number of steps m needed for an analysis with a time-step At (s) is given

by:

ty (2.55)

t
=-L 41 .
m AL + (2.56)
and the first column of P can be filled with the values corresponding to each
time increment:

Poi=t=>G(—-1)AT , ie{l,2,...,m} (2.57)

A vector }); can then be filled with the longitudinal coordinate of each node j
that comprises the rail, i.e. the load path. A k number of vectors )} must also
be employed, containing the position of each load at a time t. Then, a form
function is applied to determine the nodal force N in a node j at instant ¢ if the
nodes have a regular spacing a:

1 Yi(t) = Y2 .
5 X T(at)y if Yj—z < Yi(t) < Y]
, _J1 1 k) — 1 .
t) = ] .58
Nik(t) 55 Xy Y <Y < Vi (2.58)
0 if Y & [Yj—2; Yiso)

As such, the total load over each node j at a given time ¢; can be calculated
by:

Fi(T;) =) _Njx(ti) x F (259)
k
and matrix P can be filled with every nodal load, giving:
(0 F(0) - Fi(0)]
P = t; Fl(ti) co Fn(ti) (2.60)
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2.3.3.3 Train-Bridge Interaction

ITERATIVE METHOD To implement a methodology where the vehicle inter-
acts with the structure, both the train and bridge dynamic subsystems can be
considered as independent structures. The dynamic equations can be written
as in the following equation, where the indices b and t denote the bridge and
train, respectively:

[Mb 0 ] llﬁb(f)] n [Cb 0] [Lfb(f)] n [le 0 ] [Mb(f)] _ []:b(t)] (2.61)
0 Mt Mt(i’) 0 Ct ut(t) 0 ICt Mt(t) ft(t)

During the analysis period, the systems are made compatible and are calcu-
lated through time by direct integration. In this iterative process, it is necessary
to ensure that there is contact between the two structures, i.e. that the dis-

placements and forces are at equilibrium. To do so, the following steps can be
applied (Calcada, 1995) on each iteration i:

1. The load P!(t) is applied to the bridge, consisting of the static load from
the vehicle weight and the dynamic load resulting from the previous
iteration, such that Pi(t) = Psar + Pé;nl(t). On the first iteration, the
dynamic component of the load can take the value of Py, (t — At). These
loads are converted into equivalent loads, and the structure can be solved,

obtaining the displacements u! (t);

2. Simultaneously, the train’s model is subjected to support settlements
ui(t) = ‘uz_l(t). The resulting support reactions P} (t) are the dynamic
forces P, , (t) for the next iteration;

3. Finally, the results are checked for convergence using the ratio:

Péyn(t) - P;l;nl(t)

i—1
R0

(2.62)

If the resulting value is greater than a preset tolerance, at least one more
iteration is needed, and i is incremented. Otherwise, convergence has been
achieved, and t is incremented by At. Even though this example is limited to
vertical interaction scenarios, it allows for the modelling of track irregularities
in that direction by altering a residual part of the rail nodes’ coordinates.

DIRECT METHOD The direct method (Neves et al., 2012) introduces addi-
tional compatibility equations relating the displacement of the train’s contact
nodes to the bridge’s nodal displacements. Thus, track irregularities can be
accounted for, and FEM can be employed to model both bridge and train. In the
direct method, the governing equations constitute a single system, where the
unknowns are the displacements and contact forces. The following system can
be solved via a factorization algorithm rather than iteratively:

Krr Drx| |AF] _ | F (2.63)
Hxg O Ot R )
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where Krr is the effective stiffness matrix of the train-bridge system, Drx and
‘Hxr are transformation matrices relating the local CS of the contact forces with
the global CS, A}JrAt and X2 are, respectively, the nodal displacements and
contact forces, F ¥ is the loads vector and R is the rail irregularities vector.

LATERAL WHEEL-RAIL CONTACT METHOD The approaches hitherto de-
scribed do not account for lateral contact forces between wheel and rail, nor for
the possibility of loss of contact. To overcome these limitations, more complex
methodologies divide the contact problem into its geometrical, normal, and
tangential parts.

The geometrical problem consists of knowing which contact points exist
between the wheel and the rail. In an “offline contact search” approach (Antolin
et al., 2012; Bozzone et al., 2011; Olmos and Astiz, 2018), the contact surface’s
geometry and possible contact points are calculated in advance and stored in a
lookup table. This approach is based on the assumption that the wheels are rigid
bodies that contact the rail in a single point and that contact occurs at all times.
The outputs are the relative displacements and rotation, which are used for
the dynamic analysis and for further calculation of the normal and tangential
parts. This procedure is cost-effective, albeit neglecting the possible penetration
between wheel and rail. Contrarily, in “online contact search”, the contact points
are determined iteratively at every instant of the dynamic analysis. The wheels’
flexibility can be considered, as well as wheel-rail penetration effects, which
allows multiple contact points to exist. Contact points can be predicted and
calculated by searching pairs of nodes (G. Chen and W.M., 2004; Shabana et al.,
2005) or by describing the surfaces with functions (Falomi et al., 2011; Marques
et al., 2020; Pombo et al., 2007; Sugiyama and Suda, 2009).

The normal contact problem consists of determining the surface contact area
and the existing stress. Hertz (1882) contact theory assumes an elliptical contact
area and a semi-elliptical stress distribution, assuming frictionless surfaces,
constant curvature, and no plastic deformations. For more detailed analyses,
Multi-Hertzian contact assumes an area constituted of multiple ellipses (Pascal,
1993), and Non-Hertzian contact assumes a semi-elliptical stress distribution
in the direction of movement (Ayasse and Chollet, 2005; Meymand et al., 2016;
Quost et al., 2006).

The tangential contact consists of evaluating tangential forces due to rolling
friction, i.e. from the fact that between two contacting bodies, there may exist,
simultaneously, areas adhering and others slipping. This problem was exten-
sively addressed by Kalker (1967, 1979, 1982), who developed the CONTACT
and FASTSIM programmes, and, ultimately, the USETAB lookup tables (Kalker,
1996). This method of storing precalculated tangential creep forces, for the
purpose of being interpolated during the dynamic analysis, is also used by
Montenegro et al. (2015).

2.4 PROBABILISTIC ASSESSMENT OF RUNNING SAFETY ON BRIDGES

The assessment of safety of civil engineering structures, whether regarding
ultimate or serviceability limit states, is seldom a matter of plainly calculating
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actions to be compared to documented resistance values. Instead, a level or
threshold of risk is involved, which is a consequence of the uncertainties
associated with the problem. These relate to material’s physical and geometrical
properties, modelling approximations and simplifications, statistical estimations
and even human factors (Henriques, 1998). The inclusion of uncertainty into
structural safety assessment can be categorized into the following levels:

¢ Level o: Purely deterministic
¢ Level I: Semi-probabilistic
¢ Level II: Reliability techniques

e Level III: Simulation methods

2.4.1 Purely deterministic and semi-probabilistic methodologies

Historically, structural safety assessment frameworks reflect the accumulated
generational knowledge of past building endeavours. This empirical way of
work was the accepted way of work until the 19th century, when a scientific
method came into existence, combining the novel understanding of elasticity
theory with some added safety. Designating the action’s stress component by
or and the material’s limit of resistance by o, and considering a safety factor
s this deterministic relation can be given as:

or < IR (2.64)

s
This method depended on practical experience to dictate its safety factors.
It relied on assumptions on the elastic behaviour of structures that do not
necessarily translate into an accurate analysis of failure. The need to mitigate the
shortcomings on both the action and resistance sides lead to the development
of a semi-probabilistic approach.

The semi-probabilistic approach includes using characteristic values and
partial safety factors, which translate the uncertainty of the assessment problem.
Considering that the load effects follow a normal distribution E ~ N ( UE, (T%),
the characteristic load Ej corresponds generally to the 95th percentile, so that:

@ <E";”E> — 095 o (2.65)
E

Ee—HE 1 645 o
UE

& Ex ~ ur + 1.6450¢
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where @ is the standard normal distribution (zero mean and unit variance).
Similarly, the characteristic value of resistance is usually given as the s5th
percentile of its normal distribution R ~ N (ug, 03) as:

@(J”_&>:a% N (2.66)
OR
o PR= Rk 1645 o
OR
4 Ry ~ UE — 1.6450¢

A schematic representation of these distributions and values can be seen in
Figure 2.26. The aforementioned partial safety factors are the product of higher-
detailed probabilistic analysis and can differ according to the considered limit
state. For load effects and resistance, they are designated, respectively, as
and vr. The verification of safety is a comparison between the design values of
the actions’ effects, E;, and resistance, Ry:

Es <Ry < (2.67)

& veE < R
TR
Although incorporating the statistical variability of parameters as an indicator
of safety, this methodology does not accurately describe structural behaviour
near failure. Probabilistic methodologies are presented in the following sections
to include the risk assessment of actual failure.

Je(e)
Jr(®)

e E, Ry M E R

Figure 2.26: Characteristic and mean values of actions and resistance.

2.4.2  Probabilistic methodologies

2.4.2.1  Analytical approach

In a probabilistic assessment framework, both actions, E, and resistance, R, are
seen as random variables, and the probability of failure Py is defined as:

P; = P(R < E) (2.68)

which can be understood as the probability of not complying with a certain
limit state condition. Considering the probability density functions (PDF) of the
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actions, fg, and of the resistance, fg, their joint PDF, frg, and a failure domain
D (assuming E and R are independent, allowing the joint PDF to be taken as
the multiplication of the independent PDFs), Pr can be given as:

pp= [ fretredrde= [ [ i) fete) di de (260

Taking the cumulative distribution function (CDF) of R as:

Fr(r) = /_roo fr(y) dy (2.70)

this gives the probability of failure:

Pr= [ "B fele) e (2.71)

This convolution integral, of which Figure 2.27 illustrates a graphical interpreta-
tion, can only be solved analytically if both E and R follow, for instance, a nor-
mal distribution. In this case, a new random variable M = R — E (known as the
safety margin) can be obtained by combining E and R so that M ~ N(pm,0%),
where py = pr — pg and 03, = 03 + o2. Therefore, the probability of failure
can be written as:

ﬂzmkgm:mMgm:¢<m”M> (2.72)

oM

Figure 2.27: Convolution integral of the probability of failure (adapted from Melchers,
Robert (1999))

2.4.2.2  Reliability approach

THE RELIABILITY INDEX  Substituting y)1 and o by their definitions on the
right side of Equation 2.72, gives:

&@(W”)¢(m (2.73)

/52 2
O + 0%
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This parameter 8, known as the reliability index (Cornell, 1969), is represented
alongside the safety margin distribution in Figure 2.28, and can be expressed
as:

p=EM

o (2.74)

Ju(m)
Failure Bou ; Safety
0 Y2573 m

Figure 2.28: Reliability index on the safety margin distribution (adapted from Melchers,
Robert (1999)).

Considering the replacement that can transform a random normally dis-
tributed variable X into a standardized normal variable Yx:

ox

Yx (2.75)
the safety margin can be expressed according to the standardized actions Yg
and resistance Yy as:

M = pg + Yrogr — pig — YE0E (2.76)

Observing Figure 2.29, the point closest to the origin is Py*, and it is known
as the design point, which is the most likely to occur in the limit state. Since
this point is at a distance 8 from the origin, the reliability index can be thought
of as a vector with direction cosines ag and ag. These serve as indicators of the
index’s sensitivity towards each variable and are given as:

IM /Yy oR
V (OM/3YR)? + (aM/aYs)?  \/oh + 0
M /dYr oF

XE = - — (278)
VOM/YR)? + @M/aYe)?  \Joh+ o

Furthermore, considering a safety margin function that is a linear combina-
tion of n normally independent distributed random variables with weight a so
that:

M =ag+ ) _ a;X; (2.79)
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Figure 2.29: Design point and reliability index direction cosines (adapted from Cre-
mona (2013)).

and its mean E and variance V:

n
E(M) =ap+ ZaiE(Xi) (2.80)
i=1
n
V(M) =Y atV(X)) (2.81)
i=1
the reliability index in this situation is given by:
B = _EM)_ (2.82)
V(M)

Substituting the X variables with their respective standardized forms Y, the
direction cosines can be obtained with:

N = aM/aYl . a;0x;
i . 5 2
VI @MY ()

SECOND-MOMENT RELIABILITY The previously described methodology
applies to particular cases when the limit state can be described as a linear com-
bination of independent normally distributed random variables. However, this
does not describe most situations where the limit state is non-linear. Nonethe-
less, a linear approximation is possible. A limit state function g(X’) can be
evaluated by a first-order Taylor expansion in a design point X* as:

() = g(x7) + 1 5

(2.83)

(X = X7) (2.84)

X*
Considering hypothetical correlation coefficients p, the Basler-Cornell reliability
index B¢ is defined by:

o E(g) _ §(A) + XL 3¢ X*'(E(XZ) X7) 259
TETX e X gy T
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Since this method’s results are heavily dependent on the chosen design point,
the Hasofer-Lind reliability index B (Hasofer and Lind, 1974) employs
a transformation of the X variables into their standardized form Y, and as
such can be understood as the distance between the origin of the transformed
variable space and a new design point Y*, as:

n
Br-L=—) Yia (2.86)
i=1

where the direction cosines are:

9%
n; = aYi (2-87)

g 2
n
Lz (am)

This linearization is known as the first-order reliability method (FORM). Fig-
ure 2.30 illustrates fy_1, in the case of two standardized variables, Y; and Y>.
Given the non-linear nature of g, finding Y* is an iterative process, in order to
comply with:

oy 88
B yomin ;Oy (2.88)

for which methods such as the Rackwitz-Fiessler algorithm (Rackwitz and
Fiessler, 1978) can be employed.

Y,
Failure
Safety g<0
g>0 N

&

Figure 2.30: Hasofer-Lind reliability index (adapted from Cremona (2013)).

The discussed procedures apply only to normally distributed and indepen-
dent variables, and therefore, some modifications must be employed if the
variables are otherwise presented:

¢ In the case of the variables being non-normal, they can be equated into
normal distributions, e.g. by applying the Paloheimo transformation
(using a normal distribution that keeps the same mean value and a
carefully selected percentile close to Pf) or the normal-tail transformation
(that matches the original and transformed normal functions” PDF and
CDF);
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¢ If the variables are normally distributed but present some degree of corre-
lation between them, it is necessary to transform them into uncorrelated
variables. To do so, a transformation matrix can be applied, comprising
the eigenvectors of the original variables” covariance matrix or a Cholesky
decomposition.

* Should the variables be correlated but present non-normal distributions,
they can be transformed using methods such as the Rosenblatt transfor-
mation (using a series of conditional PDFs to materialize the joint PDF)
or the Nataf transformation (employing only the marginal distribution
functions and correlation matrix).

The FORM lacks in translating the curved nature of a limit state’s function.
Since it linearizes the limit state on the design point, this method does not
take into account the different probabilities of failure associated with a curved
limit. Conversely, the second-order reliability method (SORM) is sensitive to
curvatures by incorporating a second-order Taylor expansion at the design
point:

s = g(x)+ 3 | - x0)
i=1 l X
Lo X) (2.89)

Breitung (1984) proposes an approximated second-order probability of failure
Py, using the principal curvatures at the design point «;:

n

P, =®(—p) - [T +p-x) "> (2.90)

i=1
Figure 2.31 illustrates the FORM and SORM approximations to a non-linear
limit state.

Y,
\ Failure

Safety N

\*:\\ Limit state
/ / N
\J = Y;

Approximations:

First order —

Second order -——-

Figure 2.31: First and second order approximations (adapted from Cremona (2013)).

2.4.3 Simulation approach

The reliability-based approaches presented so far rely on the ability to describe
the limit state function explicitly, enabling derivatives to be taken. Neverthe-
less, in applications related to structural analysis, namely high-speed railway
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bridges, the response surface is usually highly non-linear and reflects the un-
certainties arising from the variability of the structural systems” mechanical
and geometrical properties. The implicit nature of the limit state as a function
of the problem’s variables calls for the employment of simulation techniques,
in which a discrete number of deterministic problems are calculated, given a
sample of the random variables.

2.4.3.1 Monte Carlo Simulation

CRUDE MONTE CARLO In its simplest form, a Monte Carlo simulation is
conducted by sampling each of the problem’s variables N times and checking
if the desired limit condition g is met for each set of randomly selected values.
If n sets of values produce systems that fall on the unsafe side of the limit state
(¢ <0), the probability of failure is approximated by:

n

Pf =N (2.91)

I

Py

To conduct these trials, the problem’s random variables X must be well
described according to their probabilistic characteristics, as their PDF fy(X),
so that the generation of random values §; is possible. These can be obtained
from random numbers u; occurring in a uniform distribution U € 0,1 as
follows:

e For a uniform discrete random variable R = {k,k+1,...,n}, the random
integers r; are given by

ri=Int(n-u;)+k (2.92)
where Int is a function that returns the integer part of a number.

¢ For continuous distributions with known analytical CDFs Fy, the random
values x; are obtained with

x; = Fy M (u)) (2.93)
* For standardized normally distributed random variables, using the Box-

Muller transformation, a pair of random values z; and z; is given by:

)'/2 cos(27tuz) (2.94)

sin(27tuy) (2.95)

z1 = (—2Inwuy

zZ1 = (—21nu1)1/2

Considering the obtained random values and an evaluation function I with a
value 1 if ¢(&X') < 0 and value 0 otherwise, Py is approximated by:

A .

_ ~p _ Lisil[g (A7) <0]
Pr= [ gy 1800) < O f(X)aX 2 Py = > (2.96)

This form of the Monte Carlo simulation is known as Crude Monte Carlo,
given that it only depends on the number of simulations N to obtain good
enough results. Therefore, an important step is to evaluate the accuracy and
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efficiency of the simulations. Considering each simulation as a Bernoulli trial,
the coefficient of variance (CV) of Py is given by:

(1 Py)P;
CVp = N — (2.97)
f
Consequently, it can be concluded that the higher the number N is, the lower
CV is, therefore giving a more accurate simulation. Conversely, as the number of
realizations rises, so does the computational cost of running those calculations.
As such, an adequate number of simulations must balance both accuracy and
efficiency.
For a confidence interval C, Broding et al. (1964) suggest a number N given
by:

Py

Another approach, by Bjerager (1991), gives:

1 10
P7f <N< Ff (2.99)
ENHANCED SAMPLING Generally, a crude Monte Carlo simulation yields a
noteworthy variance of the approximate probability of failure. Since, in most
cases, the target probabilities of failure are considerably low, the simulated
results of the sampled variables fall in a region far from the limit state, con-
tributing to the dispersion of results. Considering the variance of ﬁf given by:

Var [I(g(X) < 0)]
N

one way of reducing it would be to increase the sample size N. Since this esca-
lates the computational cost, another approach is to employ variance reduction
techniques by improving the manner by which the samples are obtained.

If there is some knowledge or sufficient estimation regarding the limit state’s
region that contributes the most for the evaluation function to give non-positive
values, an importance sampling density function /(') can be applied, giving a
probability of failure and the corresponding estimate of:

Var [Pf] = (2.100)

_ fr(X) Lo Thllg(#) <0 p k)
Pf—/g(X)<OI[g(X) < 0] gy h(X)ax = by = N 3

(2.101)

using i ing, . vari i v :
In turn, using importance sampling, the estimate’s variance is given b

Var N / X)<0 h

and therefore the variance can be fairly reduced if an accurate sampling function
is selected.

(2.102)
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Alternatively, variance can be reduced by using stratified sampling. This
concept partitions the sample domain () into m number of strata, so that:

Q=U",0; (2.103)
and each interval has an associated probability of failure given by:
Py = [ fe(2)n(X)d() (2.104)
In each region, (};, with N; simulations, the probability of occurrence is P;, and
the approximation of the probability of failure is, therefore:
m

Pr=),

j=1

Pj% ; I[g(X;) <0] (2.105)

Using this form of stratified sampling, the variance becomes:

. m P2g2
Var [Pf] = X; 3\](? (2.106)
where
1 P
2 4 2 i
7t = 5 [, SO~ (2.107)

1

Thus, the overall variance can be reduced if the stratification process adequately
foresees the failure region.

A specific form of stratified sampling, developed by McKay et al. (1979), is
known as the Latin Hypercube. In this method, the stratification process must
ensure that the probability of occurrence of each of the strata is equal. Then, a
random value for each interval in each variable is taken as a representative. The
combination of sample points is made so that no representative value is taken
twice (each stratum contributes a single time to the simulation). Figure 2.32
presents a graphical interpretation of this approach, where each dot represents
a sample.

2.4.4 Enhanced methodologies

Given the computational costs that scale according to the quantity of Monte
Carlo simulations required for a given problem, considering structural reliability
assessment purposes, where the considered probabilities of failure are residual,
efforts have been made in order to reduce the number of needed simulations.
Thus, the methods presented in this section focus on the edge regions of the
limit state’s distribution functions, for which regular Monte Carlo simulations
may not provide sufficient information.

2.4.4.1 Tail modelling

To extract the same information from a lower number of sample points, it is
conceivable to fit a CDF to the obtained data points. This must be done carefully
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Figure 2.32: Latin Hypercube Sampling.

since, in structural reliability problems, the interest is on the lower probabilities
side of the cumulative distribution, i.e. the left-hand tail. With insufficient data
points, a fitted distribution that satisfactorily represents the middle part of the
results does not necessarily do the same for extreme values. Therefore, while
a normal distribution can be a good fit for approximating the central values
of sampled results, for the purposes of tail modelling, the Generalized Pareto
Distribution (GPD) is applicable. This right-skewed distribution is a function of
shape and scale parameters, ¢ and ¥, and for a designated exceedance z, its
CDF is given by (Ramu et al., 2010):

1

() = 1—(14;%)_5 if ¢ #0

Fey(z (2.108)

1—e<_¢> if ¢ =0

Other functions can also be employed to model a distribution’s tails. Rocha
(2015) presents a formulation of a sigmoid function with fitting parameters b, c,
d, xp and vy, that gives a probability P of:

<x—x0> ¢
a+e b

The author calls attention to the importance of choosing an appropriate thresh-
old to fit a tail modelling distribution, for it can accentuate the central values
if it is too low or, conversely, be too dependent on the few data points on the
extreme ends if it is too high. To overcome that matter, the same author uses a
set number of data points of the tail for estimating a regression.

Pr(x) =yo + (2.109)

2.4.4.2  Extrapolation of the probability of failure and confidence interval

An enhanced Monte Carlo simulation methodology was presented by Naess
et al. (2009), in which the number of simulations needed to estimate small
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probabilities of failure is reduced. From the safety margin M, an extended class
is defined by a scale parameter 0 < A <1 as:

M) =M—pupm(l—A7A) (2.110)

For a given value of A, there are N¢(A) sampled experiments that fail the design
condition, and therefore the estimated probability of failure and respective Cv
are given by:

A N¢(A
Pr(A) = ];\(7) (2.111)
1—Pf(A)
Cfo(/\) = W (2.112)
Consequently, the 95% confidence interval is given by:
C* = Pp(V) (1£196 - CVj 1)) (2.113)

Considering an approximation function q(A), Pr is approximated by:

Pr(A) ~ q(A)e "0 11
H(A) = q(A)e (2114)
and afterwards, g(A) is taken as a value g, for A\j < A < 1. Thus, the fitting
function depends on four parameters (a, b, c and q). Determining them is a
matter of minimizing a mean square error function, with weights w; for a series
of values in the appropriate interval:

M

F(a,b,c,q) =} wj (log Pr(A;) —logq +a(A; — b)c)2 (2.115)
=1

w; = (logC*(A;) —log C_()\]-))_2 (2.116)

Furthermore, fixing b and ¢ transforms the problem into a linear regression.
So, considering X and y; as:

xj = (Aj—b)* (2.117)

y; = log Pf(Aj) (2.118)

the optimal values of 2 and log g are given by:

_Zjl\il wj(x; — %) (y; — 7)

a*(b,c) = Zj]\il wi(x; — %)

(2.119)

logg*(b,c) =y+a*(b,c)x (2.120)

To find the optimal b* and c*, and the corresponding a* and g%, the Levenberg-
Marquardt algorithm can be applied to the function:

F(b,c) = F(q*(b,c),a*(b,c),b,c) (2.121)
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2.4.4.3 Subset simulation

Subset simulation is a technique developed by Au and Beck (2001) to assess
small probabilities of failure by breaking the failure event F into conditional
intermediate events F;. The goal is to effectively compute the probabilities of
these situations and consequently reduce the number of samples needed as an
alternative to importance sampling, which the authors point out is not feasible
to higher dimension variable spaces. Considering a division into m intermediate
fail events, the probability of F becomes:

m—1

Pr = P(F) [ ] P(Fi1|F) (2.122)
i=1
While with simple Monte Carlo simulations a small probability of failure
implies using numerous sample points, with this partitioning, a small probabil-
ity can be seen as the product of more considerable intermediate probabilities,
for which the calculations are not as costly. Nonetheless, for the determination
of the intermediate’s events probabilities, the authors detail a Markov Chain
Monte Carlo (MCMC) simulation, using a Modified Metropolis Algorithm (MMA)
to account for a large number of independent components.
This methodology can be applied by reproducing the following steps:

1. Estimate the probability for the first event P(F;) with P; by using a direct
Monte Carlo simulation (similar to Equation 2.96);

2. With the samples from the first step, which are distributed with a PDF
q(-|F1), other Markov chain samples can be simulated with the MMA,
guaranteeing that they keep the same PDF;

3. With these samples, estimate P(F,|F;) with the estimator P;

4. In F,, use the samples (that have PDF 4(-|F;)) to get more samples, in
order to estimate P(F3|F,);

5. Repeat until the final event.

6. The probability of failure is estimated by:
~ m ~
Pr = HPz' (2.123)
i=1

A visualization of subset simulation, based on Zuev (2013), is given in
Figure 2.33. The same authors offer a useful description of the MMA to generate
the following level’s samples X from the current’s x:

1. Generate a candidate state ¢, for each of the k number of variables:

a) Use a proposal PDF gy (such as a Gaussian distribution centred at the
variable’s current value x;) to obtain new values 77 ~ g (-|x¢);

b) Using a typical Gaussian PDF ¢, calculate the acceptance ratio

Tk = i EZ:; (2.124)
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¢) Generate a random number between o and 1. If this number is
less than min {1, ¢}, the candidate state is accepted for the current
variable (&x = 77x). Otherwise, the variable’s value is kept (& = x¢)

2. If the candidate state is inside the current failure domain (¢ € F;), accept
the candidate (¥ = 7). Otherwise, keep the original state (¥ = x).

(@) (b)

() (d)

Figure 2.33: Subset simulation illustration. (a) initial crude Monte Carlo; (b) the two
states closest to F determine Fj; (c) new samples are generated with the
MMA,; (d) F, is determined. (adapted from Zuev (2013))

In subset simulation applications, it is noted that special attention must be
given to the choice of the PDFs and of the intermediate failure events. To comple-
ment subset simulation, Bourinet et al. (2011) propose a methodology entitled
2SMART (Subset simulation by Support-vector Margin Algorithm for Reliability
esTimation) which employs Support Vector Machine (SVM) classification. The
authors significantly reduce the number of necessary samples, especially in
high dimensional spaces, by using SVM classification (instead of crude Monte
Carlo) to assess each step’s probability of failure. This allows the new samples
to be obtained from an active learning scheme rather than from a passive one.
By carefully selecting informative points, the SVM classifier is iterated without
the addition of a large number of samples.
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2.4.5 Application to design norms

Some methods discussed in this chapter have normative importance in current
design codes. These standards serve the purpose of setting limit states, whether
ultimate or serviceability limit states and issuing the design rules to provide
solutions on their safe side. The amount of safety associated with each limit
state and method of calculation is the result of a careful balance between design,
cost and the desired reliability. Currently, norms such as the Eurocodes use
mainly semi-probabilistic approaches (as described in Section 2.4.1), and therein
reliability is integrated into partial safety factors.

2.4.5.1 Target probabilities of failure

The subject of determining the target probabilities of failure (or reliability in-
dices) of rare calamitous events is a task left to the decision-makers in charge
of the various codes and norms. However, the accepted amounts of risk re-
flect society’s sensitiveness towards the occurrence of said events, especially
when dealing with ultimate limit states that put human lives at risk. Account-
ing for the cost associated with lowering the probabilities of failure arises a
matter of optimizing this balance. To distinguish risks, the EN 1990 (CEN,
2023a) establishes five consequence classes (CC) as follows (adapted from CEN

(2023a)):
* CCjy: Extreme consequence for loss of human life or personal injury and
huge economic, social or environmental consequences.
- Examples: nuclear power plants or dams.
¢ CC3: High consequence for loss of human life or personal injury and very
great economic, social or environmental consequences.

- Examples: buildings or parts of buildings where a very large number
of people could be affected by failure, like grandstands, concert halls,
or high-rise buildings.

¢ CC2: Medium consequence for loss of human life or personal injury and
considerable economic, social or environmental consequences.
- Examples: buildings or parts of buildings not covered by CC1 or
CCs.
¢ CC1: Low consequence for loss of human life or personal injury and small
economic, social or environmental consequences.
— Examples: buildings or part of buildings where very few people
could be affected by failure, such as agricultural or storage buildings.
¢ CCo: Very low consequence for loss of human life or personal injury and
insignificant economic, social or environmental consequences.

- Examples: elements other than structural.
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These CC refer to structural members, with the requirement that individual
members may be associated with different CC than the rest of the structure. In
Annex A of the EN 1990, railway bridges on main lines are classified in CC3a
(lower CC3).

Associated with CC1, CC2 and CC3, the EN 1990 norm presents minimum
values of the reliability index B (and approximated Py) in Annex C, as listed in
Table 2.18, (for an ultimate limit state), for two different reference periods.

REFERENCE PERIOD

CONSEQUENCE CLASS 1 year 50 years

CC3 52 (Pr~1077) 4.3 (Pf~107°)
CC2 4.7 (Pr=107%) 3.8 (Pf~107%)
CC1 42 (Pr~107°) 3.3 (Pf~5x107%)

Table 2.18: Minimum values of B (adapted from CEN (2023a)).

Furthermore, the norm sets a factor kr to differentiate actions by reliability.
This can be applied to safety factors yr used on fundamental combinations. For
consequence classes CC1, CC2 and CC3, kr it is, respectively, 0.9, 1.0 and 1.1 (it
is noted that for bridges, CC3a corresponds to a kr of 1.0).

Although the discussed target reliability indices (and associated probabilities
of failure) apply only to the design phase of new structures, other codes provide
guidance for the assessment of existing structures. The Probabilistic Model
Code from the Joint Committee for Structural Safety (JCSS) (JCSS, 2001) presents
three consequence classes depending on a ratio p between total costs (including
the cost of failure) and construction costs (adapted from JCSS (2001)):

¢ Class 3 Large Consequences (p between 5 and 10): Risk to life, given a
failure, is high, or economic consequences are significant.

— Examples: main bridges, theatres, hospitals, high rise buildings.

¢ Class 2 Moderate Consequences (p between 2 and 5): Risk to life, given a
failure, is medium or economic consequences are considerable.

— Examples: office buildings, industrial buildings, apartment buildings.

* Class 1 Minor Consequences (p less than approximately 2): Risk to life,
given a failure, is small to negligible and economic consequences are
small or negligible

— Examples: agricultural structures, silos, masts.

Table 2.19 presents the target reliability indices (as well as corresponding
probabilities of failure) for these consequence classes (considering an ultimate
limit state and 1-year reference period), depending on the relative cost of safety
measure. For serviceability, this code gives a target reliability of 1.3 if the relative
cost of safety measure is high, 1.7 if it is medium, and 2.3 if it is low.
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CONSEQUENCE CLASS

RELATIVE Class 1 Class 2 Class 3

COST OF

SAFETY MEA-

SURE

Large 31 (Pp~1073) 33 (Pra5x107) 37 (Pra~107%)
Normal 37 (Pr~107%) 4.2 (P~ 107°) 4.4 (Py~5x107°)
Small 42 (Pr~107°) 4.4 (PF~5x107%) 4.7 (Pf~107°)

Table 2.19: Minimum values of B (adapted from JCSS (2001)).

2.4.5.2 DPartial safety factors

Since the Eurocodes incorporate reliability through the use of partial safety
factors, the EN 1990 provides guidance for their calibration. Considering the
verification of safety in Equation 2.67 and the direction cosines of Equation 2.77
and Equation 2.78, the safety check regarding a target reliability index B¢ can
be rewritten as:

UR — Bo®ROR > HE + BoXECE (2.125)

This formulation is applicable to the linear combination of two normally inde-
pendent distributed variables. Annex C of the EN 1990 states the design values
for this and other distributions (adapted from CEN (2023a)):

e Normal distribution:

U —apo (2.126)

* Lognormal distribution with CV = ¢/ < 0.2:

pe PV (2.127)
e Gumbel distribution with u = y — 0577 anda= "~
oV6

u— %ln{— In®(—ap)} (2.128)

For the direction cosines, if 0.16 < 0g/0og < 7.6 the norm indicates a value of
-0.7 for ar and 0.8 for ag. If the actions are the result of several variables, for
the non-leading variables, « is given as 0.4 x 0.7 = 0.28.

2.4.6  Application to railway bridges

Railway bridges are crucial parts of rail lines, and the possibility of their
failure not only causes economic losses due to the suspension of operation but
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also poses a risk to human life if derailment happens. Therefore, the socially
acceptable probabilities of failure are low. However, the study of a reliability
problem with low target probabilities and complex models can come at a
significant computational cost.

In recent years, researchers have worked on techniques to solve these prob-
lems in computationally efficient ways. Mao et al. (2016) have employed the
Probability Density Estimation Method (PDEM) as an alternative to the Monte
Carlo Method to determine vibrations in a train-bridge interaction model, in-
cluding irregularities and assuming always maintained contact between the
wheels and the rails. From initial representative values of random variables,
the authors obtain time-history probability density functions of the response,
improving efficiency without compromising accuracy. The authors found the
random nature of the train’s load and of the concrete’s elasticity modulus to be
the most influential, as opposed to damping and structural mass, which can,
therefore, be regarded as deterministic. The same method is used by Bittner
et al. (2024) with a simplified 2D bridge model, by Xu et al. (2023) for assessing
wind effects, and by Xin et al. (2020), who demonstrate with 3D interaction
analysis that results with a sample size of 195 for the PDEM are similar to Monte
Carlo sample sizes of 3,000 to 5,000 (as can be seen in Figure 2.34). In the same
study, an approach to sensitivity analysis of input parameters is presented, with
the authors concluding that the combination of different parameters controls
sensitivity more than the individual effect of each of them. Another method,
the Response Surface Model (RSM), is utilized by Park and Towashiraporn
(2014) for risk assessment of railway bridges subjected to seismic actions.
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Figure 2.34: Comparison of PDEM and Monte Carlo for lateral car body acceleration.
(a) mean y; (b) standard deviation ¢. (adapted from Xin et al. (2020))

Concerning train-bridge simulations, Rocha et al. (2016) evaluated the wheel
unloading coefficient as a safety indicator, using GPD (exemplified in Fig-
ure 2.35) in conjunction with the Monte Carlo method. For target probabilities
in the order of 10~* (a target from the JCSS), the authors were able to estimate
probabilities with sample sizes of 20,000. Allahvirdizadeh et al. (2020) present
another approach for calculating the probability of exceedance of a limit state,
employing the FORM, which is suitable for problems that can be described
analytically. In that study, it is found that the deterministic approach doesn’t
provide a constant safety level and that reliability is sensitive to the deck’s
moment of inertia and to the vehicle’s car-body length. A semi-probabilistic
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method comparable to FORM is devised by Grigoriou and Brithwiler (2016),
using data from a monitoring campaign.
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Wheel unloading coefficient

Figure 2.35: Fitted GPD of wheel unloading coefficient at 405 km/h (adapted from
Rocha et al. (2016)).

Salcher et al. (2014) address the uncertainty of damping, temperature and
of the material and geometrical properties through line sampling and Latin
hypercube sampling. Later, Hirzinger et al. (2019) add subset simulation and
asymptotic sampling as alternative methods. To assess probabilities of failure
in the order of 1073 (considering a serviceability limit state), the authors find
an equivalence between a Monte Carlo simulation and line sampling with a
sample size of two orders of magnitude smaller. To account for the effects of
random rail irregularities, Salcher and Adam (2020) compare subset simulation
results (illustrated in Figure 2.36) with a fitted analytical response on a small
number of Monte Carlo trials. Another study on the probabilities of exceedance
of bridge acceleration, by Hirzinger et al. (2020), considers the speed range as
another source of variability. The authors measure probabilities of failure using
different metrics, including a weighted probability of failure.
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Figure 2.36: Probabilities of failure p; and exceeded acceleration 4 at 85 m/s with
random rail irregularities. (a) random phase angles; (b) random amplitudes.
(adapted from Salcher and Adam (2020))

2.5 CONCLUDING REMARKS

The documents presented in this chapter, regarding norms, dynamic analysis
methods, and probabilistic analysis, establish the basis to study the problems
listed in Section 1.3. The review of literature conducted in the present chapter
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allows the identification of research gaps in the topics that motivate the next
chapters in this thesis. In the case of Eurocodes, which are essential tools used
daily across Europe, it is worth noting that they are not immutable, as they are
frequently discussed and are currently under revision (CEN/TC 250, 2023).

Concerning the EN 1991-2, it is noted that it lacks in defining some HSLM
parameters. The accuracy of its limits of validity can also be questioned, as well
as the load model’s readiness for new and future trains. This can be achieved via
a stochastic study of the dynamic effects of different load models in comparison
to the current HSLM-A envelope. In the same norm, the dispositions that call
for higher and lower bounds estimates for a bridge model’s mass and stiffness
can also be clarified with parametric studies of the influence of geometric,
material, and mechanical random variables.

In the EN 1990, the limits for vertical deck acceleration in both ballasted and
ballastless bridges appear to be based on an arbitrary safety factor of 2.0. On
ballasted tracks, considering that there is an experimentally assessed physical
limit for the acceleration above which track instability can occur, it is worth
investigating what the permissible acceleration could be and, by extension, the
safety factor associated with it. This evaluation must be made in terms of an
acceptable probability of failure (considering the possible consequences of mal-
function and maintenance costs), constituting a reliability assessment problem.
The employment of enhanced simulation techniques is key to performing such
a study, avoiding computational and time constraints.

Also in the EN 1990, for ballastless tracks, the possible assumption that
vertical accelerations of about 1 g may cause loss of wheel-rail contact is subject
to questioning. This can be addressed by comparing deck acceleration with
explicit derailment criteria. The calculation of such indicators is made with the
knowledge of wheel-rail contact forces, for which the utilization of complex
TTBI models is necessary.
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PROBLEM 1: IDENTIFICATION OF THE HSLM
LIMITATIONS

3.1 INITIAL CONSIDERATION

To generalize the design of railway bridges subjected to significant dynamic
effects caused by the train passages, usually those designed for speeds greater
than 200 km/h, the European Commission’s regulation on the TSI for infrastruc-
ture (European Comission, 2002) states that these structures must be checked
through the High-Speed Load Model (HSLM), from the EN 1991-2 (CEN, 2023b).
Despite the model’s popularity and regular usage (Museros et al. (2013) state
that it is “probably, the most popular articulated train prescribed by regula-
tions”), there has been discussion surrounding its limitations and applicability,
as mentioned in Section 2.2.5. Based on such discussion, the following research
questions arise:

1. Is the current HSLM suited to represent future (and existing) trains that
do not necessarily respect its limits?

2. How well do the 10 HSLM-A train configurations cover the dynamic
effects of all possible articulated, conventional, and regular trains that
they are meant to do?

3. Does the lack of definition of some HSLM limiting parameters, such as
the distance between the centres of bogies between adjacent vehicles dpg
in conventional trains, affect the evaluation of these same limits?

In this chapter, attention is given to the first question by systematically
checking how the HSLM covers, or not, the effects caused by trains defined
within a wider parameter interval than that defined in the norm. Regarding the
second one, the effects caused by a vast set of randomly generated train load
models with properties within the limits specified in Annex E of the EN 1991-2,
both articulated, conventional and regular, are compared with those caused by
the HSLM. Such comparison is performed both in terms of analytical signature
envelopes of both sets, as well as with a complete numerical dynamic analysis
carried out in a specific case study bridge to explicitly compute its maximum
acceleration response and compare it with the HSLM acceleration envelopes.

An optimised method to perform dynamic moving load analyses is also
proposed to increase computational efficiency. Moreover, the lack of definition
regarding some geometrical parameters in Annex E of the EN 1991-2 raised
in the third question, especially the distance dgs in conventional trains, is also
addressed in this chapter to analyse how this issue may affect the validity of
the HSLM.

The work presented in the current chapter was initially developed in the
context of the IN2TRACK?2 (2018) project to raise awareness for this issue.

67



68

PROBLEM 1: IDENTIFICATION OF THE HSLM LIMITATIONS

Alternative dynamic load models were later proposed in the IN2TRACK3
(2021) project and in a project from the German Federal Railway Authority
(Reiterer et al., 2022; Vorwagner et al., 2021). This chapter also reflects the work
developed in Ferreira et al. (2024b) (Appendix A) and is structured in five
sections. The methodology to compare the HSLM effects with those caused by
the theoretical trains randomly generated through the procedure stipulated
in Annex E of the EN 1991-2 is presented in Section 3.2, with the dynamic
assessment methods being described in Section 3.3. The numerical models used
are described in Section 3.4, while Section 3.5 is dedicated to the results obtained
in the preliminary analysis performed with the train signature technique and
in the complete dynamic analysis carried out with the case study bridge. The
main conclusions are summarized in Section 3.6, and recommendations for
future work are proposed.

3.2 METHODOLOGY

The methodology presented in this section addresses the questions listed in
Section 3.1, with the goal of evaluating how well the HSLM-A covers train load
models made possible by Annex E of the EN 1991-2 (CEN, 2023b) and also
other trains whose properties fall outside those limits, to account for potential
future vehicles.

The proposed methodology consists firstly of creating two sets of randomly
generated load model configurations:

SET A :load models that abide by the EN 1991-2"s limits;

SET B :load models obtained by considering wider limits than the norm’s to
account for already existing non-abiding trains (such as the ICE4 with its
coach length D of 28.75 m (Glatz and Fink, 2021)) and for future trains.

The sets are created for each of the three train types, as detailed in Section 3.4.2
(sets A, and B, for articulated trains, A, and B, for conventional trains, and
A, and B, for regular trains). Afterwards, the dynamic signatures of all ran-
domly generated trains and HSLM-A universal trains can be calculated using
Equation 2.44. Then, to validate the conclusions and provide further discussion,
the dynamic response of all random trains is obtained for an example bridge,
presented in Section 3.4.1.

Since the SLLS approach (detailed in Section 3.3.2) is being used, only one
dynamic analysis needs to be carried out since all different moving loads results
can be derived from the single load response. The same procedure is done for
the 10 HSLM-A trains, thus allowing for a comparison to be established using
the maximum vertical deck acceleration as a metric.

In this chapter, the selected example is the Canelas bridge. The sample
size for the randomly generated sets is 100,000, the variable’s distribution
is uniform, and the speed range is from 140 km/h to 420 km/h, with 10
km/h intervals (assuming a maximum line speed of 350 km/h, the EN 1991-
2 defines the maximum design speed as 1.2 times that value, which gives
1.2 x 350 = 420). The samples for the random variables (D, dpa, dgs, ec, Dic
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and Dp) are generated using a random number suited for uniform distributions,
scaled to the limits detailed in Section 2.2.1.3.

A representative diagram of this methodology is presented in Figure 3.1. The
single load dynamic response is computed with a custom-built moving loads
analysis application using MATLAB® (2018).

Single load
dynamic respose
m:q:mmmrmﬂm

S . example bridge
ample generation from
random variables v =140 km/h
regular trains articulated and Train 1 v =420 km/h
conventional trains regular trains l
articulated trains P=170 A‘QQHQML
kN .
D dy, dg ventional R . Single Load. .
:"’{V‘””"”” Linear Superposition
rains .
T 100.
{ ec H Dy H D, } P=min{170 kN; rain 100.000
Eq.24} L LU UL
HSLM-A
{Al,...,A10}
Dynamic signatures Store 100.000 max. deck
(Eq. 2.47) acceleration values per

speed and per set (A or B)

v (knvh)

Figure 3.1: Overview of the methodology used for the assessment of the HSLM’s limits
of validity.

3.3 DYNAMIC ASSESSMENT
3.3.1 Train signatures

The concept of a train signature is part of the DER method, introduced by ERRI
D 214/RP 6 (1999). A detailed explanation of the technique can be found in
Section 2.3.3. This expedited approach is used for a preliminary assessment of
the randomly generated trains and of the HSLM-A trains. The signature curves
are obtained with Equation 2.47.

3.3.2  Single load linear superposition

The fulfilment of this chapter’s objectives depends on the ability to perform
several thousand dynamic analyses in varying scenarios. Whether considering
the random variation of a train’s geometrical configuration or the randomness
of bridge characteristics, there are advantages in simplifying the dynamic
analysis process. In the scope of this work, the metric being evaluated in
ballasted bridges is the vertical deck acceleration; therefore, dynamic analysis
with moving loads is sufficient. For this approach, different train models are
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described as a series of individual axle loads and the distances between them,
similarly to how the HSLM is usually represented.

Generally, the first step in such an analysis is to determine the individual
nodal loads for each axle load and rail node. Instead, the proposed procedure
(SLLS) considers the dynamic effects caused by a single moving load of an
arbitrary positive value P, travelling at the desired speed v. The resulting
response (such as an acceleration or displacement time history) is then scaled
to the corresponding axle load and added to the total response, with a time
offset related to the speed and the distance between axles.

An example is presented, considering a simple load model comprising four
axle loads of 147.15 kN each, with a regular spacing of 3 m, running at a speed
of 200 km/h. The overall effect is evaluated on the mid-span displacement of an
11.5 m simply supported bridge. Figure 3.2a depicts the displacement d caused
by a single load, while Figure 3.2b illustrates the multiplication and offset of
that same response. The dashed line in Figure 3.2c represents the sum of these
effects, and the bold line is the response of a separate calculation on which the
entire load model was set to run over the bridge model. The maximum absolute
difference between the results of the two approaches is 3.6312x107°.
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Figure 3.2: Mid-span displacement caused by a single load and combined effect. (a)
single load; (b) four axles; (c) combined response
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The main advantage of implementing this approach is reducing computation
time since the number of necessary time steps can be significantly reduced
(the total running length corresponds only to the bridge model length instead
of the sum of the bridge and train lengths). Also, by calculating the isolated
response of an axle load, any load model response can be replicated by scaling
and superimposing the known effects. The offset in the combination of actions
can reproduce different axle spacings, and the scaling can even be adjusted to
different values in the same load model, e.g. in cases where the loads of the
power car are superior. Furthermore, if after the calculation of the effects for
several load models on a bridge, a new load model is required to be taken
into consideration, there is no need for additional dynamic analysis since the
dynamic equations only have to be accessed once per speed value in order to
save the single axle response.

The limitations of this methodology have to do with the moving load analysis,
limiting its applicability to scenarios with no nonlinear aspects, such as wheel-
rail contact. This leaves out train-bridge interaction analysis and the evaluation
of criteria related to contact forces or car body acceleration. For the scope of the
present work, this means that the discussed superposition method is applicable
to the assessment of deck acceleration on ballasted tracks.

An example application is presented in Figure 3.3 for the HSLM-A1 train. A
single load P = 170 kN moves at a speed v = 200 km /h, causing the mid-span
displacement seen in Figure 3.3a. On a commercially available 4-core computer,
this operation took 149.751 s to complete, and the SLLS response, presented in
Figure 3.3b, was computed in 0.121 s. In comparison, the entire load model of
the HSLM-A1 that produces the response seen in the same figure took 34 min
to be calculated.
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Figure 3.3: Mid-span displacement caused by a single load and combined effect of the
HSLM-A1. (a) single load; (b) HSLM-A1.
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3.4 NUMERICAL MODELLING
3.4.1 Case study bridge

The case study selected for the methodology to be applied to was the Canelas
bridge (a view of its first span and the typical cross-section can be seen in
Figure 3.4). This structure was built in 1996, integrating the Northern Line of the
Portuguese Railway Network. The bridge was selected due to the existence of
previous research work, focusing on both numerical and experimental studies
(Bonifdcio et al., 2014; Pimentel et al., 2007, Rocha et al., 2016), including
fieldwork performed during the In2Track2 and In2Track3 projects (Silva et al.,
2023).

I
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Figure 3.4: Canelas bridge. (a) cross-section (unit: m) (adapted from Pimentel et al.
(2007)); (b) view of the first span.

The Canelas bridge is a filler beam structure made up of 6 simply supported,
11.5 m spans. Each span comprises two independent decks (one for each track),
built with directly cast concrete slabs on nine embedded HEB500 rolled steel
profiles. The track consists of UIC6o rails, wooden sleepers, and a ballast bed.
The decks are supported by sets of neoprene bearings located directly under
the steel profiles on each support.

Since vertical deck acceleration is the only metric to be extracted, a 2D Finite
Elements model of a single deck suffices. The model employed adapts the
approach proposed by Rocha (2015), who developed a model using FEMIX
(2009) applying appropriate technical workarounds regarding the software’s
availability of finite element types (namely by employing specially calculated
artificial material properties to model springs as linear elastic beams). For this
work, ANSYS® (2018) Parametric Design Language was used, utilizing the
following available element types:

¢ COMBIN14: spring-dashpot elements, used in the track (for the stiffness
of the ballast layer and of the rail pads, and also as shear stiffness) and
in the support bearings (accounting for the neoprene layer’s flexibility in
the vertical and horizontal directions);

* MASS21: mass point elements, representing the localized sleepers” mass;
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* BEAM3: beam elements used for the rails and the deck (reduced to a
single beam).

The material and geometrical properties used for the model are listed in
Table 3.1. Structural damping is considered in the model through the setting of
Rayleigh damping factors, using the frequencies of the first and second vertical
vibration modes. On this topic, it is noted that the original EN 1991-2 (CEN,
2003) contained provisions for the adoption of additional damping in bridges
with spans less than 30 m to account for an expected response reduction due to
train-bridge interaction. Even though this statement is currently absent from
the norm (CEN, 2023b), a comparative assessment of this effect is made in a
selected set of analyses (Section 3.5.2.2). The vertical stiffness of the ballast layer
K} is given by Equation 3.1 so that the load distribution effects proposed by
W. M. Zhai et al. (2004) are incorporated.

K, = l 2(lel =) tana if Iy tana < %"
In [(e> (Iy + 2hy tana) / (I, + 2hy, tan )
ly
K, = (3.1)
_ KpiKp : Is
K, = Kp1 £ Ky if hy tana > 5
where
2(l, — Ip) tana
Ky = E 2
= ) 7O+l — )] 62
and
Is(ls — 1y + 21, + 2hy tan ) tan «
Ky = slls =1y 20, b ) Ey (3-3)

Iy — ls + 2hp tan o

Furthermore, load degradation underneath the sleepers was found to have
a negligible effect on the deck’s global response. The stiffness of the spring
elements that represent the support bearings is given by Equation 3.4 for the
vertical direction K;, and by Equation 3.5 for the horizontal direction K. The
equations, given by Manterola (2006) and Rocha (2015), account for all nine
bearings (each comprised of two neoprene layers measuring 0.25 m x 0.15 m
X 0.004 m and four layers of 0.25 m X 0.15 m X 0.008 m). In the equations, n,
is the number of bearings, 1; is the number of neoprene layers in each bearing,
t; is the thickness of each layer, 4 and b the dimensions 0.15 m and 0.25 m
respectively, f; a form factor depending on a and b, and f; a factor for dynamic
loading that depends on G,,.

n
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PROPERTY NAME SYMBOL VALUE UNITS
Reinforced concrete density pc 2.5 t/m3
Concrete elasticity modulus Ec 36.1 GPa
Slab thickness tsiab 0.7 m

Slab width bsiap 4.475 m

Area of the steel profiles As 0.01975 m?
Structural damping ¢ 2% -
Ballast density Ob 1.8 t/m3
Ballast elasticity modulus E, 120 MPa
Ballast layer height hy 450 mm
Load distribution angle « 25 °
Sleeper mass ms 272.5 kg

Rail pad stiffness kp 350 kN/mm
Track shear stiffness ki 2x10*  kN/m/m
Neoprene shear modulus Gy 0.975 MPa
Steel elasticity modulus Es 210 GPa
Permanent loads my 1.4 ton/m
Width of the sleeper underside Iy 0.3 m

Half sleeper effective support le 0.95 m
Sleeper spacing I 0.6 m

Table 3.1: Properties of the FE model.

A schematic view of the FEM model of the Canelas bridge is given in Fig-
ure 3.5. The respective ANSYS® (2018) model is shown in Figure 3.6, simul-
taneously with the shape of the first vertical bending mode. Its frequency is
8.60 Hz, which is in proximity to the 8.70 Hz frequency experimentally assessed
by Bonifécio et al. (2014). The figure also clarifies how two additional 2.3 m
track segments were added on both sides of the deck. These extensions serve
the purpose of providing space for the transition of the moving loads so that
they can begin crossing the deck without being subjected to an abrupt change
in track stiffness.

track shear stiffness rails pads sleepers
i k e

Figure 3.5: Schematic representation of the Canelas bridge model and its variables.
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Figure 3.6: Finite elements model of the Canelas bridge (in blue, the deformed shape
of the first vertical bending mode).
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3.4.2 Load model configurations

The load model configurations presented in this section are devised with the
objective of studying the difference between train configurations that abide by
the HSLM-A's limits (presented in Section 2.2.1.3) and load models outside those
limits. For articulated trains, the sets of random variables are listed in Table 3.2,
where set A, contains the variables as defined in the norm and set B, has the
wider limits, intended to represent the influence of future (and existing) trains
that do not necessarily respect the norm’s limits. The point load value P is set
to its maximum allowed value of 170 kN since the highest value corresponds to
the maximum acceleration registered.

SET A, SET B,
VARIABLE MIN. (M) MAX. (M) MIN. (M) MAX. (M)
D 18 27 15 30
dpa 2.5 35 2 4

Table 3.2: Random variables for articulated trains.

The variables for conventional trains are presented in Table 3.3. As previously
discussed, there are no set limits for variable dgg, and for that reason, its values
on set A; (which stem from the real trains of types A, D and F from ERRI D
214/RP 9 (1999)) remain unaltered on set B.. Since the maximum allowed value
of P for conventional trains is the lesser of 170 kN and the value resulting from
Equation 2.4, all randomly generated samples undergo that check.

As for regular trains, the random variables are itemized in Table 3.4. An
additional variable Dy is here defined to represent the length of each train set’s
first and last coaches. Its limits are the same both in set A, and set B, due to the
same reason considered for variable dgs (which for regular trains represents
the distance between the centremost bogies of the first and last coaches and the
closest axle of the intermediate coach). In both sets, P has a value of 170 kN.
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SET A, SET B,
VARIABLE MIN. (M) MAX. (M) MIN. (M) MAX. (M)
D 18 27 15 30
dpa 2.5 3.5 2 4
dps 55 8.5 55 8.5

Table 3.3: Random variables for conventional trains.

SET A, SET B,

VARIABLE MIN. (M) MAX. (M) MIN. (M) MAX. (M)
D 10 14 8 16

dpa 2.5 35 2 4

Dic 8 11 6 13

ec 7 10 5 12

dps 55 8.5 55 8.5

Dy 15.5 18.5 15.5 18.5

Table 3.4: Random variables for regular trains.

3.5 SIMULATION RESULTS

The simulation results are presented in the current section, following the
methodology described in Section 3.2. Firstly, the results concerning the dy-
namic signatures are given, which are calculated directly from the sampled
distances. Afterwards, the dynamic responses on the case study bridge are
provided. Additionally, for each type of train, the influence of the individual
variables is evaluated by assessing selected samples from sets B,,B,, B. and B,.

3.5.1 Analysis based on train signatures

Given that the case study bridge is a simply supported span, in order to study
the HSLM-A, the following dynamic signatures are presented for wavelengths
starting at 7 m, as per the EN 1991-2. Figure 3.7 represents the envelope of
articulated trains’ signatures for both sets, as the line in red. Each of the 10
light grey lines represents one of the HSLM-A universal trains. It can be seen
that the load model provides good coverage of the complying articulated trains,
particularly above wavelengths of 6 m, while the sampled set B, produces
higher spectra.

For conventional trains, the dynamic signatures represented in Figure 3.8 also
show a better coverage for set A. than for set B.. It appears to exist, however, a
lack of coverage in wavelengths up to 12 m, even for the complying set A,. This
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finding motivates looking into the dynamic analyses to understand whether
this is due to the influence of any variable.

As for regular trains, in Figure 3.9, the shown dynamic signatures lead to a
similar conclusion regarding the difference between sets A, and B,, particularly
in the fact that even in set A, lower wavelengths (up to 17 m) can lead to results
above the HSLM-A’s. On the other hand, the more significant difference to the
HSLM-A dynamic signatures in the 17 m to 30 m range is noted compared to
the previously discussed articulated and conventional train types.

12000 12000
Articulated envelope Articulated envelope
10000 HSLM-A trains 10000 ¢ HSLM-A trains
8000 8000 r
= = "
< 6000 < 6000 f
o o ' A
n n 0
4000 4000 l | ‘ ‘ “
2000 2000 r m “' ' )‘
0 0
15 20 25 30 5 10 15 20 25 30
A (m) A (m)
(a) (b)

Figure 3.7: Dynamic signatures of the articulated trains. (a) set A,; (b) Set B,.
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Figure 3.8: Dynamic signatures of the conventional trains. (a) set A; (b) Set B..
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Figure 3.9: Dynamic signatures of the articulated trains. (a) set A;; (b) Set B,.

3.5.2 Dynamic analysis

The following results represent the entire stochastic dynamic analyses per-
formed on the case study bridge, with the same randomly generated train
configurations that constitute sets A and B for the three types of trains. The
goal is to validate the conclusions obtained from the signature analysis regard-
ing the HSLM coverage and to better understand which variables contribute
the most to the presence of extreme values. The current section reflects a total
of 17.4 million dynamic analyses, i.e. the product of the sample size (100,000),
number of speed values (29) and number of sets of random variables (6 sets:
Aq, Ba, Ac, B, Ay, By).

3.5.2.1 Articulated trains

The results from the dynamic analyses regarding articulated trains are repre-
sented in Figure 3.10, for both sets, where each dot represents the maximum
vertical deck acceleration calculated for each sampled train. The line in full,
which remains unaltered in both sets, is the envelope of the 10 HSLM-A univer-
sal train responses, as per the graph in Figure 3.1. Observing the results, it can
be seen that the sample set generated within the norm’s limits is adequately
covered by the HSLM, apart from a few outliers (which is in accordance with
the findings by Museros et al. (2021)). As expected, the load model does not
cover the resulting values from set B;, especially in higher velocities. This
finding is unfavourable towards the first question listed in Section 3.1, even
though this matter is not the main focus of the study.

To better understand the independent influence of each variable, Figure 3.11
and Figure 3.12 present selections of results from set B,, alternately highlighting
a variable’s influence when it is taken above or below the stated limits of validity
while selecting the complying values for the other variables. From Figure 3.11,
it can be seen that there is a similar contribution from simulated trains whose
coach length is inferior to the limit and due to those that are above it.

As for the distance between axles (Figure 3.12), while its lower values lead to
higher results, its consequences are not as notorious. In fact, as D decreases,



resonant effects become more noticeable in the bridge, taken as the example in

this chapter.
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Figure 3.10: Dynamic response of the articulated trains. (a) set A;; (b) Set B,.
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Figure 3.11: Selected results from set B, highlighting variable D: (a) 15 m < D < 18 m,
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25m <dgyg <35m;(b)27ym <D <30m,25m <dgy <3.5m.
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Figure 3.12: Selected results from set B, highlighting variable dp4: (a) 18 m < D <
27m,2m <dgg <25m;(b) 1I8m <D <27m,35m <dgy <4m.

3.5.2.2 Conventional trains

The results of the dynamic analyses with conventional trains are shown in
Figure 3.13. In it, it is noted that even set A., which is in accordance with
the normative limits, includes load model configurations that cause dynamic
effects greater than those produced by the HSLM-A universal trains. The lack
of coverage discussed with the dynamic signatures is once more present in a
corresponding range of wavelengths. In fact, considering that the frequency of
the first vertical bending mode for the bridge is 8.60 Hz, the wavelength range
corresponding to the 280 km/h to 370 km/h speed range is 9.04 m to 11.95 m.

30 — : : : : : 30

HSLM-A envelope
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HSLM-A envelope
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25+ °
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(@) (b)
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Figure 3.13: Dynamic response of the conventional trains. (a) set A¢; (b) Set B.

As stated in Section 3.4.1, Sets A; and B; were selected to infer the effects of
including additional damping in the dynamic analyses. For that, a new single
load was generated from the FE model of the Canelas bridge, considering a total
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structural damping o, given by the formula found in the original EN 1991-2
(CEN, 2003) of:

. 0.0187L — 0.00064 L2 o
Stotal = 6+ A8 = 2%+ (50477 — 0.0044L2 — 0.00025513 °

= 2% + 0.476% = 2.476% (3.6)

The results of the dynamic analyses, as well as the HSLM envelopes gener-
ated with additional damping, are given in Figure 3.14. Both the simulations’
distributions and the envelopes have the appearance of scaled-down versions of
the responses without additional damping of Figure 3.13. The relation between
the randomly generated train load models and the HSLM is maintained, and
the issue raised before, i.e. noticing that there are load configurations in set A,
that surpass the HSLM-A envelope, is still observable. The lack of a substan-
tial effect is, therefore, consistent with the removal of the additional damping
provision in the current EN 1991-2 (CEN, 2023b).
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Figure 3.14: Dynamic response of the conventional trains, considering additional struc-
tural damping. (a) set Ac; (b) Set B..

Regarding the individual variables” influence, it can be seen once more that
the exceedingly higher values on the highest speeds correspond to the lowest
values of D (Figure 3.15). On the other hand, it is the higher values of dg4
that result in lower acceleration peaks (Figure 3.16). In fact, the only scenario
where the outlying values between 280 km/h and 370 km/h tend to disappear
is the scenario that considers dg4 values above the allowed limit. To better
understand this phenomenon, Figure 3.17 shows the distribution of variable
dps from simulations whose dynamic response is superior to that of the HSLM,
for two example speed values within the 280 km/h to 370 km/h range. It is
visible that the outlying simulated trains correspond to increasingly higher
values of this variable. This observation underlines the pertinence of the third
question listed in Section 3.1 since the Eurocode could be clearer in defining
limits for this distance. When looking at the distribution of variable dg4 from
the same samples (illustrated in Figure 3.18), a concentration on lower values
appears. Therefore, it can be concluded that the most aggressive scenarios
correspond to higher dps and lower dp4. Indeed, as dps increases (approaching
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D in its values), the regularity of the moving loads grows, contributing to
dynamic effects. As for dp4, as it decreases, the effect of the pair of moving
loads approaches that of a single double-load.
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Figure 3.15: Selected results from set B, highlighting variable D: (a) 15 m < D < 18 m,
25m<dgg <35m;(b)27ym <D <30m,25m<dgy <3.5m.
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Figure 3.16: Selected results from set B; highlighting variable dg: (a) 18 m < D <
27m,2m < dgg <25m; (b)28m <D <27m,35m <dgy <4m.
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Figure 3.17: Distribution of variable dpg from simulations of the dynamic response of
conventional trains above the HSLM envelope, from set B.: (a) 300 km/h;(b)
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Figure 3.18: Distribution of variable dp4 from simulations of the dynamic response of
conventional trains above the HSLM envelope, from set B.: (a) 300 km/h;(b)
350 km/h.

3.5.2.3 Regular trains

The dynamic responses of sets A, and B, corresponding to the regular trains,
are presented in Figure 3.19. While both sets contain train load configurations
that result in acceleration values above the HSLM-A’s, distributions on set A,
tend to follow the trend of the envelope more closely throughout the entire
speed range. From the individual variable influence, in this case, there is some
variability caused by D (Figure 3.20), while variable dg4 (Figure 3.21) is the
less influential. The same can be observed for the Djc (Figure 3.22) and ec
(Figure 3.23) variables, although it should be highlighted that the former only
controls four load distances and the latter a single one.

83



84 PROBLEM 1: IDENTIFICATION OF THE HSLM LIMITATIONS

HSLM-A envelope . HSLM-A envelope
20+ ® simulation i 20+ ® simulation

25 T T T 25 - : :
HSLM-A envelope HSLM-A envelope
20t ® simulation j 20t ® simulation
N’;)\ 1571
E
© 10 [
5 b
0 : : : : - 0 : : - : -
150 200 250 300 350 400 150 200 250 300 350 400

v (km/h) v (km/h)
(a) (b)
Figure 3.20: Selected results from set B, highlighting variable D: (a) 8 m < D < 10 m,

25m <dgg <35m,8m < Djc <11m,7m < ec <10m; (b) 14 m
<D<16m,25m<dgsg <35m8m<Dijc<11m,7m <ec < 10m.
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Figure 3.21: Selected results from set B, highlighting variable dg4: (a) Tom < D <
14m,2m<dgg <25m,8m<Dic<11m,7m<ec <10m;(b) 10m
<D<14m,35m<dgsg <4m,8m < Djc<11m,7m <ec < 10m.
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Figure 3.22: Selected results from set B, highlighting variable Djc: (a) tom < D <
14m,25m<dgg <55m,6m<Djc <8m,7m <ec <10m; (b) 10m
<D<1ym,25m<dgy <35m,11m<Djc<13m,7m <ec <10m.
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Figure 3.23: Selected results from set B, highlighting variable ec: (a) tom < D < 14 m,
25m < dgg <55m,8m < Die <11m,5m < ec <7m; (b) 10m
<D<14m,25m<dgg <35m,8m < Dje <1, 1o0m <ec < 12m.
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3.6 CONCLUDING REMARKS

Concerning the research questions proposed in Section 3.1, the observed con-
clusions can be listed as follow:

1. With the extended limits considered in this chapter, it can be said that
the HSLM-A is partially suited to represent some future trains, given the
similarity in the results for both sets A and B on speeds up to 400 km/h
(on the selected example bridge), or wavelengths excluding the 15 m
to 17 m range. Nevertheless, this should not be thought of as a lack of
readiness of the load model but more as an indicator of the need for
future-proofing;

2. The 10 HSLM-A universal trains do not cover the dynamic effects of
some theoretical train load models that can be constructed abiding by
the EN 1991-2 limits of validity. This happens in some limit cases of
articulated trains, but it is most prevalent in conventional and regular
trains. It should be noted that the last two train types lack in the definition
of some variables. In conventional trains, there is a relation between the
non-complying trains and the increasing distance between centres of
adjacent vehicle’s bogies. In fact, as this variable increases, the effect of
consecutive bogies acts progressively more as individual loads and less
as pairs, which in turn leads to higher vertical acceleration levels due to
the contribution that the loads’ repetition has to the existence of resonant
effects;

3. The detail in defining variable dps in the norm is insufficient, and this
constitutes an obstacle to the evaluation of the HSLM’s limits of validity,
which is made more apparent when this variable’s importance is noted.
There is also a challenge in defining the two distances, which are not
mentioned in the norm, necessary to characterize regular trains.

It is understood that there are issues with the current load model, and
therefore, there is some margin for improvement in Annex E of the EN 1991-2,
not only by providing better definitions of some distances but also by adjusting
the HSLM-A’s universal trains. In this regard, future work should focus on
parametric studies for the definition of the proposed load models, including
equivalent train-track-bridge interaction models with replication of the HSLM’s
effects. The methodology applied in this work to assess the case study bridge’s
dynamic response and the HSLM's adequacy in covering the effects of different
trains can be utilized and replicated for a number of different high-speed
railway bridges.



PROBLEM 2: ENHANCED SAFETY FACTOR FOR THE DECK
ACCELERATION LIMIT ON BALLASTED BRIDGES

4.1 INITIAL CONSIDERATION

In the Eurocode EN 1990 (CEN, 2023a), track stability in ballasted bridges is
conditioned by a vertical deck acceleration limit of 3.5 m/s?. Since experimental
studies show that ballast instability occurs at around 7.0 m/ s?, as mentioned
in Section 2.2.1.2, the normative limit seems to be arbitrarily based on a safety
factor of 2.0. The study of the suitability of a lower safety factor, which is the
topic of this chapter, constitutes a probabilistic assessment problem.
Considering the discrepancy between the normative limit and the experimen-
tally assessed acceleration limit, the following research questions are posed:

1. How can critical train speeds associated with low probabilities of failure
be evaluated in a timely manner?

2. How to set up scenarios to calculate the acceleration in the design phase?

3. Can the safety factor (i.e., the ratio of the physical acceleration limit to
the permissible value) be less than 2.0?

To address these issues, the present chapter, which follows the work detailed
in Ferreira et al. (2025) (Appendix B), proposes definitions for critical speed,
design scenarios, and safety factor in Section 4.2, followed by the introduction
of an algorithm for the efficient assessment of the critical speeds in Section 4.3.
Four case study bridges are presented in Section 4.4. A parametric study
to optimize the critical speed algorithm is given in Section 4.5, allowing the
calculation of critical speeds in Section 4.6. In the same Section, after a sensitivity
analysis of the random variables, two design scenarios are proposed, and the
final safety factors are calculated. Normative recommendations are discussed
in Section 4.7, and the main conclusions are listed in Section 4.8.

4.2 METHODOLOGY

The present section describes the procedure to calculate safety factors on
existing bridges and provides the necessary definitions. It is divided into three
steps, which are outlined in Fig. Figure 4.1 and developed in the following
subsections. The first step (Section 4.2.1) is determining at what speed a load
model causes an excessively high deck acceleration. Using bridge models
constructed with random variables, this first step involves probabilistic analysis.
Having found this critical speed (v.), the second step (Section 4.2.2) is to
determine the acceleration value that can be calculated with fixed values for the
variables (instead of probabilistic analysis). The instructions on how to set the
variables to do a deterministic analysis are hereinafter referred to as the design
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scenarios. Employing such scenarios is beneficial to ensure that trustworthy
results are attainable in the engineering practice of bridge design with simple
analyses. The third step (Section 4.2.3) is to locate, in the design scenarios, the
acceleration value at the critical speed, here named “design acceleration” (ag,).
The margin between this value and the physical limit of 7.0 m/s? (ag;) indicates
the distance to safety. Therefore, the safety factor (y;) can finally be estimated
by dividing 7 by the design acceleration.

Step 1: Step 2:
find the critical speed determine the design scenarios

—— Scenario 1
—— Scenario 2

| -Speeds with

i -4
iinull“”lH ="
140 Verit 420 140 180 220 260 300 340 380 420
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Step 3:
locate the design acceleration
10
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—_ Safety
N\m distance
é W YEd
<
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/ Vo = gy
0
240 Verit 280
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Figure 4.1: Overview of the methodology for estimation of safety factors for the deck
acceleration criterion.

4.2.1  Step 1: Find the critical speed

This study of ballasted track bridges assesses failure due to track instability
(loss of stability of the ballast layer), assuming that the 7.0 m/s? value for
vertical deck acceleration is a physical value that acts as the safety threshold
(considering the experimental studies discussed in Section 2.2.1.2). Therefore,
a failure event is considered to have occurred if a bridge deck experiences a
vertical acceleration a greater than this limit (ag;) when subjected to any load
model at any given train speed. It is also assumed that the loss of stability can
ultimately lead to derailment and that this risk corresponds to Class 3 conse-
quences, as defined in the Probabilistic Model Code of the Joint Committee for
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Structural Safety (JCSS, 2001) (discussed in Section 2.4.5.1 and Table 2.19). In
this thesis, it is considered that the relative cost of safety measure (extensive
measurements through safety inspections over significant periods of time) is
large. This combination of consequence and cost corresponds, in the Proba-
bilistic Model Code, to a target reliability index p of 3.7, which is equivalent
to probabilities of failure in the order of magnitude of 10~* (the same target
from Rocha et al. (2016) and Allahvirdizadeh et al. (2024a)). The probability of
failure py is therefore defined as:

pr="P(a>ag) (4.1)

When testing a load model, different train speeds result in different maximum
values of vertical deck acceleration. For this study, a critical speed is defined,
for a given load model, as the lowest speed that causes the following condition:

pr>10"" (4.2)

The High-Speed Load Model (HSLM-A, presented in Section 2.2.1.3) (CEN,
2023b), whose purpose is to represent the envelope of actions of real high-speed
rolling stock traffic, is employed in this work. This load model, which is used for
the design of high-speed railway bridges, is given as a set of 10 configurations
of axle loads and spacings and is intended for moving loads analysis. For a
given bridge, critical speeds can be calculated for each of the 10 HSLM-A. These
individual critical speeds v.;; form a set. The minimum value of the set gives
the critical speed v,,;; of the bridge:

Verit = TN ({Ucrit,i}£1> (4-3)

4.2.2  Step 2: Determine the design scenarios

The scenarios for bridge design are defined in this thesis as sets of deterministic
values attributed to structural and track variables utilized to calculate the
dynamic response of railway bridges. Two sets are defined in accordance
with the provisions of the EN 1991-2 (CEN, 2023b), which requires a lower
bound estimate of stiffness and structural damping and both upper and lower
bound estimates of mass. This procedure is meant to maximize the acceleration
response and to avoid overestimating the resonant speed. In spite of this
statement being present in the Eurocode, the norm does not specify which
variables are to be considered in the estimates, nor what constitutes upper or
lower bounds. Since in this chapter either normal or uniform distributions are
utilized, the bounds are proposed as follows:

NORMAL DISTRIBUTIONS: For variables with distribution N (;4, 02), adopt as
bounds y 4+ 1.64c, corresponding to the 5% and 95% percentiles.

UNIFORM DISTRIBUTIONS: For uniformly distributed random variables U (a4, b),

adopt the respective minima and maxima.
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Regarding the selection of random variables to be included in the definition
of scenarios, it should be noted that depending on the complexity of the
models employed, stiffness, damping, and mass can be related to more than
one variable and even share variables. Therefore, it is necessary to perform
a parametric study of the relative influence of each variable. The proposed
methodology for such a study starts with setting all variables to their mean
value and calculating the resulting deck acceleration envelope considering the
10 HSLM-A. The response vector is X" for a given speed range with k speed
values. Then, each variable is independently set to its upper or lower bound,
resulting in a new response vector ), with the same length k. To evaluate the
influence of each variable, the variance of the absolute difference between the
vectors is calculated as:

Y (| = Vi —E(1X - Vi)

Var (| - Y|) = L

(4-4)

Consequently, the most influential variables are included in the definition of
the two design scenarios. Both scenarios use a lower bound on the variables
that control stiffness and damping. The first scenario (S1) uses a lower bound
estimate of mass, while the second (S2) uses an upper bound. The variables that
are not considered influential enough after the parametric study are taken at
their mean values. This step of the methodology concludes with the calculation
of the response envelope of both scenarios under the effect of the 10 HSLM-A
configurations.

4.2.3 Step 3: Locate the design acceleration

At this point, the maximum speed that can be considered safe is already known.
The remaining question is how far away the design scenarios are from the
actual failure events. The value on the envelope of the design scenarios at v,
is here given the name of design acceleration ar;. The safety factor, henceforth
referred to as <y, is defined in this thesis as the ratio between the physical
value ag; and the acceleration calculated in the design phase ag;, and is given

Tor = = _— (4-5)

4.3 SUBSET SIMULATION APPLICATION FOR THE ESTIMATION OF CRITI-
CAL SPEED

4.3.1  Application basics

Monte Carlo simulation, while a highly reliable approach, implies an escalation
in computational cost as the intended target probabilities of failure get lower.
In fact, as discussed in Section 2.4.3.1, the appropriate sample size N to assess
a 10~ * probability, according to Equation 2.99 (Bjerager, 1991), would be from
10,000 to 100,000. Such a number would be feasible for moving loads analysis
and lower complexity 2D finite elements models. However, any change in the
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train’s running speed or load requires a new analysis. Therefore, the search
for critical speed can quickly grow to hundreds of thousands (or millions) of
dynamic analyses.

Subset simulation (presented in detail in Section 2.4.4.3) is hence chosen to
estimate the probabilities of failure. With this method, py is estimated as the
conditional probability of reaching the unsafe region in a reliability problem
through successive increments of intermediate failure events. Au and Beck
(2001) calculate p; as:

m—1

pr=P(FE)[]P(FulE) (4.6)
i=1

where F; are m number of intermediate events (or levels) such that F; D
F, O ... F,. For the first level, P (F;) is estimated with a crude Monte Carlo
simulation, provided a reasonable N. The resulting acceleration values are
ordered from highest (belonging to F;) to lowest (farthest from Fy), as illustrated
in Figure 4.2a. Given a selected arbitrary intermediate probability po, the
(po x N)-th value is classified as the cut-off y*. The states of the random
variables corresponding to values greater than or equal to y* are used as
generators (x) to generate the sample of the next level (%), using the Modified
Metropolis Algorithm (Section 2.4.4.3). This ensures that the states of the
variables of the resulting sample are inside F;. It is visible, in the example in
Figure 4.2b, how every result in i = 2 is greater or equal to the cut-off that
defines F;. The process is repeated (Figure 4.2c and Figure 4.2d) until y* is
found inside F, (i.e., P(F;) > po). With pg = 0.1, probabilities of the order
of magnitude of 107% = 0.1 x 0.1 x 0.1 x 0.1 are attainable with four levels
(Fn = F4). Note that in Figure 4.2d, with pg = 10 and N = 100, yx is in the 10th
ordered position. Since in that example there are 13 results equal or greater than
yx, P (Fy) = 13/100 = 0.13 > po, and as such, py = 0.13[]}-/ 0.1 = 1.3 x 1074,
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y* 18
ol . 0
1 [)()XN N 1 p()XN N
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Figure 4.2: Visualization of subset simulation. (a) i = 1; (b) i = 2; (c) i = 3; (d) i = 4.
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Figure 4.2: (continued) Visualization of subset simulation. (a) i = 1; (b) i = 2; (¢) i = 3;
(d)i=4.

The diagram in Figure 4.3 illustrates how subset simulation is applied in prac-
tice for this study. Initially, the random variables are sampled (using MATLAB®
(2018)) and combined with existing constant quantities to create the input for
the FE model, which is created in ANSYS® (2018). The dynamic response is
calculated for the desired load model (i.e. one of the 10 HSLM-A configurations)
using the Single Load Linear Superposition method (introduced in Section 3.3.2)
because of its efficacy and ease of application. It is then filtered with a low-pass
Type II Chebyshev filter, cut off at 60 Hz (although the EN 1990 only requires
the consideration of frequencies up to 30 Hz, studies have highlighted the
importance of extending the frequency range (Horas, 2011)) and the maximum
absolute acceleration is stored for each randomly generated bridge. After this
crude Monte Carlo phase, if no stopping criterion is met, the level counter
is increased, and the ordered results greater or equal to y* are used as the
seeds for the Markov Chain Monte Carlo (MCMC). The MMA implementation
is based on Uribe (2016). In this work, the adopted proposal PDFs to obtain
candidates 7 from the current state of a variable x; are:

o for Gaussian distributed variables N (y,0?): 7 ~ N (xy, 0%);

2

e for uniformly distributed variables U (a,b): 7 ~ N (xk, (bl_2a)>;
With the samples of the next level, new FE models are obtained, and the
dynamic responses for the new set are calculated. The process stops after the
P(F;) > 0.1 condition occurs (after which p; can be estimated) or if i = 4 (i.e.,
if the subset simulation is already in the fourth level, any possible ps would
be lower than 107, and therefore not worthy of further exploration for the
purposes of this thesis). If i < 4, py is given by:

pr=(po)"" x P(F) (4-7)
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Figure 4.3: Application of subset simulation.

4.3.2  Critical speed algorithm

Although the application of subset simulation is associated with considerable
savings in computation time, this only applies to the estimation of probabilities
for a given running speed. That is, the question remains for which speed or set
of speeds the probabilities must be calculated. Simulating in coarse intervals
of 10 km/h is incompatible with the sensitivity of most dynamic calculations
concerning speed. Conversely, a finer 1 km/h interval is not feasible given all
the possible values in a usual speed interval.

Hence, an algorithm is proposed here to efficiently assess the critical speed,
summarized in Figure 4.4. The objective of this procedure is to avoid wasting
computational resources that would be misused by calculating probabilities
of failure lower than 10~>. When the search cycle is initialized, the running
speed v is set to its initial value (the lowest in the given speed range). After the
initial analysis (i.e. the crude Monte Carlo simulation in i = 1), if the cut-off
y* is lower than a chosen threshold value y;, the speed is increased to the
next value. Note that y; must be chosen appropriately so that exceeding it
represents a substantial likelihood that py is in the vicinity of 10~ 4. Initially,
the speed increment is a coarse interval of 20 km/h. The cycle continues until
the y* > y; condition is satisfied. If the resulting py is greater than 107, a
finer speed cycle of 1 km/h increments is triggered, symbolized by the flag
. The running speed is brought back to the value immediately after the
second-highest calculated speed (v = v — 19 km/h), and the cycle continues.
During this phase, if y* < y;, flag @ is activated to store the information that
at least one running speed was discarded during the finer cycle. The first time
that a pr > 10~* is found, the current v is classified as a suitable candidate.

If @ is off, no previous speed was discarded in F1 (i.e., the speed or speeds
immediately before were calculated but turned out to be in the magnitude of
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1072 or lower), and the candidate is immediately accepted as v,,;;. Otherwise, a
v = v — 1 reverse search cycle is activated to check the previously discarded
speed value until v is confirmed.

For the proposed algorithm to be viable in terms of computational savings, it
is imperative that the N, pg, and y; parameters are properly set. Unoptimized
parameters may lead to inefficient use of simulation capacity for the following
reasons:

¢ spending unnecessary time calculating v.; candidates that result in

¢ increased amount of entries in the v = v — 1 reverse search cycle
* insufficient dispersion in i = 1 results, jeopardizing further levels.

Hence, a sensitivity study is performed with the objective of setting appropriate
parameters. The metrics adopted are the time required to go from v=140 km/h
to v+ and the total sample size ng required for the simulation. The results are
presented in Section 4.5.

An example of a complete run of the algorithm is depicted in Figure 4.5
(in the graphics, the offset in the coloured dots is meant to improve clarity
and does not denote a change in speed). In this case, the sample size N for
each level is 100 and py = 0.1, which means that in the sorted results, y* is
in the 100 x 0.1 = 10-th position. In simulations 1 to 7, y* was lower than y;
(3 m/s? in this case), meaning that no simulation progressed beyond i = 1. In
simulation 8, y* is greater than y;, causing the simulation to continue, resulting
in a calculated pf of 0.02. This result at 280 km/h initiates the finer speed
increment cycle at 280-19=261 km/h. Simulations 9, 10 and 11 (261 km/h,
262 km/h, and 263 km/h, respectively) do not meet the y; criterion. Simulation
12, at 264 km/h meets the criterion and returns p; = 5.1 x 10~*, making it a
suitable v.,;; candidate. However, since there was at least one discarded speed,
the algorithm runs simulation 13 at 263 km/h by fetching the stored i = 1
results and resuming the subset simulation. The resulting p; is 1.2 x 107#,
making this speed the new v, candidate. Simulation 14, at 262 km/h is
also resumed, resulting in py = 4 X 1075, confirming that 263 km/h as v
and finishing the algorithm run. It is worth noting that this application of
the algorithm, with its iterative nature, allowed a critical speed to be found
with a total sample size of 2,200 (100 per level, with a maximum of 400 per
speed value). In contrast, running a similar procedure using crude Monte Carlo
simulations would require a total sample size of over 1 million.
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Figure 4.5: Example results from the application of the proposed algorithm. (a) Sim-
ulations 1 to 8; (b) simulations 9 to 12 (finer speed increment cycle); (c)
simulations 13 and 14 (v = v — 1 reverse search cycle).

4.4 CASE STUDY BRIDGES
4.4.1  General aspects

The present case study is focused on four bridges of the Northern Line of the
Portuguese Railway Network, which runs from Porto to Lisbon. The selected
set of structures, located in the Aveiro, Leiria and Santarém districts, are rep-
resentative of filler beam bridges, a characteristic construction solution of this
line, which are simply supported concrete slabs directly cast on embedded
steel profiles. The four bridges are presented in Table 4.1, where Ly is the
determinant span length. The reference numbers correspond to the locations in
Figure 4.6.

The finite elements models are identical to the model presented in Sec-
tion 3.4.1, substituting 14 of its deterministic material and geometrical proper-
ties by the random variables proposed by Rocha (2015), listed in Table 4.2. It is
noted that the author attributes uniform distributions to the variables for which
there is significant variability in existing studies’ measurements. The bridge
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dependant variables are introduced in the paragraphs for each bridge. These
three variables follow normal distributions, with the mean equal to the nominal
value taken from the project drawings and the standard deviation suggested
by Rocha (2015). Other quantities of constant nature are the steel elasticity
modulus Eg (210 GPa), the remaining mass (weight of the waterproofing, guard
rails and gutters” box and covers) M, (1.4 ton/m), the width of the sleeper
underside [, (0.3 m), the half sleeper effective support I, (0.95 m), the sleeper
spacing I (0.6 m), and the properties of the steel profiles (such as mass My, i,
moment of inertia I, and height of the centre of gravity v, fir)-

Porto

Lisbon,

Figure 4.6: Location of the bridges in the Northern Line of the Portuguese Railway

Network.
REF. NAME SPANS Ly (m) TRACKS
1 Canelas bridge 6 6x115 2
2 Melga bridge 1 23.78 2
3 Cascalheira underpass 1 10.92 2
4 Brago do Corti¢co underpass 1 7.02 2

Table 4.1: List of case study bridges.

Out of the presented variables, only the track shear stiffness, rail pad stiffness,
sleeper mass, concrete elasticity modulus and structural damping are applied
directly in the ANSYS®environment. For the first three, this is achieved by set-
ting the stiffness or mass parameters of the finite elements, while the damping
value is used to set Rayleigh factors, using Equation 2.25 and Equation 2.26 with
the frequencies of the first and second vertical vibration modes. Since the deck
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is modelled with 2D beam elements, the remaining structural random variables
and constants are combined to provide the beam’s mass M, (including the
remaining mass M, and the masses of the steel profiles and concrete, as well
as the ballast weight that is supported by the structure) and the moment of
inertia of the transformed composite section ;.. The vertical stiffness of the
ballast layer K}, is calculated with Equation 3.1, while the vertical and horizon-
tal stiffnesses of the supports, K, and K, correspond to Equation 3.4 and
Equation 3.5, respectively. Figure 4.7 illustrates how these random variables
and constants are combined to produce ANSYS®-ready variables.

STRUCTURE VARIABLES

(GAUSSIAN) U o
Reinforced concrete density pc 2.5 t/m3 0.1 t/m3
Concrete elasticity modulus Ec 36.1 GPa 2.888 GPa
Structural damping ¢ 2% 0.3%

Slab thickness tg, Bridge dependant

Slab width by, Bridge dependant

Area of the steel profiles Ag Bridge dependant
TRACK VARIABLES

(UNIFORM) a b

Ballast density p;, 1.5 t/m? 2.1t/m?
Ballast elasticity modulus E, 8o MPa 160 MPa
Ballast layer height h,, 300 mm 600 mm
Load distribution angle « 15° 35°

Sleeper mass m; 220 kg 325 kg

Rail pad stiffness k, 100 kN/mm 600 kN/mm
Track shear stiffness k; 1x 10* kN/m/m 3 x 10* kN/m/m
SUPPORT VARIABLES

(UNIFORM) a b

Gn 0.75 MPa 1.5 MPa

Table 4.2: Structure, track, and support random variables (adapted from Rocha (2015)).

4.4.2 Canelas bridge

The cross-section and view of the first span of the Canelas bridge can be
seen in Figure 3.4, since it is the case study from Chapter 3. In the same
chapter, Figure 3.6 depicts the FE model and the deformed shape of the
first vertical bending mode. The bridge dependant variables for this struc-
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Figure 4.7: Relation of the random variables and constants to the FEM models.

ture are defined as fg,, ~ N (0.7,0.01%) m, by, ~ N (4.475,0.005%) m and
A ~ N (0.01975,0.00079%) m?.
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4.4.3 Melga bridge

With almost 24 m in length, the Melga bridge (Figure 4.8) is the longest of the
set. It consists of a single simply supported span with HEB8oo profiles. Both its
decks, independent of each other, support a single track. The bridge dependant
variables are defined as t,, ~ N (0.871,0.01%) m, by, ~ N (4.20,0.005%) m
and Ag ~ N (0.03342,0.00079%) m?, with the constants being the same as in the
Canelas bridge. The FE model developed for this bridge is shown in Figure 4.9
where the deformed shape of the first mode can be seen. With mean values for
the variables, the corresponding frequency is 2.80 Hz.

(a) (b)

Figure 4.8: Melga bridge. (a) cross-section (unit: m); (b) view of the deck.

£TH] YT T I T T I I T I T I T T R A Y ITIE

Figure 4.9: Finite elements model of the Melga bridge (in blue, the deformed shape of
the first vertical bending mode).

4.4.4 Cascalheira underpass

The Cascalheira underpass (Figure 4.10) consists of a single simply supported
span with embedded HEB5o0 steel profiles. It is composed of two indepen-
dent decks, each carrying one track. The bridge dependant variables are
defined as tg,;, ~ N (0.703, 0.012) m, by, ~ N (4.08, 0.0052) m and Ag ~
N (0.01975, 0.000792) m?2, with the constants being the same as in the previous
bridges. The FE model and its first vertical bending modal shape (correspond-
ing to a modal frequency of 9.45 Hz) are represented in Figure 4.11, for a
scenario where the variables are input with their mean values.
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Figure 4.10: Cascalheira underpass. (a) cross-section (unit: m); (b) view of the deck.

deformed shape

%ai%»%j ;?%%%%

Figure 4.11: Finite elements model of the Cascalheira underpass (in blue, the deformed
shape of the first vertical bending mode).

4.4.5 Brago do Cortigo underpass

The shortest of the set, the Braco do Cortico underpass (Figure 4.12), is a
single simply supported span with two independent decks of a single track
each. It is embedded with HEB300 profiles, and its bridge dependant vari-
ables are fy,, ~ N (0.445,0.01%) m, by, ~ N (4.055,0.005%) m and Ag ~
N (0.01491, 0.000792) m?. As with the other structures, the constant values are
the same. Taking average values for all the random variables, the first vertical
bending mode is calculated as 17.86 Hz, and its shape can be seen in Figure 4.13.
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Figure 4.12: Brago do Cortico underpass. (a) cross-section (unit: m); (b) view of the
deck.

deformed shape

Figure 4.13: Finite elements model of the Brago do Cortico underpass (in blue, the
deformed shape of the first vertical bending mode).

4.4.6  Dynamic response envelopes

Plots of the dynamic response of the four bridge models are shown in Fig-
ure 4.14. The solid curves illustrate the response of the models when all random
variables are considered at their mean values (X'), while the areas filled in blue
and green indicate the envelopes of the dynamic responses when the most
influential variables are set at lower () lower) or upper () upper) bounds,
respectively. The curves represent the maximum of the 10 HSLM-A load config-
urations for each train speed value.
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Figure 4.14: Dynamic response envelopes considering all random variables with mean
values (X') and the envelopes of lower and upper bounds of the most influ-
ential variables ()). (a) Canelas bridge; (b) Melga bridge; (c) Cascalheira
underpass; (d) Brago do Cortico underpass.

4.5 OPTIMIZATION OF THE ALGORITHM FOR EFFICIENT ASSESSMENT OF
CRITICAL SPEEDS

4.5.1  Optimization of the threshold value y;

The Canelas bridge and the HSLM-A3 train were selected to perform the
optimization study of the critical speed algorithm. The first parameter to
be studied was the threshold value y; in i = 1, which controls whether a
speed value is discarded. For this part of the study, the sample size and the
intermediate probability were fixed at N = 100 and po = 0.1, and y; varied
between 2.0 m/s?, 2.5 m/s?, 3.0 m/s? and 3.5 m/s%. Table 4.3 lists the time
and the total sample size needed to complete the algorithm, as well as the
resulting v,;;. It can be seen that using the values of 3.0 m/ s> and 3.5 m/s?
resulted in the least computational expense. However, further analysis of the
simulation results revealed that the stricter 3.5 m/s? limit caused the algorithm
to skip v = 264 km/h, which would have produced a suitable ps and therefore
a lower (and valid) v, candidate. Conversely, while it is true that using lower
threshold values prevents prematurely discarding of candidate speeds, this
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option also leads to increased time expenditure, as additional time is spent
calculating candidates that are far from the final one. The threshold value
y; = 3.0 m/s? is henceforth kept as optimal.

The parametric analyses’ results can be further illustrated by comparing the
complementary CDF of a simulation corresponding to a critical speed to the
complementary CDF of its equivalent Monte Carlo simulation with N = 100000,
as shown in Figure 4.15. In the figures, the circles highlight the acceleration
value (i.e., that simulation’s y* values) at the intermediate level, while the
asterisk indicates the final calculated py. It can be seen that there is a close
correspondence for the scenarios with y;=2.5 m/ s? and y=3.0m/ s2, where not
only is the calculated py in the same vicinity (of 10~*%), but the intermediate
levels also follow the trend of the corresponding Monte Carlo simulation.

Yt 20m/s> 25m/s> 3.o0m/s> 3.5m/s?
time (h) 3:34 2:58 1:48 1:37

ng 4200 3400 2200 2100
Uerit (km/h) 266 264 263 267

Table 4.3: Variation of the first level threshold y; (HSLM-A3, pg = 0.1, N = 100).
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Figure 4.15: Complementary CDF of the subset simulations (HSLM-A3, pg = 0.1, N =
100) and corresponding Monte Carlo simulations with N = 100000. (a)
y1=2.0 m/s?, U.;=266 km/h; (b) y=2.5 m/s?, v.,iy=264 km/h.
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Figure 4.15: (continued) Complementary CDF of the subset simulations (HSLM-A3,
po = 0.1, N = 100) and corresponding Monte Carlo simulations with N =
100000. (c) y¢=3.0 m/s?, viy=263 km/h; (d) y;=3.5 m/s?, v ;=267 km/h.

4.5.2 Optimization of the intermediate probability po

Using the aforementioned y; value and a fixed sample size N = 100, the optimal
intermediate probability is examined by varying py between 0.05, 0.1 and o.2.
As shown in Table 4.4, adopting an intermediate probability of 0.1 allowed the
algorithm to converge in the shortest time and with the smallest total sample
size. The effect of using pp = 0.2 was similar to that of having a high v, i.e.
given the intermediate probability, the cut-off on the ordered results’ list is
made at a lower value. This makes it harder for y* to achieve y;, which in turn
makes for a longer v = v — 1 reverse search cycle. As for the lower value, 0.05,
the resulting additional computing time would only be justifiable if the target
ps was lower than 10~*. Concerning the complementary CDF comparisons in
Figure 4.16, it is noticed that the simulation with pp=0.2 corresponds to a larger
deviation when compared to the Monte Carlo assessments. Conversely, the
same trends are closer for pp=0.2, albeit at a higher computational cost.

Po 0.05 0.1 0.2
time (h) 2:49 148 2:37
ng 2700 2200 3700
Verit (km/h) 264 263 265

Table 4.4: Variation of the intermediate probability pg (HSLM-A3, y; = 3.0 m/s?,
N =100).
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Figure 4.16: Complementary CDF of the subset simulations (HSLM-A3, y; = 3.0
m/s?>, N = 100) and corresponding Monte Carlo simulations with
N = 100000. (a) po=0.05, v¢it=264 km/h; (b) pp=0.1, vi;=263 km/h; (c)
P0=0.2, Ucriy=265 km/h.

4.5.3 Optimization of the sample size N

Regarding the sample size, the comparison of N between 50, 100, 150 and 200
is calculated with fixed y; = 3.0 and ps = 0.1. Unsurprisingly, Table 4.5 reveals
that it takes more time to compute larger sample sizes, while the smallest
size, 50, corresponds to the least amount of time and smallest total sample
size. However, with an intermediate probability of 0.1, each level of a subset
simulation with N = 50 provides only 5 elements to generate the samples of
the following level. As a result, the number of failed candidate states in the
MMA increases, introducing inefficacy when scaling the method by artificially
limiting the dispersion of the results. Observing the complementary CDFs in
Figure 4.17, it is worth noting that there is an increased unevenness for N = 50,
even if the resulting critical speed is the same as for N = 100. The larger sample
sizes of N = 150 and N = 200 lead to similar results while consuming more
computation time.

Given that the various applications lead to v.; in close proximity, the final
adopted values are y; = 3.0m/s?, pgp = 0.1, and N = 100.
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N 50 100 150 200
time (h) 1:01 1148 31226 2:52
ng 1050 2200 6200 4000
Verit (km/h) 263 263 267 265

Table 4.5: Variation of the sample size N (HSLM-A3, y; = 3.0, pp = 0.1).
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Figure 4.17: Complementary CDF of the subset simulations (HSLM-A3, y; = 3.0
m/s?, pp=0.1) and corresponding Monte Carlo simulations with N =
100000. (a) N=50, v.;4=263 km /h; (b) N=100, v.,;;=263 km/h; (c) N=150,
Verit=267 km/h; (¢) N=200, v.,;;=265 km/h.
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4.6 SIMULATION RESULTS
4.6.1  Calculated critical speeds

The current section represents the application of the first step of the method-
ology. After setting the optimal factors in the algorithm, the critical speeds
on each bridge are calculated for each HSLM-A train model. The individual
critical speeds v.;;; are listed in Table 4.6. The final critical speed values, given
by Equation 4.3, are highlighted in the same Table.

Ucriti (km/h)

HSLM Canelas Melga Cascalheira  Brago do
bridge bridge underpass Cortigo

underpass

A1 414 N/A 250 244

A2 361 175 269 156

A3 263 173 263 255

A4 274 179 277 146

As 284 185 284 264

A6 293 192 287 263

Ay 298 194 289 244

A8 314 202 301 282

Ag 316 205 261 252

A10 325 214 254 255

Table 4.6: Critical speeds for every HSLM-A.

4.6.2  Assessment of the scenarios for bridge design

The present section showcases the application of the second step of the method-
ology, where the scenarios for bridge design are defined as two sets of instruc-
tions on how to assign values to several random variables. The selection of the
variables to be included in the definition of the scenarios is achieved through
a sensitivity analysis, where the importance of each variable is assessed with
Equation 4.4. Here, the study is performed for the Canelas bridge, using the 10
HSLM-A load configurations and a running speed interval from 140 km/h to
420 km/h. The response envelopes are depicted in Figure 4.18, where the line
in full represents the response vector X and the dotted and dash-dotted lines
represent the response vectors ) when each random variable is set to its lower
or upper bound, respectively.
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Figure 4.18: Individual influence of the random variables. (a) pc; (b) Ec; () tsaps (d)
bsiap; (€) As; (£) & (8) pv; (h) Ep.

109



PROBLEM 2: ENHANCED SAFETY FACTOR FOR THE DECK ACCELERATION LIMIT
ON BALLASTED BRIDGES

25 T T 25 T
X ) X
20t [ Y lower | 20t [ Y lower
AW N Y upper

140 220 300 380 140 220 300 380
v (km/h) v (km/h)
@) ()

140 220 300 380 140 220 300 380
v (km/h) v (km/h)

(k) M

140 220 300 380 140 220 300 380
v (km/h) v (km/h)

(m) (n)

Figure 4.18: (continued) Individual influence of the random variables. (i) /; (j) a; (k)
ms; (1) kp; (m) kt; (n) G



46 SIMULATION RESULTS

The calculated variance values are listed in Table 4.7. It can be seen that the
variables that control most of the structural mass (thickness and density of
both the slab and the ballast layer) and the concrete stiffness are of remark-
able importance. Structural damping and support stiffness also account for a
considerable portion of the problem. Due to the clear difference in the results,
the variables that score a variance result (from Equation 4.4) greater than 1 are
selected for the definition of the design scenarios.

VARIANCE
VARIABLE Y lower Y upper
envelope envelope
Reinforced concrete density pc 1.06 1.08
Concrete elasticity modulus Ec 2.63 1.46
Slab thickness t,;, 1.56 1.43
Slab width by, 0.06 0.06
Area of the steel profiles Ag 0.06 0.06
Structural damping ¢ 2.29 1.13
Ballast density py 1.04 1.21
Ballast elasticity modulus E,, 0.02 0.02
Ballast layer height h; 0.66 1.56
Load distribution angle « 0.02 0.02
Sleeper mass 1 0.01 0.12
Rail pad stiffness k, 0.03 0.02
Track shear stiffness k; 0.20 0.03
Neoprene shear modulus G, 1.29 0.53

Table 4.7: Sensitivity analysis of the variables’ relative influence.

Consequently, the deterministic scenarios S1 and Sz are proposed in Table 4.8.
In accordance with the EN 1991-2, there are two estimates of mass (upper and
lower bound), defined by thickness and density (ts1,, 1y, pc, p»), combined with
a single estimate (lower bound) of stiffness (Ec, G,) and structural damping

(©)-

SCENARIO E., ¢ pc, tsiab P, hy Gy
S1 u—164c pu—164c min.  min.
S2 u—164c u+1640c max. min.

Table 4.8: Scenarios for bridge design.

Using the definitions of Table 4.8 and setting the remaining random variables
to their mean values, the dynamic design response can be obtained. Figure 4.19,
Figure 4.20, Figure 4.21 and Figure 4.22 represent the response envelopes of
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the deterministic scenarios for the Canelas, Melga, Cascalheira and Brago do
Cortico bridges, respectively. It is worth noting that these bridges were originally
designed for a running speed of 160 km/h, hence the large acceleration values
at higher speeds. The methodology being used in this chapter may allow for
higher permissible deck accelerations, which can possibly allow for higher
running speeds. Such a study is helpful in addressing the sustainability of
existing infrastructure by considering the need to deploy newer, faster, and
longer trains to operators’” rolling stock rather than replacing existing bridges.

Analyzing the local maxima on the plotted data, it is clear that S1 (with its
lower bound estimate of the random variables controlling the structural mass)
produces the highest acceleration values, albeit at higher speeds. Conversely,
the upper estimates in S2 correspond to lower acceleration peaks, but avoid
overestimating the resonant speeds. These observations help to validate the
purpose of the scenarios, which corresponds to the Eurocode expects. The
design acceleration values ar; are to be found in these curves at v.;.

30 | 1
S1

25 + S2 )}

O 1 1 1 1 1 1
140 180 220 260 300 340 380 420

v (km/h)

Figure 4.19: Design scenario response envelopes for the Canelas bridge.

25 T T T T T T
S1

O 1 1 1 1 1 1
140 180 220 260 300 340 380 420

v (km/h)

Figure 4.20: Design scenario response envelopes for the Melga bridge.
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Figure 4.21: Design scenario response envelopes for the Cascalheira underpass.
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Figure 4.22: Design scenario response envelopes for the Brago do Corti¢o underpass.

4.6.3 Design acceleration and safety factors

The third and final step of the methodology is performed in this section.
Knowing the critical speeds and the envelopes of the design scenarios, the
design accelerations ar; can be found, as illustrated in Figure 4.23. The values
are given in Table 4.9, together with the safety factors, according to Equation 4.5.

From the results, it can be observed that a bridge design made with the
current Eurocode limit of 3.5 m/s? (i.e. with the safety factor of 2.0) would either
limit the maximum allowable running speed or result in heavier, more robust
cross-sections. Conversely, the present approach suggests that safety would
be ensured up to the calculated critical speeds within the target probability of
failure.
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Figure 4.23: Critical speeds and design phase accelerations. (a) Canelas bridge; (b)
Melga bridge; (c) Cascalheira underpass; (d) Bragco do Cortigo underpass.

BRIDGE Oerit (km/h)  agg (m/s?) i

Canelas bridge 263 5.07 1.38
Melga bridge 173 5.81 1.20
Cascalheira underpass 250 5.94 1.18
Brago do Cortico underpass 146 5.42 1.29

Table 4.9: Critical speeds, design accelerations and partial safety factors.
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4.7 NORMATIVE RECOMMENDATION

The research conducted in this chapter suggests that the current normative limit
in the Eurocode may be over-conservative. A revised version of the EN 1990
could, therefore, allow higher deck acceleration limits. Nonetheless, this study
is performed on existing bridges that are currently in operation. The design
allowance could be different in new structures.

Currently, the Eurocode EN 1990 is a single document that applies both to
new and existing structures. The second generation of Eurocodes is presently be-
ing developed and will be available in 2027 after the votes of the CEN-CENELEC
national members. The current version (CEN, 2023a) already constitutes an
improvement on the original (CEN, 2005). However, in the new norms, the
EN 1990 is likely going to be separated into two parts (one focusing new struc-
tures and the other for existing structures), as demonstrated by the existence of
the draft European standards prEN 1990-1 and prEN 1990-2 (Catarino et al.,
2024). Therefore, the normative recommendation from this thesis is twofold:

RECOMMENDATION FOR NEW STRUCTURES: maintain the 3.5 m/s? deck ac-
celeration limit for ballasted track railway bridges. Even though the new
structures could be less robust, the increase in capacity does not come at
a significant cost. ERRI D 192/RP 5 (1996) indicates, for instance, that a
40% increase in the design loads accounts for 2.2% higher construction
cost. This approach ensures future-proofing, making allowance in new
bridges for dynamic effects whose existence may still be unknown.

RECOMMENDATION FOR EXISTING STRUCTURES: allow a higher deck ac-
celeration limit depending on case-specific safety assessments. Adopt-
ing a safety factor of 1.4 would result in a permissible acceleration of
7/1.4 = 5m/s?. For reference, the same value is permitted by the RSSB
(2024) GEGN8616 guidance, and such factor is in line with the safety
factor of 1.38 found with a surrogate model approach (Allahvirdizadeh
et al., 2024a) and with the German factor of 1.3 for soil loading capacity
(Zacher and Baefller, 2008). This approach underscores sustainability, as it
enables new, faster, and heavier rolling stock to operate in the lines where
the bridges already exist, extending their lifecycle without jeopardizing
structural safety.

4.8 CONCLUDING REMARKS

In this chapter, the permissible acceleration limit in ballasted track bridges is
addressed by defining a design phase acceleration. Two design scenarios are
proposed where the design acceleration is found at a critical speed. This speed
is assessed using a newly proposed algorithm to overcome the computational
challenges associated with low probabilities of failure. The main conclusions of
this study can be summarized according to the research questions proposed in
Section 4.1:

1. The employment of subset simulation is cost effective when estimating
low probabilities of failure. However, it still depends on knowing where
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to start in the speed range. By using an appropriate first level threshold
value, sample size, and intermediate probability, a simple decision-making
algorithm can aid in rapidly going through the speed range.

2. The EN 1991-2 dictates how stiffness, damping, and mass must be esti-
mated but does not specify how they are to be achieved. By describing
the geometric and material properties of a bridge with basic random
variables, it is possible to sample these variables and construct two design
scenarios. An expedited sensitivity analysis is sufficient to highlight the
most contributing variables;

3. The study of four real ballasted track structures revealed that a bridge
can be designed so that its deck can experience an acceleration value
greater than 3.5 m/s? without being associated with a probability of
failure greater than 10~ %. Considering that the physical acceleration limit
is kept at 7 m/s?, this means that the safety factor, computed as the ratio
between it and the allowable acceleration, can be set lower than 2.0;

Considering that the calculated design acceleration values are greater than
3.5 m/s? (or, in other words, that the associated safety factors are less than
2.0), it can be concluded that the normative limits are, at least, conservative.
Therefore, a revision of the normative acceleration limit for ballasted track
railway bridges may include the discussion of higher permissible limits.



PROBLEM 3: ANALYSIS OF THE DECK ACCELERATION
CRITERION ON BALLASTLESS TRACK BRIDGES

5.1 INITIAL CONSIDERATION

The Eurocode EN 1990 (CEN, 2023a) stipulates a deck acceleration criterion to
ensure traffic safety on railway bridges. On ballastless track bridges, the norm
limits vertical deck acceleration to 5 m/s2. This value is based on an arbitrarily
attributed safety factor of 2 and on the assumption that a deck accelerationof 1 g
compromises running safety. The empirical nature of these assumptions has led
to scientific discussion, as presented in Section 2.2.5.3. The IN2TRACK3 (2021)
project began studying the relation between deck acceleration and derailment,
and the InBridge4EU (2023) project is currently formulating suitable normative
recommendations, as mentioned towards the end of the current chapter.

Since the mechanics that govern wheel-rail contact (and, by extension, the
possibility of loss of contact and occurrence of derailment) are complex and
also depend on lateral components, this chapter proposes to study the risk
of derailment considering three-dimensional TTBI models, with the purpose
of comparing derailment criteria against calculated deck acceleration values,
to make a critical analysis of the traffic stability criteria stipulated in the
EN 1990. To overcome the knowledge gaps, the following research questions
are proposed:

1. Do deck acceleration values above the normative limit correspond to
derailment?

2. Are both lateral and vertical dynamics indispensable to assess running
safety, or do vertical dynamics suffice?

3. How important is the influence of track quality, compared with the deck
vibrations reached in resonance?

4. Can deck acceleration be an indicator of the passengers’ riding comfort?

The present chapter is based on the work presented in Ferreira et al. (2024a)
(Appendix C), starting with the statement of a methodology in Section 5.2.
A set of bridges, train models, and rail irregularity profiles are described in
Section 5.3. The results and discussion of the parametric analyses, including
the study of increased irregularity profiles, of the influence of the bridge
and the relation to running comfort, are shown in Section 5.4. The normative
recommendations are summarized in Section 5.5, and the main conclusions,
according to the proposed research questions, are listed in Section 5.6.
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5.2 METHODOLOGY

There are several criteria that can be used to assess train running safety, varying
according to different derailment mechanisms and countries. These criteria
(presented in Section 2.2.4) are based on the relation between the wheel-rail
contact forces that can only be accessed through TTBI models.

Among the available derailment criteria, the two used in the present study
(Nadal and Unloading) are two of the most commonly used in the analysis of
train running safety. The Nadal index ¢y can be obtained through Equation 2.6,
where Y and Q are the time histories from the lateral and vertical contact
forces, respectively, in each wheel. The European TSI (European Comission,
2002) specifies a safety limit of 0.8 for this index.

Regarding the unloading index ¢y, it can be calculated with Equation 2.10,
where Qp is the wheel’s static load. The stricter limit of 0.6, stipulated in
the European norm related to the testing and simulation of railway vehicles
EN 14363 (CEN, 2016) is considered in this chapter for the unloading index.
According to the same norm, before computing the aforementioned derailment
criteria, the time histories of both vertical and lateral contact forces should be
low pass filtered with a cut-off frequency of 20 Hz using a filter of order 4.
In this thesis, a Butterworth filter is adopted. Henceforth, the limits for the
Nadal and Unloading criteria, as well as the acceleration limit, are referred to
respectively as Nj;,,, Uiy, and ajiy,.

The methodology employed in this chapter involves conducting a parametric
study on a set of 5 single-track slab bridges (presented in Section 5.3.1) with
spans ranging between 10 m and 30 m, with trains running at speeds ranging
between 150 km/h and 400 km/h. For each analysis, the maxima of the derail-
ment indicators (Unloading and Nadal) and the maximum deck acceleration
at midspan were registered. Each bridge is paired with 1 out of 10 possible
HSLM-A universal trains (whose modelling is detailed in Section 5.3.2), i.e. only
the most critical HSLM-A train for each bridge (the train that conditions the
bridge design in terms of deck acceleration in the speed range) is considered in
the analysis.

To study the effect of track irregularities, each bridge is simulated with a
finite number of realizations of irregularity profiles (detailed in Section 5.3.3),
corresponding to a smooth track, a high quality track, and an Alert Limit track.
Therefore, the parametric study amounts to a total of 1430 3D TTBI dynamic
simulations, conducted using the numerical tool developed and validated by
Montenegro et al. (2015). This number corresponds to the 5 bridges being tested
with 11 different irregularities profiles (5 realizations of a higher quality track,
5 of lower quality track and 1 smooth track profile) with trains running at 26
possible speed values (10 km/h intervals of the speed range).

The methodology is complemented with a study of 10 additional profiles
(Section 5.4.4) where the track irregularities are increased above the normative
Alert Limit and with the study of a rigid bridge (Section 5.4.5), to address
the effects caused by the structure’s vibration. Lastly, a study of whether deck
acceleration can be considered an indicator of riding comfort is presented in
Section 5.4.6.
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5.3.1 Bridge models

The characteristics of the bridges used for the present chapter were obtained
from the work by Arvidsson and Andersson (2017) where, for simply sup-
ported single-span slab bridges, five models are proposed, with spans ranging
from 10 m to 30 m and cross-sections designed to provide results near the
Eurocode’s acceleration limit when considering a design speed of 320 km/h
(and consequently a maximum speed of 1.2 x 320 km/h, as per the EN 1991-2
(CEN, 2023b)).

For this work, the cross-sectional dimensions were obtained considering
an elasticity modulus of 34 GPa and a Poisson’s ratio of 0.2. The 3D models
were developed with the Finite Element Method (FEM) using the commercial
software ANSYS® (2018), using the following element types

e BEAM188: Timoshenko beam elements to model the deck, the track slab
and the rails;

¢ COMBIN14: spring-dashpots to model the track elements, namely the
mortar bed between the deck and the track slab, the subgrade bed in the
adjacent track to the bridge and the rail fastenings

The bridge deck is modelled with beam elements located at its centre of
gravity. From there, the track slab (which is also comprised of beam elements) is
connected with an array of spring-dashpot elements that discretize the concrete-
asphalt (CA) mortar bed. Above the slab, pairs of rigid elements reach the
transversal coordinates of the rails, connecting to them through spring-dashpot
elements that represent the fasteners and pads. The track slab is made up of
modular sections with gaps at the abutments.

The properties of these bridges are presented in Table 5.1, including the span
L, linear mass m, stiffness EI, the natural frequency of the first bending mode
ng, cross-sectional width b and height h. Damping is taken into account through
the Rayleigh proportional matrix with damping ratios (taken from EN 1991-2
(CEN, 2023b) for all cases) set to the first two vertical bending modes of the
bridge deck.

L (m) m (ton/m) EI (GNm?) ng(Hz) b(m) h(m)

10 15.4 12.5 14.3 8.1522 0.6426
15 21.2 36 9.2 7.3128 1.0336
20 25.4 65.1 6.4 7.0075 1.3184
25 33.1 152.0 5.4 6.7193 1.8333
30 36.7 211.0 4.2 6.6324 2.0744

Table 5.1: Properties of the simply supported slab bridges used in the 3D TTBI analysis
(adapted from Arvidsson et al. (2018)).
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Regarding the track elements, their vertical mechanical properties (stiffness
and damping) were adopted from Arvidsson et al. (2018), while the lateral
and longitudinal characteristics were adopted from previous 3D TTBI models
developed by Montenegro et al. (2020, 2022) and Neto et al. (2021). The prop-
erties of the slabs and UICé6o rails (density p, modulus of elasticity E, area A,
moment of inertia I, height /1, width b, and gauge) are listed in Table 5.2 and
the properties of the fasteners and elastic bed in Table 5.3, where x, y, and z
indicate the longitudinal, transversal, and vertical directions, respectively.

PROPERTY SLAB RAILS
0 (kg/ m3> 2400 7850
E (GPa) 34 210
A (m?) 0.96 7.676 x 1073
I (m?) 72x107° 30.038 x 10°°
h (m) 0.3 —
b (m) 3.2 —
gauge (m) — 1.435
Table 5.2: Properties of the slabs and UIC6o rails.

Direction
FASTENERS X Yy oz
Stiffness (MN/m) 40 40 22.4
Damping (kNs/m) 40 40 5.47
Rotational stiffness (kN m/rad) 45 45 45
Spacing (m) 0.588
ELASTIC BED
Mortar modulus (MN/ m3) 1x10°
Mortar damping (st / m2> 34.58
Subgrade modulus (MN / m3> 100
Subgrade damping (st/ m3> 34.58

Table 5.3: Properties of the fasteners and elastic bed (with values from Arvidsson et al.
(2018), ERRI D 202/RP 11 (1997), Ling et al. (2019), and Shi et al. (2016)).

A schematic representation of the FE models is shown in Figure 5.1, alongside
a characteristic 3D view of the ANSYS® model. While the deck and track
slab’s properties can be reduced to single beams to enable the coupling of a
three-dimensional vehicle model, each rail has to be modelled separately, thus
justifying the configuration of rigid elements that can be seen in the same figure.
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Lastly, each bridge’s first vertical bending modal shapes and frequencies can be
seen in Figure 5.2.
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Figure 5.1: Finite elements model of the slab bridges. (a) Schematic representation
(lateral view); (b) Schematic representation (transversal); (c) 3D view.
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Figure 5.2: First vertical bending modes of the FE bridge models.
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5.3.2 Train models

The train models used in this chapter for loading are 3D vehicles aimed to
represent the High-Speed Load Model A (presented in Section 2.2.1.3). This
approach was selected since the HSLM envelope is intended to cover a wide
range of possible running trains. The HSLM-A is a moving load model with
axle distances and loads whose geometric configuration resembles articulated
trains, without any suspension or vehicle body data explicitly provided by the
norm (CEN, 2023b). Therefore, the relevant information regarding the vertical
dynamic behaviour was retrieved from Arvidsson et al. (2018) for each of the
10 HSLM-A trains. The authors of that study adjusted the car body masses
to correspond to the axle loads (ranging from 17 to 21 tonnes/axle) and the
primary and secondary suspensions’ characteristics to produce realistic bounce
frequencies. In contrast, the lateral and longitudinal suspensions were adopted
from typical three-dimensional trains found in the literature (Goicolea, 2014;
Lee and Kim, 2010). Table 5.4 lists the symbols used to describe the train model
parameters, and a thorough list of the values can be consulted in Table 5.5 and
Table 5.6.

MECHANICAL PROPERTIES

Moments of inertia

Mass Roll Pitch Yaw
Car body Mep ch,x ch,y Ich,z
Bogie my Ib,x Ib,y Ib,z
Wheelset My Lpx — Ly -
SUSPENSION PROPERTIES
Direction
X y z
. Stiffn k k k
Primary 1INess p.x Py p.z
Damping c¢px  Cpy Cpz
Stiff: k k k
Secondary eSS Kex Koy o

Damping c¢sx  Csy Cs,z

Table 5.4: Train model parameters symbols.

123



PROBLEM 3: ANALYSIS OF THE DECK ACCELERATION CRITERION ON BALLASTLESS

TRACK BRIDGES

INTERMEDIATE COACHES

Parameter Unit A1 A2 A3 Ay

Mep kg 27,160 33,280 29,200 31,240

Iepy kg m? 091 x 10° 1.41 x10° 1.19 x 10° 1.51 x 10°

Iy kg m? 1240 3650 1240 2700
END COACHES

Parameter Unit A1 A2 A3 A4

Mep kg 40,740 49,910 43,800 46,850

Lepy kg m? 1.02 x 10 1.52 x 10® 1.37 x 10° 1.69 x 10°

Iy, kg m? 1240 3650 1240 2700
POWER CARS

Parameter Unit A1 A2 Aj3 Ay

Mep kg 54,320 66,550 58,400 62,470

Lepy kg m? 1.33 x 10° 1.62 x 10® 1.43 x 10° 1.53 x 10°

Iy, kg m? 2700 2700 2700 2700
COMMON PARAMETERS

Parameter Unit A1 A2 A3 Ay

ky,z kN m 1,410 1,320 1,380 1,350

Cp,z kN m/s 20 19 20 19

ks, - kN m 640 820 700 760

Csz kN m/s 39 50 43 46

Table 5.5: Varying parameters of the HSLM trains.
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INTERMEDIATE COACHES

Parameter Unit As A6 Ay

Mep kg 27,160 29,200 31,240

Lepy kg m? 1.31 x 10® 153 x 10° 1.77 x 10°

Ly kg m? 1,240 1,240 1,240
END COACHES

Parameter Unit As A6 Ay

Mep kg 40,740 43,800 46,850

Lepy kg m? 1.54 x 10®  1.82 x 10° 2.12 x 10°

Iy, kg m? 1,240 1,240 1,240
POWER CARS

Parameter Unit As A6 Ay

My kg 54,320 58,400 62,470

Lepy kg m? 1.33 x 10° 1.43 x 10® 1.53 x 10°

I, kg m? 2,700 2,700 2,700
COMMON PARAMETERS

Parameter Unit As A6 Ay

kp,z kg 1,410 1,380 1,350

Xp,z kg m? 20 20 19

ks - kg m?2 640 700 760

Cs.z kg m? 39 43 46

Table 5.5: (continued) Varying parameters of the HSLM trains.
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INTERMEDIATE COACHES

Parameter Unit A8 Ag A1o

M kg 31,240 35,310 35,310

Iepy kg m? 1.98 x 106 2.32x 10° 2.49 x 10°

Iy, kg m? 1,900 1,240 1,240
END COACHES

Parameter Unit A8 Ag A1o0

Mcp kg 46,850 52,970 52,970

Lepy kg m? 2.36 x 106 2.83 x 10° 3.06 x 10°

Iy, kg m? 1,900 1,240 1,240
POWER CARS

Parameter Unit A8 Ag A1o0

Mep kg 62,470 70,630 70,630

Leby kg m? 1.53 x 106 1.72 x 10° 1.72 x 10°

Iy, kg m? 2,700 2,700 2,700
COMMON PARAMETERS

Parameter Unit A8 Ag A1o0

k,l,,Z kg 1,350 1,280 1,280

Xp,z kg m? 19 19 19

ks, - kg m?2 760 880 880

Csz kg m? 46 53 53

Table 5.5: (continued) Varying parameters of the HSLM trains.
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PARAMETER UNIT VALUE
Lep x kg m? 119,328
L, kg m? 1,957,888
my kg 3,500

Iy » kg m? 2,835
Iy kg m? 4,235
My kg 2,000

L x kg m? 1,000
Ly kg m? 1,000
kp,x kN m 12,500
kp,y kN m 120,000
Cpx kN m/s 9

Cpy kN m/s 27.9

ks x kN m 2,500
ks, kN m 240

Cs,x kN m/s 30

Cs,y kN m/s 30

Table 5.6: Constant parameters of the HSLM trains.

The 3D FE models were developed in the ANSYS® commercial software,
using three of its available finite element types

e BEAM4: 3D elastic beams, to act as rigid beams;

¢ COMBIN14: 3D spring-damper elements, to model the suspension param-
eters;

* MASS21: 3D structural mass, to model all localized masses and rotational
moments of inertia.

Each wheelset is connected to a primary suspension linked to the bogie via
rigid beams. The bogies are connected to a secondary suspension that is, in turn,
linked to the geometric centre of the car body. The HSLM is characteristically
comprised of a power car at each end (with two bogies, independent of the rest
of the train), an end coach attached to each power car (with an independent
bogie and a shared bogie) and a succession of intermediate coaches that share
bogies in the manner of an articulated train. The load model is symmetrical;
therefore, the last intermediate coach shares a bogie with another end coach,
which is followed by the final power car.

It is highlighted that the HSLM is a load model and not an actual train,
presenting the challenge of articulating the intermediate coaches in the FE
model. For this thesis, the solution achieved was to connect the secondary
suspension to one of the carriages and then to couple the translational degrees
of freedom of that suspension and the following carriage, allowing for free
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rotation in every axis, effectively modelling a spherical joint. This approach is
sufficient to analyse lateral and vertical forces at the level of the wheels, which
is the intended purpose of the study. Figure 5.3 depicts lateral and front views
of a schematic representation of the train model, while the corresponding FEM
implementation can be seen in Figure 5.4.
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Figure 5.3: Schematic representation of the train model. (a) front view; (b) lateral view
of the power car; (c) lateral view of the end and intermediate coaches.
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Figure 5.4: View of the train’s FEM model.
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5.3.3 Track irregularities

The track irregularity profiles employed in the present work were artificially
generated based on the German Power Spectral Density (PSD) functions proce-
dure described by Claus and Schiehlen (1998), where the irregularities r along
the longitudinal development x are given by:

N-1
r(x) = V2 Y Aycos (Qux + ¢@n) (5.1)
n=0

where N is the number of frequencies (), ¢, is a random phase angle between
o and 27, and A, are factors given by the same study. The wavelength interval
3-150 m was considered for generating the profiles, which includes the D1 (3-25
m), D2 (25-70 m), and D3 (70-150 m) ranges specified in the EN 13848-5 (CEN,
2015). Two track quality levels were considered:

LOWER TRACK QUALITY: With track quality factors for longitudinal (vertical)
and alignment levels of A, = 6.00 x 1077 and A, = 2.70 x 1077, to
obtain standard deviations in the D1 range compatible with the Alert
Limit specified in CEN (2015) for speeds up to 300 km/h of 03_55, equal
to 1.25 mm and 03_25, of 0.85 mm for the longitudinal and alignment
profiles, respectively

HIGHER TRACK QUALITY: With track quality factors of A, = 0.60 x 10~7 and
Aa = 0.35 x 1077, respectively, giving 375, equal to 0.40 mm and 03254
of 0.30 mm, compatible with a well maintained track of the Chinese PSD
(W. Zhai et al., 2015).

The rail irregularity profiles are generated for a total length of 2500 m with an
interval of 0.25 m. Depending on the bridge span, each profile is offset so that
one of its peaks coincides with the midspan point, increasing the likelihood of
significant interaction forces occurring. Plots of example realizations of tracks’
irregularities can be seen in Figure 5.5 for both quality levels in the lateral and
vertical directions. An example of the alignment PSD is shown in Figure 5.6.
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Figure 5.5: Example realization of tracks’ irregularities in the vertical direction: (a)
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5.4 DYNAMIC ANALYSIS
5.4.1 Train-bridge interaction

The 3D TTBI dynamic analyses are carried out with the software “VSI — Vehicle
Structure Interaction Analysis” (see Figure 5.7). This tool, capable of dealing
with lateral dynamics, is implemented in MATLAB® (2018) and imports the
structural matrices from the railway vehicle and bridge modelled in the FE
package ANSYS® (2018). Then, the external excitations (which can be track
irregularities, wind or seismic loads, among others) are imposed on the coupling
system, and the corresponding dynamic responses are obtained. The interaction
between the two sub-systems is accomplished by a specially developed contact
finite element that considers the behaviour of the contact interface between
wheel and rail. The contact formulation is divided into three main problems,
namely the geometrical, the normal and the tangential contact problems. With
the contact interface fully characterized, the equations of motion of the vehicle
and bridge are complemented with constraint equations that couple these two
structural systems. The full mathematical formulation and validation of the
TTBI model can be seen in Neves et al. (2014) and Montenegro et al. (2015).

Vehicle model

Vehicle speed Vv
E—

Track model VSI d){na_mic
ANSYS analysis
# MATLAB

vAxle load: vAxle loadsv ] Wheel-rail contact forces
i
1 o[— Left wheel
‘ : '55" R|glht wheel
= : pa
. Wheel-rail contact model Track irregularities S
Bridge model E |
# MATLAB # MATLAB N

ANSYS

Time

Left rail
Right rail

e

Y
Nadal Unloading

Y\
Safe Unsafe

Figure 5.7: Framework of the tool for 3D TTBI dynamic analysis.

In vsI, the wheel-rail contact formulation relies on a specially developed
contact element, implemented in MATLAB®, which is tirstly used to evaluate
the location of the contact point between wheel and rail, considering the relative
movement between the vehicle and the structure. This first step, named the
“geometrical contact problem”, is accomplished with the parameterization of
the surfaces of the contacting bodies, i.e., the wheel and rail. The potential
contact point position is evaluated through the following nonlinear equations:

Z'Dwrzo
To Ny =0

(5-2)
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where 7; and 7, are the lateral tangent vectors to the rail and wheel surfaces,
respectively, at the contact point, N, is the normal vector to the rail surface at
that same point, and D, is the vector that defines the relative position between
the contact points in the wheel and rail surfaces directed at the wheel. However,
as can be seen in Figure 5.8, the condition defined by Equation 5.2 is necessary
but not sufficient to guarantee actual contact. Therefore, the following additional
condition is added to the formulation to ensure that the two parametric surfaces
intersect:

Do - N; <0 (53)

Rail surface (RS)

Wheel
surface (WS)

Situation B: no contact

Figure 5.8: Possible situations after a valid solution of the nonlinear equations for
contact search. (adapted from Montenegro et al. (2022))

Since D, is directed towards the wheel and N, outside the rail surface,
Equation 5.3 represents “Situation A” in Figure 5.8, in which contact occurs
when the two vectors point in opposite directions. If this condition is not met
(even though the solution for Equation 5.2 is valid), contact does not occur,
as can be seen in “Situation B” in Figure 5.8. The deformation of the contact
element is utilized to calculate the normal contact force and is given by:

d = || Dyr|l (5-4)

For better and faster convergence, the results obtained in the previous iter-
ation or step are used as an initial estimate for the solution of the nonlinear
problem defined by Equation 5.2. It is noted that there may be multiple solu-
tions for the equations if the contact point resides in the concave region between
the wheel thread and flange. When this happens, an alternative contact point
detection algorithm (described in detail by Montenegro et al. (2015)) is used.

The forces output in the contact interface are evaluated through the contact
laws implemented in the contact finite element. Regarding the normal contact,
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and according to the Hertz nonlinear theory, when two non-conforming bodies
are compressed to each other, they deform in the region around the first
contacting point, forming a contact patch with an elliptical format. The normal
contact force F, can thus be computed based on the deformation d of the contact
element calculated in Equation 5.4 through:

3
F, = Khdz (5-5)

where K}, is a coefficient depending on the Young’s modulus and Poisson
ratio of the material from the contacting bodies and on their curvatures at the
contact point.

After computing the normal forces, it is possible to evaluate the tangential
forces on the contact interface that exist due to the rolling friction contact
between wheel and rail. Contrary to the Coulomb friction, where the behaviour
within the contact patch is homogenous (all points are adhering or slipping),
when two compressing bodies are allowed to roll over each other, the contact
area may share points in adhesion and in slippage simultaneously. Based on
this, it is possible to compute the so-called creepages, which are the normalized
relative velocities between wheel and rail at the contact point. Creepages are
the main inputs for the tangential contact forces that play a major role in a
vehicle’s stability. The tangential creep forces in the longitudinal and lateral
directions (Fz and F;, see Figure 5.9) are precalculated and stored in a lookup
table based on the USETAB algorithm (Kalker, 1996), to be later interpolated
during the dynamic analysis as a function of the creepages and the semi axes
ratio of the contact ellipse (details on how the table is built can be consulted in
Montenegro et al. (2015)).

Figure 5.9: Normal and tangential contact forces in the interface between wheel and
rail. (adapted from Montenegro et al. (2020))

The coupling between the vehicle and the bridge is accomplished through the
Lagrange multipliers method, in which the governing equilibrium equations
of motion are complemented with constraint equations that connect the two
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sub-systems. These equations form a single system with displacements A and
contact forces X' (Lagrange multipliers) as unknowns that can be mathematically
described as:

(5-6)

AXH'l

K D
R

H 0

[AAiJrl

[1{! (At+At,i’Xt+At,i)]

where K is the coupled effective stiffness matrix of the system, and R is
the track irregularities vector that is interpolated in each timestep, depending
on the position of the wheel. Due to the nonlinear nature of the problem, a
formulation based on incremental displacements A.A and contact forces AX
is used, in which Y is the residual force vector. Finally, since node B from the
contact element is located over non-nodal points from the track (the contact
element is constantly moving), matrix D transforms the contact forces defined
in the local coordinate system (CS) of the rail elements with the nodal forces
in the global CS, while matrix H relates the nodal displacements of the rail
elements in the global CS with the displacements of the non-nodal points from
the rail elements where node B is located. t + At indicates the current time step,
while 7 and i + 1 refer, respectively, to the previous and current iteration.

5.4.2  Critical train load model

As stated in Section 5.2, only the most critical HSLM-A train for each case
study bridge is taken into account for the study. The SLLS moving loads method,
applicable to single-span simply supported bridges, was employed for this
assessment, using the quantities listed in Table 5.1 and the load values and
distances of the HSLM-A.

The maximum midspan acceleration a is estimated accounting for the res-
onant effects that occur due to the relation between the repeatability of the
loads and the bridges’ natural vibration frequencies. Each line of the graphics
in Figure 5.10 corresponds to the maximum acceleration obtained from the
response of each of the HSLM-A trains at different speeds on each bridge. The
HSLM-A universal train (represented in blue) that causes an acceleration that
exceeds the EN 1990 limit of 5 m/s? (at around 1.2 x 320 km/h) was chosen as
the critical one for the bridge at matter.

Therefore, the critical HSLM-bridge pairs are:

¢ 10 m bridge: HSLM-Ay

15 m bridge: HSLM-Ay

20 m bridge: HSLM-A1

25 m bridge: HSLM-A3

30 m bridge: HSLM-Ag



| —HSLM-A7

— Limit

| — Other HSLM-A

a [m/sz]
[38] w £ W N ~

a [m/s?]
[\e) W I Wi N ~

5.4 DYNAMIC ANALYSIS

| —HSLM-A7

— Limit

| — Other HSLM-A

0 L L L L 1 3} L L L
150 200 250 300 350 400 150 200 250 300 350 400
Speed [km/h] Speed [km/h]
(@) (b)
71 —HSLM-Al _ 71 —HSLM-A3
6 | —Other HSLM-A ] 6 | —Other HSLM-A
— Limit | — Limit
5 5
4t 4+
3r 3r
2r 27

250 300

300

250

150 400 150 400
Speed [km/h] Speed [km/h]
(c) (d)
71 —HSLM-A9
6 | —Other HSLM-A
— Limit ~
— 5 T
N, !
4 N
B /
s 3 /
./.
2 / Y
1 ) pa
0 : . . :
150 200 250 300 350 400
Speed [km/h]

(®

Figure 5.10: Maximum midspan deck acceleration and identification of the most critical
HSLM-A train. (a) 10 m bridge; (b) 15 m bridge; (c) 20 m bridge; (d) 25 m
bridge; (e) 30 m bridge.
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5.4.3 Analysis results

The results of the parametric analyses introduced in Section 5.2 are presented
hereinafter. Figure 5.11 depicts the envelopes of the maximum registered Un-
loading criteria, while the Nadal envelopes are presented in Figure 5.12. The
displayed data points of the computed derailment criteria correspond, for each
speed, to the worst-performing wheelset (while still on the bridge) of that
particular simulation. The acceleration values can be seen in Figure 5.13, with
each value representing the maximum absolute acceleration in the midspan of
the bridge’s deck.

The Nadal criterion measures no distinguishable features for a smooth track
profile (i.e., with no vertical nor lateral rail irregularities imposed on the system).
Due to the absence of lateral irregularities and other sources of transversal
instability, this expected behaviour serves as a benchmark for the results. In
fact, the vertical acceleration curves for smooth tracks show similarities to the
moving loads assessment in both absolute value and location of resonance.

Concerning the track irregularities, either with high or low quality (Alert
Limit level), the maximum values of ¢; increase with speed, but the general
shape of their trends remains the same (Figure 5.11). The same conclusion
can be drawn from the accelerations’ results. Notably, the Unloading criterion
curves rise as the speed approaches 400 km/h, but they also show a less evident,
yet present, peak around the sub-harmonic speeds.

In general, it is observed that ¢y is unaffected by resonance phenomena,
never following the trend of the acceleration or Unloading curves, but instead
reflecting only the level of track condition (Figure 5.12). As the irregularities
(including lateral) on the tracks get more prevalent, lateral forces become
more present in each wheel, while vertical contact forces get diminished, thus
increasing the criterion’s values. However, even in scenarios of low-quality
tracks (with Alert Limit irregularity profiles), the Nadal criterion remains fairly
low and distant from its limit of 0.8.



5.4 DYNAMIC ANALYSIS

U i . . U, . .
im lim|
[ High quality [ High quality
[ Alert limit [ Alert limit
Smooth track Smooth track
0.4
&
0.2
150 200 250 300 350 400 150 200 250 300 350 400
Speed [km/h] Speed [km/h]
(a) (b)
Ulim i T U, Jind r .
[CHigh quality [ High quality
[ Alert limit [ Alert limit
Smooth track Smooth track
0.4 0.4
W o
0.2 1 0.2
0 : : : : 0 - - - -
150 200 250 300 350 400 150 200 250 300 350 400
Speed [km/h] Speed [km/h]
(c) (d)
Ulim ! !
[T High quality
] Alert limit
Smooth track
0.4
W&

0.2

0 n n n n
150 200 250 300 350 400
Speed [km/h]
(e)

Figure 5.11: Unloading criterion envelopes. (a) 10 m bridge; (b) 15 m bridge; (c) 20 m
bridge; (d) 25 m bridge; (e) 30 m bridge.
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Figure 5.12: Nadal criterion envelopes. (a) 10 m bridge; (b) 15 m bridge; (c) 20 m bridge;
(d) 25 m bridge; (e) 30 m bridge.
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Figure 5.13: Acceleration envelopes. (a) 10 m bridge; (b) 15 m bridge; (c) 20 m bridge;

(d) 25 m bridge; (e) 30 m bridge.
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The maximum registered vertical acceleration for each bridge is registered in
Table 5.7 for the high-quality track realizations and in Table 5.8 for the Alert
Limit irregularity profiles. Both tables present the two concomitant criteria,
i.e., the maximum value of the worst-performing wheelset that stems from
the realization of rail irregularity leading to the maximum acceleration. From
the observation of these results, there appears to be no correlation between
acceleration levels above the normative limit of 5 m/s? and derailment indica-
tors. Considering, for example, the worst-case scenario of track condition, an
assessment based on the normative limit would conclude that the acceleration
limit is surpassed. However, the maximum value of the unloading factor, in
that case (for all studied bridges), is below 0.38 for high-quality tracks and
0.48 for Alert Limit tracks, which is far from the limit of 0.6. Therefore, since
deck acceleration does not seem to condition derailment at such low values,
the results do not support the thesis of safety being limited by the calculation
of vertical deck acceleration.

CRITERIA
BRIDGE MAX. ACCEL. (m/sz) UNLOADING NADAL
10m 5.93 0.25 0.04
15m 7.30 0.26 0.07
20m 7.70 0.36 0.07
25 m 6.43 0.30 0.06
30m 6.09 0.29 0.06

Table 5.7: Maximum registered acceleration values and concomitant criteria (high

quality track).
CRITERIA
BRIDGE MAX. ACCEL. (m/sz) UNLOADING NADAL
10 m 7.18 0.28 0.10
15 m 8.30 0.38 0.13
20m 8.77 0.39 0.10
25 m 7.35 0.37 0.12
30m 7.59 0.36 0.11

Table 5.8: Maximum registered acceleration values and concomitant criteria (Alert
Limit track).

The existence of a correlation (or lack thereof) between acceleration and
derailment indicators can be further explored by plotting all the pairs of data
points and fitting a linear regression. This is presented in Figure 5.14a for the
high quality track realizations and in Figure 5.14b for the Alert limit tracks,
with the continuous black lines representing the fitted models. The displayed
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coefficients of determination (r2) show, for both cases, that the Unloading
criterion is the one that follows acceleration the closest. Even so, the relation
is insufficient to infer safety conditions from analyzing acceleration alone
since several data points above the acceleration limit do not cross Uj;,,. This
observation is even more evident when considering lateral forces for derailment,
i.e. acceleration values from close to 0 m/s? to almost 8 m/s? hardly translate
into any ¢y values. It is also noteworthy that the gap between the criteria’s
r? values is narrower for the worst track conditions, which highlights the
importance of the level of irregularities.

lim| | lim| |

lim

lim|

Criteria
o
IS
Criteria
(=]
N

0.2r

Figure 5.14: Relation between acceleration and derailment criteria (all bridges, every
speed). (a) every realization of a high quality track; (b) every realization of
an Alert Limit track.

5.4.4 Influence of increased irregqularities

Results from Section 5.4.3 have shown that the derailment criteria are distant
from their limits even at resonance. While deck acceleration is sensitive to both
running speed and track condition, the Nadal and Unloading criteria are less in-
fluenced by the bridge’s dynamic effects. An additional set of dynamic analyses
was devised to sustain this observation further. These included generating new
realizations of track irregularities, increasing both the vertical and alignment
standard deviations in the 3 m to 25 m wavelength range, totalling 10 new
profiles: 5 with a 50% increase over the Alert limit’s 03_»5 (named Alert x1.5)
and 5 with 100% increase over the Alert limit’s 03_75 (named Alert x2). This
set of analyses was conducted on the 25 m bridge, with the HSLM-A3 model at
390 km/h, since this combination provided the most evident resonant situation.

Figure 5.15 presents the results from the increased irregularities simulations
as boxplots superimposed on zoomed-in sections of Figure 5.11d, Figure 5.12d
and Figure 5.13d. These figures allow for a comparison of 5 scenarios: smooth
track, high quality track, Alert Limit, 50% increase of the Alert Limit and
100% increase. It can be seen that there is a direct relation between a worse
track and higher derailment criteria: maximum values registered include 0.704
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for Unloading and o.505 for Nadal. As for acceleration, a maximum value of
8.168 m/s? is measured.
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Figure 5.15: Criteria for increased irregularities (25 m bridge). (a) Unloading; (b) Nadal;
(c) Acceleration.

The results presented strengthen the observation that derailment criteria,
compared to deck accelerations, are more permeable to track conditions. It
was necessary to increase Alert limit conditions up to double the standard
deviation to register ¢y values above 0.5 and ¢y values greater than Uj;,,. On
the other hand, acceleration was already greater than the normative 5 m/s?
limit, even for a smooth track. Worsening the irregularity profiles increased the
maximum acceleration. Still, it is worth noting that there is far more overlap
between the different realizations” results on acceleration when compared to the
derailment criteria, i.e., track condition plays a less relevant part in determining
deck acceleration.

5.4.5 Influence of the bridge vibration

From the general and increased irregularities analyses, it can be inferred that
track condition constitutes the predominant factor in assessing running safety.
Even though the occurrence of resonance is relevant for deck acceleration,
vibration from the bridge seems to have an imperceptible effect on the variation
of wheel-rail contact forces and, therefore, on the derailment criteria. For this
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reason, the present section presents the results of additional dynamic analyses
of the same critical load model and speed as of the 25 m bridge, replacing it
with a rigid bridge. These simulations consider the 21 available profiles, i.e.
the same employed in Section 5.4.4. Figure 5.16a and Figure 5.16b depict the
distribution of results regarding the Unloading and Nadal criteria, respectively.
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Figure 5.16: Influence of the bridge vibration. (a) Unloading criterion; (b) Nadal crite-
rion.

The results indicate that regardless of considering the bridge’s dynamic
effects, the performance of derailment indicators is controlled by the track’s
condition. As quality decreases, so does the influence of the bridge vibration. To
assess the fitness of using just the plain track model as a predictor (¢;; and {3;)
of the criteria, the sums of squared errors can be computed (using all available
realizations) as:

21

Y (Eu— &) =0.0419 (5.7)
i=1

21 )

Y (& — )% = 0.0092 (5.8)

i=1

Given that the scale of the criteria is between o and 1, the fact that the sums of
squared errors are lower than 1% makes them negligible. It can be concluded
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that regardless of the train model being subjected to bridge vibration, the
relation between contact forces is already conditioned by the track quality.

5.4.6  Effect on riding comfort

Results in the previous sections suggest that deck acceleration does not accu-
rately relate to derailment criteria. Since running safety appears to be condi-
tioned by track condition rather than the amount of bridge vibration, a revision
of the Eurocode could result in removing the acceleration limit. However, even
if the maximum deck acceleration does not portray running safety, its value
should nevertheless be limited if it can be taken as an indicator for other
measurements, such as riding comfort.

The present subsection measures passenger riding comfort by calculating
the vertical acceleration at coach level b,. Using the same case study bridges
and track irregularity profiles, time-histories are obtained for each carriage for
the entire run (before, during, and after crossing the bridge) at every speed
(Figure 5.17a). These responses are band-pass filtered (0.4 Hz to 10 Hz, cut off
at -3 dB), according to the “Ride characteristics” requirements in the EN 14363
(CEN, 2016) (Figure 5.17b). The response section corresponding to the bridge
crossing is isolated, and the maximum absolute value is stored (Figure 5.17c¢).
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Figure 5.17: Visualization of the riding comfort assessment methodology. (a) Entire
time-history; (b) Filtered response (bridge section in blue); (c) Maximum
absolute.

The envelopes containing the maximum coach acceleration are illustrated in
Figure 5.18. The dataset comprises the results from each run’s worst-performing
coach. In the figures, the “Very good”, “Good”, and “Acceptable” thresholds
correspond to the limits introduced in Section 2.2.1.1. Similarly to the derail-
ment criteria’s analysis, it is observed that there is a clear separation concerning
the track’s quality, with the Alert limit tracks corresponding to the worst coach
acceleration values. For high quality tracks, the thinner envelopes indicate less
dispersion in results, with their lower limits generally following the smooth
tracks’ results. In all five bridges, the Alert limit irregularities cause the riding
comfort to cross the “Very good” line, with the 30 m bridge even demonstrat-
ing a crossing of the “Acceptable” line (albeit at very high speeds). A better
maintained high quality track is not only less permeable to speed differences
but also a guarantee of higher riding comfort.
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Figure 5.18: Coach acceleration envelopes. (a) 10 m bridge; (b) 15 m bridge; (c) 20 m
bridge; (d) 25 m bridge; (e) 30 m bridge.
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The possible correlation between deck and coach acceleration is further in-
vestigated by plotting the pairs of results (Figure 5.19) and calculating the
coefficients of determination. There is less dispersion in the high quality track
results, which makes for a larger correlation than in the alert limit track re-
sults. Nonetheless, in high quality tracks, deck accelerations around or above
the normative limit of 5 m/s?> do not increase coach acceleration. In fact, at
0.92 m/ s?2, the maximum registered coach acceleration does not even cross the
“Very good” 1 m/s? threshold. Conversely, in alert limit irregularity tracks, there
are several instances where a deck acceleration of 6 m/s? can correspond either
to a very low coach acceleration (0.47 m/s?) or up to values above (2.10 m/s?)
the “Acceptable” threshold of 2 m/s?. The correlation is insufficient to justify
using deck acceleration as an indicator of passenger riding comfort.

2.5 T T T T 2.5

0 2 4 6 8 10 0 2 4 6 8 10

Deck acceleration [m/sz] Deck acceleration [m/sz]

(@) (b)

Figure 5.19: Relation between deck acceleration and coach acceleration (all bridges,
every speed). (a) every realization of a high quality track; (b) every realiza-
tion of an Alert Limit track.

5.5 NORMATIVE RECOMMENDATION

The current Eurocode EN 1990 (CEN, 2023a) limits the maximum vertical deck
acceleration to “prevent track instability, for traffic safety reasons”. This relation
is contested by the research presented in the present chapter, which consis-
tently suggests that vertical deck acceleration is unrelated to the assessment
of running safety, concerning the occurrence of derailment. Not only is the
current Eurocode limit of 5 m/s? not associated with any safety threshold,
but deck acceleration itself, as an indicator, is insufficiently correlated to any
variation in derailment criteria. Contrarily, track quality is a more relevant
factor, demonstrating that the effect of rails” unevenness across hundreds of
meters is far greater than the effect of the bridge’s vibration. It could be argued,
however, that deck acceleration should still have a limiting value related to other
non-safety-related phenomena. In this regard, this thesis evaluates whether
riding comfort correlates with deck acceleration, yet the results do not point in
that direction.



5.6 CONCLUDING REMARKS

As mentioned in Section 4.7, although the current Eurocode EN 1990 is a
single document, in the upcoming second generation of Eurocodes, the norm
will consist of two distinct parts, separating new from existing structures.
Therefore, the normative recommendation for this matter is:

RECOMMENDATION FOR NEW AND EXISTING STRUCTURES: considering the
lack of correlation between deck acceleration and derailment, remove the
criterion presented in Section A.2.9.4.2.1 of the EN 1990 (CEN, 2023a)
which limits the deck acceleration for ballastless track railway bridges to
5m/s?.

It is observed that dynamic assessment is still necessary since other limiting
aspects exist, such as support uplift, slab separation, deflection control, fatigue
assessment, or relative rotation. Additionally, it should be noted that some
acceleration limit could still exist due to the presence of loosely supported
non-structural components or to prevent malfunctioning pantograph-catenary
interaction (for instance, Matsuoka et al. (2022) highlights the possible fatigue
damage in overhead wires caused by excessive vibrations). However, such a
limit should be clearly identified in the Eurocode as being due to the mentioned
reasons and not because of traffic safety.

56 CONCLUDING REMARKS

The present chapter addressed the pertinence of utilizing an acceleration limit
as a conditioning factor for the dynamic design of railway bridges. Multiple
realizations of two track quality levels were tested on a wide range of running
speeds for five different bridges with train models representative of the HSLM-
A. A comparative analysis of increased irregularities, as well as of the influence
of the bridge vibration under resonance, was also presented to further sustain
the observations. Acceleration at coach level was studied, evaluating its relation
to deck acceleration.

Referring to the research questions listed in Section 5.1, the main conclusions
to be drawn can be outlined as follows:

1. Ballastless railway bridges can experience acceleration values above the
normative limit of 5 m/s? without it corresponding to a surpassing of
derailment criteria, which does not support the thesis of using deck
acceleration as a limiting factor for running safety.

2. Even though both the Unloading and the Nadal criteria present a low
correlation with acceleration, the former does indicate a closer relation.
Vertical dynamics are, therefore, indispensable in assessing train running
safety in scenarios where the Unloading criterion is conditioning. 3D
analyses should be considered in scenarios where substantial lateral loads
may contribute to the lateral instability of the train.

3. Across different running speeds, the Nadal criterion is shown to be close
to constant, depending on the track quality, with the Unloading criterion
being slightly more telling of the occurrence of resonance, while the
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acceleration values are greatly dependent on the train’s speed. Results
show that both derailment criteria are greatly influenced by the level of
track quality, with bridge vibration being imperceptible for wheel-rail
contact forces. For the study of derailment, track quality is far more
relevant than the vibration experienced on the bridge.

4. The correlation between deck and coach acceleration across multiple
bridges and running speeds is not strong enough to confidently infer
the level of passenger riding comfort from the analysis of deck vertical
acceleration.

Considering the presented conclusions, it is observed that the current nor-
mative limit might be over-conservative. In the case of future discussion and
research work leading to the acceleration criterion being discarded, different
limiting criteria should be tested and evaluated.



CONCLUSIONS AND FUTURE WORKS

6.1 CONCLUSIONS

The work developed in this thesis is intended to contribute towards the discus-
sion around the permanent improvement of the Eurocodes. The three problems
presented (constituting the three core chapters of this work) were selected due to
concerns expressed not only by the scientific community but also by regulatory
bodies. Therefore, these aspects established pertinent research opportunities,
motivating the objectives stated in Section 1.3.

From the documents explored in the literature review, it was made evident
that there was a scarcity of studies evaluating the HSLM’s limits of validity
in comparison to the model’s envelope. In Annex E of the EN 1991-2, the lack
of definition of distances relevant to the HSLM also presented an opportunity.
Furthermore, the clarification of the same norm’s dispositions regarding es-
timates of mass and damping remained to be addressed. At the same time,
the seemingly arbitrary reasoning behind the definition of deck acceleration
limits in the EN 1990 had been questioned in studies. The quantification of
permissible acceleration related to design scenarios for ballasted tracks was
still fairly insufficient in the literature. In the case of ballastless tracks, a gap
was identified in the inclusion of lateral dynamics in the assessment of running
safety.

The evaluation of the HSLM’s limits of validity was derived from the study
of six sets of randomly generated articulated, conventional, and regular train
load model configurations, with some abiding by the limits of Annex E of the
EN 1991-2 and others having distances outside the range, which totalled more
than 17 million dynamic analyses. For this quantity to be feasible, it was crucial
to develop a tool to expedite the test of load models. The Single Load Linear
Superposition method was developed and validated, achieving a computation
time saving of 92%. This allowed any number of load models to be tested when
provided with a bridge’s response from a single moving load. The study of
randomly generated load model configurations showed that it is possible for
a load model abiding by the limitations of Annex E of EN 1991-2 to not be
covered by the HSLM’s envelope. This is verified for some articulated trains
but primarily for conventional and regular trains. The Eurocode’s insufficient
description of the distance between the centres of adjacent vehicle bogies
further hinders this evaluation. For trains that do not necessarily comply with
the Annex’s limits, it is found that the HSLM-A is partially suited to encompass
some of them. This sort of future-proofing is useful for allowing new, longer
trains to join current rolling stock fleets that operate on lines containing bridges
designed with the EN 1991-2 HSLM in mind.

As for the improvement of the safety factor for deck acceleration in ballasted
bridges, the methodology devised came with the challenge of finding critical
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speeds associated with probabilities of failure of 10~*. While the difficulty of a
single probabilistic analysis can be circumvented by employing subset simula-
tion, developing a procedure to find the critical speeds without unnecessary
computational expenditure was necessary. After optimizing the simulations’ pa-
rameters and proper stopping criteria, the proposed algorithm made it possible
to compute a critical speed within a 1 km/h interval using a sample size of 2200,
when an equivalent series of Monte Carlo simulations would entail a sample
size of more than 1 million. Another gap addressed in this context was the
EN 1991-2’s dispositions regarding upper and lower bounds estimates of mass
and stiffness. Following a sensitivity analysis, two design scenarios are defined,
using Gaussian and uniform distributions for the description of structural and
track variables. By comparing the physical acceleration limit associated with
track instability with the design acceleration calculated at critical speeds, it was
found, in four case study bridges, that a ballasted bridge can be designed for a
permissible deck acceleration greater than 3.5 m/s? without crossing a target
probability of failure greater than 10~*. This means that the implied safety
factor of 2.0 present in the EN 1990 is over-conservative. Considering that the
new EN 1990 will distinguish new structures from existing ones, the normative
recommendation from this thesis is to keep the limit for the design of new
bridges (for future-proofing) and allow higher accelerations in the assessment
of existing bridges. This finding can be applied to engineering practice by al-
lowing a train that potentially causes deck accelerations above 3.5 m? to operate
in high-speed lines containing ballasted bridges.

The acceleration limit for ballastless tracks appears to be based on an as-
sumption relating deck accelerations around 1 g with unsafe conditions for
running trains. For this part of the study, the identified fail condition was
derailment, addressed through the calculation of derailment criteria for which
it was necessary to calculate contact forces, deeming insufficient the usage
of the HSLM as a moving loads model. Therefore, a 3D parametric model
adaptation of the HSLM was developed, based on the distances and loads of
the HSLM-A, suited to replicate its effects in simulations where metrics such
as lateral wheel-rail contact forces are required. Considering varying quality
levels of rail irregularities in five case study bridges with spans between 10 m
and 30 m, the results consistently showed that a bridge could present deck
acceleration values above 5 m/s? and not correspond to surpassing derailment
criteria. The correlation between the two metrics is insufficient to justify limiting
deck acceleration due to running safety. Deck acceleration was also found not
to be an indicator of riding comfort. Therefore, the normative recommendation
from this thesis is to remove the acceleration limit for ballastless bridges in
the EN 1990. A practical application can be allowing deck accelerations to be
higher than 5 m/s?, provided proper track conditions, which is found to be the
determinant aspect.

The developed tools and the methodologies tested for the fulfilment of this
thesis” objectives were paramount to conclude the normative recommendations.
The Eurocodes are documents that reflect the continuous research in several
fields related to Civil Engineering to ensure the best practices in the industry.
As society’s needs for high-speed rail transportation grow, so must the norms



6.2 RECOMMENDATIONS FOR FURTHER RESEARCH

evolve. The research presented in this thesis can hopefully assist a Eurocode
revision in extending the lifecycle of railway bridges.

6.2 RECOMMENDATIONS FOR FURTHER RESEARCH

Throughout the tasks undertaken for this present thesis, a few opportunities
showed up that, while outside the scope of the present work, can constitute
useful scientific work. Research is a continuous and collaborative work that
draws on experience and leaves opportunities for the future. Therefore, the
topics that follow are recommendations for further work in the fields of high-
speed railway bridge dynamics:

Develop a load model alternative to the HSLM (or add new universal
trains to it) that encompasses the current limits of the norm, and that
makes allowance for future trains.

Complement the study of the HSLM’s limitations, focusing on integral
portal frames and metallic truss bridges. Evaluate the differences caused
by bridges with physical characteristics associated with varying damping
scenarios.

Study the probability of simultaneous train crossings in opposing direc-
tions in double-track bridges where there is no independence between
the tracks. Consider that while the effect of two concurrent trains can be
critical, the probability of that event occurring may be within a reasonable
reliability target.

For slab track bridges, evaluate the existence of a correlation between
deck acceleration and the possibility of slab separation.

Apply the methodology for studying the safety factor for deck acceler-
ation in ballasted track bridges considering the acceleration limit as a
random variable, constructed using information from ongoing experimen-
tal studies.

For the study of running safety in ballastless bridges, add a pier-supported
bridge model with varying pier lateral stiffness, subjected to wind action,
to increase the possible lateral instability of the trains.

Enhance the normative criteria for structural damping through the statis-
tical study of existing results from experimental campaigns and simula-
tions.

Study the validity of the Eurocode’s usage of deck deflection as an indi-
cator of passenger comfort, which currently depends on the number of
spans.

Evaluate the pertinence of the 1.2 Hz lower limit for lateral bridge vibra-
tion, especially considering the effects on high-pier viaducts.
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APPENDIX A: ARTICLE FROM PROBLEM 1

The work by Ferreira et al. (2024b), on which Chapter 3 is based, is reproduced
in this appendix.

G. Ferreira, P. Montenegro, J. R. Pinto, A. A. Henriques, and R. Calgada
(2024b). “A discussion about the limitations of the Eurocode’s high-speed load
model for railway bridges.” In: Railway Engineering Science 32.2, pp. 211-228.
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Abstract

High-speed railway bridges are subjected to normative limitations concerning maximum permissible deck accelerations.
For the design of these structures, the European norm EN 1991-2 introduces the high-speed load model (HSLM)—a set of
point loads intended to include the effects of existing high-speed trains. Yet, the evolution of current trains and the recent
development of new load models motivate a discussion regarding the limits of validity of the HSLM. For this study, a large
number of randomly generated load models of articulated, conventional, and regular trains are tested and compared with the
envelope of HSLM effects. For each type of train, two sets of 100,000 load models are considered: one abiding by the limits
of the EN 1991-2 and another considering wider limits. This comparison is achieved using both a bridge-independent metric
(train signatures) and dynamic analyses on a case study bridge (the Canelas bridge of the Portuguese Railway Network). For
the latter, a methodology to decrease the computational cost of moving loads analysis is introduced. Results show that some
theoretical load models constructed within the stipulated limits of the norm can lead to effects not covered by the HSLM.
This is especially noted in conventional trains, where there is a relation with larger distances between centres of adjacent
vehicle bogies.

Keywords High-speed load model - Dynamic analysis - High-speed railways - Train signature - Railway bridges - Deck
acceleration

1 Introduction be given to the one related to the maximum deck accelera-

tions specified in the European norm EN 1990-Annex A2

The evaluation of running safety on bridges has been a
widely studied topic in the last years [1-3]. In particular,
the design of high-speed railway bridges must fulfil, among
others, several safety and serviceability normative criteria
related to the dynamic behaviour of the structure under rail-
way traffic. Among those criteria, particular attention should
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[4], since it often conditions the bridge design. This criterion
stipulates a maximum deck acceleration of 3.5 and 5.0 m/s”
for bridges with ballasted and non-ballasted tracks, respec-
tively. While the former comes from the test rig experiments
described in [5, 6], in which it was concluded that for accel-
erations above 0.7g the ballast layer loses its interlocking
capabilities, leading to the instability of the ballast track
and consequent higher probability of derailment, the latter
is related to the fact that for accelerations above 1g there is
a higher risk of uplift effects of bearings and train wheels.
Then, according to the recommendation proposed by Ref.
[7], a safety factor of 2 is applied to these values, leading to
the above-mentioned limits stipulated by the norm.

To generalize the design of railway bridges subjected to
important dynamic effects caused by the train passages, usu-
ally those designed for speeds greater than 200 km/h, the
European Commission’s regulation on the Technical Speci-
fications for Interoperability [8] stated that these structures
must be checked through the high-speed load model (HSLM)
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specified in the European norm EN 1991-2 [9]. This load
model, which dated from 1999 and was proposed in Ref.
[10], was built based on the idea of separating the dynamic
response of the train from the response of the bridge to facil-
itate the comparison of the dynamic loading effects caused
by different trains. Such separation led to the definition of
a train spectrum, called train signature, which was success-
fully obtained through a method called decomposition of
the excitation at resonance (DER method). However, many
other authors continue to contribute to the development of
this type of train spectra for analysing the structural response
under railway traffic. Vestroni and Vidoli [11] developed an
approach based on a non-dimensional representation of the
bridge response and Fourier transform of the train loads.
Matsuoka et al. [12] defined the train spectrum of the Italian
ETR-1000 train to study the influence of local deck vibra-
tions on the assessment of the maximum accelerations in
a steel-composite high-speed railway bridge. Auersch [13]
studied resonant effects in railway bridges using modal force
excitation techniques and train axle sequence spectra.

The first approach for defining an all-encompassing
load model to be adopted by the norms, however, was not
the HSLM, but the UNIV-A model, also developed by
the ERRI committee. This load model took the properties
of the Eurostar articulated train as a basis, with an indi-
vidual axle load of 170 kN, and considered a variation of
the coach length between 18 and 27 m [14]. The objective
was to guarantee that the signature envelope of this model
could cover the effects caused by both articulated (Euro-
star and Thalys 2) and conventional (ICE2 and ETR) trains.
However, this model proved to be insufficient to cover the
effects of the Virgin and Talgo trains, namely for the exci-
tation wavelengths A of 24 m for the former and between
12.5 and 14.0 m for the latter. Such drawback led to the
development of the current HSLM, composed of two sets
of models, namely the HSLM-A, which consists of 10 load
schemes to be used in the design of continuous bridges or
simply supported structures with spans greater than 7 m, and
the HSLM-B, which comprises a series of equally spaced
170 kN point forces to be used in the design of simply sup-
ported bridges with spans less than 7 m.

Although the HSLM continues to be the most complete
load model currently existing, its limits of validity have been
recently discussed by some authors. Based on such discus-
sion, the following research questions may arise:

1. Is the current HSLM suited to represent future (and
existing) trains that do not necessarily respect its limits?

2. How well do the 10 HSLM-A train configurations cover
the dynamic effects of all possible articulated, conven-
tional and regular trains that they are meant to do?
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3. Does the lack of definition of some HSLM limiting
parameters, such as the distance between the centres of
bogies between adjacent vehicles dgg in conventional
trains, affect the evaluation of these same limits?

The first question is related to the fact that the current
limits of validity of the HSLLM defined in Annex E of EN
1991-2 [9] (hereinafter referred to as Annex E) are not
broad enough to cover new and future trains. An example
of such limitation is the recent introduction into service of
the German high-speed train ICE4 with a coach length D of
28.75 m [15], which has been reported to cause accelera-
tion responses on railway bridges that are not covered by
the HSLM envelope: Reiterer et al. [16] observed that the
ICEA4 can produce vertical deck acceleration more than dou-
ble than the HSLM-A. This problem is currently leading to
new proposals for load models for railway dynamic analysis,
in which two international consortia, one from the Euro-
pean Project In2Track3 [17] and another from the German
Federal Railway Authority [18, 19], stand out. Both works
are focused on the definition of alternative load models that
may cover the effects of recent and future trains character-
ized by design parameters outside the ranges of variations
of the current HSLM, but that were adopted by vehicle
manufactures due to competition and economic reasons. In
both approaches, the authors assess the train signature enve-
lopes, as well as bridge responses obtained with dynamic
numerical finite element (FE) analysis. Regarding the lat-
ter, Vorwagner et al. [19] reported that their study covers a
wide range of train configurations and bridge characteristics,
totalling around more than 17 million dynamic analyses.
Such scale brings with it concerns about the computational
cost associated with performing dynamic analysis on FE
models. Envisaging the possibility of train manufacturers
designing new high-speed trains that do not fully meet the
geometric limits stipulated by Annex E due to economic
reasons (avoiding short length coaches, for example), Unter-
weger et al. [20] investigated the most critical parameters
that need to be fulfilled to ensure that the new vehicle is in
line with the HSLM. The authors performed a study with
eight fictitious trains characterized by limit values speci-
fied in Annex E, or slightly outside those limits (D = 16 m,
D = 28.5 m, the spacing of axles within a bogie dg, = 1.5,
and dg, = 5.4), to assess which properties most contribute
to larger responses in a set of single-span railway bridges.
They proposed a methodology to identify the most critical
bridges, in terms of length and first natural frequency, to
reduce the number of bridges that must be investigated with
the introduction in the network of new and more aggres-
sive trains, and concluded that, from all train parameters
ranges stipulated by Annex E, only a few are critical for
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the bridge response, mainly the distance dg,, for which a
small variation in its value may strongly affect the resonance
phenomena.

Although the lack of coverage of the HSLM regarding new
trains is already being studied by the scientific community, the
studies related to the two remaining questions are still scarce
in literature. Museros et al. [21] assessed the effects caused by
articulated trains that fulfil the validity limits of the HSLM
stipulated by the Annex E. They concluded that the limita-
tion that defines the ratio between the coach length D over the
axle spacing within a bogie dy, should be close to an integer
value is not important, while only very few cases of articulated
trains defined within the premises of Annex E would lead to
an exceedance in the vertical acceleration limits. However, the
limits of validity regarding conventional or regular trains were
outside the scope of this work and, since only articulated trains
were studied, no conclusions regarding the lack of information
about the dq distance were drawn.

While some attention is given in the present work to the
issues raised in the first aforementioned question, by system-
atically checking how the HSLM covers, or not, the effects
caused by trains defined within a wider parameter interval than
that defined in the norm [9], the main focus and novelty of
this article are more concentrated on answering the other two
questions. Regarding the second one, the effects caused by a
vast set of randomly generated train load models with proper-
ties within the limits specified in Annex E, both articulated,
conventional and regular, are compared with those caused by
the HSLM. Such comparison is performed both in terms of
analytical signature envelopes of both sets, as well as with a
complete numerical dynamic analysis carried out in a specific
case study bridge to explicitly compute its maximum accel-
eration response and compare it with the HSLM acceleration
envelopes. To increase the computational efficiency, an opti-
mized method to perform moving load dynamic analyses is
also proposed in this regard. Moreover, the lack of definition
regarding some geometrical parameters in Annex E raised in
the third question, especially the distance dgg in conventional
trains, is also addressed in this work to analyse how this issue
may affect the validity of the HSLM.

It is therefore clear that the answers to the second and
third questions raised above remain barely explored in the
literature, which represents a gap of knowledge in this par-
ticular field. Hence, the findings obtained from this study
aim to contribute to the identification of the main limita-
tions of the current load models used to design high-speed
railway bridges, as well as to open new research paths to
improve these models, particularly by proposing a simplified
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methodology that can expedite dynamic calculations on dif-
ferent sets of wavelengths. The article is structured in five
sections, in which the methodology to compare the HSLM
effects with those caused by the theoretical trains randomly
generated through the procedure stipulated in Annex E is
presented in Sect. 2, while the numerical models used in this
work are described in Sect. 3. Section 4 is dedicated to the
results obtained in the preliminary analysis performed with
the train signature technique and in the complete dynamic
analysis carried out with the case study bridge. Finally, in
Sect. 5, the main conclusions from this work are summarized
and recommendations for future work are proposed.

2 Methods for dynamic assessment

The present section goes over the methodologies employed
in this study, starting with an overview of the concept of
train signatures and proceeding to introduce a procedure
used for speeding up the process of dynamic analysis.
At the end, an explanation of the numerical work can be
found.

2.1 Train signatures

The decomposition of excitation at resonance (DER) method
was introduced in Ref. [10] and applies to simple spans,
under the following conditions:

e Inertial interaction is ignored.

e Only the first vibration mode is considered.

e The response is decomposed into a Fourier series, retain-
ing only the resonance term.

e The results are independent of time.

Using this method, the maximum mid-span acceleration y
can be given as a product of a constant factor C,, a function
for the influence line A(+) and the train spectrum G(-):

y< CA(%‘>G(/1)- (D

For a bridge with a first frequency f,, generalized stiffness
K, span L and linear mass m, the constant factor is given by

8nf?
C =0 - 4 0)
K mLxw
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Given the excitation wavelength A, the influence line func-
tion is taken as

cos <E>
L A
a(k) - | =2
(2 I3 >2 _ 3)
A
Regarding the train, with N loads P, at coordinates x, at

position k, on a bridge with damping ratio &, its spectrum
is given by

either apt or inapt for running on that line, by simply com-
paring the new vehicle signature to the previous ones.

2.2 Single load linear superposition (SLSS)

The fulfilment of the present study objectives is dependent
on the ability to perform several thousand dynamic analyses
in varying scenarios. Whether considering the random varia-
tion of a train geometrical configuration or the randomness of
bridge characteristics, there are advantages in simplifying the

, 2 ; 2
N 1 l 2mx;, l [ 2mx ~2ng “4)
GM)?»M,%&@ (;Pkcos <T>> +(1§Pksm <T>> (1—6 ) .

The DER method is sensitive to some of its errors, namely
due to:

e High wavelengths and short trains influence on the reso-
nance criteria.

e Values of zero of the influence line.

e Overestimation of the response for high damping coef-
ficients.

Nonetheless, the method can also be used to approximate the
maximum mid-span displacement y, given the first angular
frequency w,, and the static displacement given by the train
loads y,. as

Y= Yy T ym_;x )

@

One major aspect of the application of this methodology is
that it introduces the concept of train signature. Since the
train spectrum does not allow a separate assessment of the
train effect from the bridge response, given its dependence
on the damping coefficient, the train signature S,(4) is the
result of

So(A) = él_{% G(A), (6)
and as such

dynamic analysis process. In the scope of this work, the metric
being evaluated in ballasted bridges is the vertical deck accel-
eration, and therefore dynamic analyses with moving loads are
sufficient. In this approach, different train models are described
as a series of individual axle loads and the distances between
them—e.g. how the HSLM is represented. Generally, the first
step in such an analysis is to determine the individual nodal
loads, for each axle load and rail node. Instead, the proposed
procedure (SLLS) considers the dynamic effects caused by a
single moving load, of an arbitrary positive value P, travel-
ling at the desired speed v. The resulting response (such as an
acceleration or displacement time-history) is then scaled to the
corresponding axle load and added to the total response, with a
time offset related to the speed and the distance between axles.

As an example, a simple load model is considered, com-
prising four axle loads of 147.15 kN each, with a regular
spacing of 3 m, running at a speed of 200 km/h. The overall
effect is evaluated on the mid-span displacement of a 12 m
simply supported bridge. Figure 1a depicts the displacement
caused by a single load, while Fig. 1b illustrates the same
response, multiplied and offset. The dashed line in Fig. 1c
represents the sum of these effects and the bold line is the
response of a separate calculation, on which the entire load
model was set to run over the bridge model. The dotted line
illustrates the difference between the two approaches, and
its maximum absolute value is 3.6312 X 107 m.

; 2 : 2
_ 1 Zl 2TILXk Zl . 2nxk 7
Sold) = ,1=\/1[sz)_(1§_)¢[ <k=0 Fecos <T>> ’ <k=0 Fisin <T>> .

These signatures allow for fast comparisons between the
different train effects. Knowing the signatures of the trains
in operation on a given line, a new train can be deemed as
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The main advantage of implementing this approach is
time reduction since the number of necessary time steps can
be greatly reduced (the total running length corresponds
only to the bridge model length, instead of the sum of the
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bridge and train lengths). Also, by calculating the isolated
response of an axle load, any load model response can be
replicated by scaling and superimposing the known effects.
The offset in the combination of actions can reproduce dif-
ferent axle spacings and the scaling can even be adjusted
to different values in the same load model, e.g. where the
loads of the power car are superior. Furthermore, if after the
calculation of the effects for several load models on a bridge
anew load model is required to be taken into consideration,
there is no need for additional dynamic analysis, since the
dynamic equations only have to be accessed once per speed
value in order to save the single axle response.

The limitations of this methodology have to do with the
moving load analysis, limiting its applicability to scenarios
where there are no nonlinear aspects, such as wheel-rail
contact. This leaves out train-bridge interaction analysis and
the evaluation of criteria related to contact forces or car body
acceleration. For the scope of the present work, this means
that the discussed superposition method is applicable to the
assessment of deck acceleration on ballasted tracks.

An example application is presented in Fig. 2, for the
HSLM-AT1 train. A single load P = 170 kN moves at a speed
v = 200 km/h causing the mid-span displacement seen in
Fig. 2a. On a commercially available 4-core computer,
this operation took 149.751 s to complete, and the SLLS
response, presented in Fig. 2b, was computed in 0.121 s.
In comparison, the full load model of the HSLM-A1 that
produces the response seen in the same figure took 34 min
to be calculated.

2.3 Methodology application

The methodology proposed in this section addresses the
questions listed in Sect. 1, having the goal of evaluating
the HSLM-A coverage of trains made possible by Annex
E of the EN 1991-2 and also of other trains whose proper-
ties fall outside those limits, to account for possible future
vehicles. This methodology consists firstly in creating two
sets of randomly generated load model configurations—*“set
A” abiding by the EN 1991-2 limits and “set B” employing
wider limits—for each of the three train types, as detailed
in Sect. 3.2 (sets A, and B, for articulated trains, A, and
B, for conventional trains and A, and B, for regular trains).
Afterwards, the dynamic signatures of all randomly gen-
erated trains and HSLM-A trains can be calculated, using
Eq. (7). Then, to validate the conclusions, the dynamic
response of all random trains is obtained for an example
bridge. Since the SLLS approach is being used, only one
dynamic analysis needs to be carried out since all different
moving loads results can be derived from the single load

@ Springer
159



216

G. Ferreira et al.

(@)
2 L

0
E

o
X
=

4

-6

0 2 4 6 g 10

t(s)

(b)
5
0
E
'2 5
x
=
-10
—Al
-15 —- AI(SLLS)
0 2 4 6 8 10

1(s)

Fig.2 Mid-span displacement of a single load and combined effect of HSLM-A1: a single load; b HSLM-A1

response. The same procedure is done for the 10 HSLM-
A trains, thus allowing for a comparison to be established,
using the maximum vertical deck acceleration as a metric. In
this work, the selected example is the Canelas bridge (pre-
sented in Sect. 3.1), the sample size for the randomly gen-
erated sets is 100,000, the variable distribution is uniform
and the speed range is from 140 to 420 km/h, with 10 km/h
intervals (assuming a maximum line speed of 350 km/h, the

Sample generation from
random variables

Regular trains Articulated and

regular trains

P=170 kN

Conventional
trains

. P=min{170 kN;
- I Ea(13) I

Articulated trains

D

EN 1991-2 defines the maximum design speed as 1.2 times
that value, which gives 1.2 X 350 = 420). The samples for
the random variables (D, dg, dgg. €c, Dic and Dy ) are gener-
ated using a random number suited for uniform distributions,
scaled to the limits detailed in Sect. 3.2.

A representative diagram of this methodology is presented
in Fig. 3. The single load dynamic response is computed with
a custom-built moving loads analysis application using [22].

Single load
dynamic respose

frateeta s ]
Example bridge

v =140 km/h

R

A A A A
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Single load linear
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Fig.3 Overview of the methodology to assess the HSLM limits of validity
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Fig.4 Canelas bridge (unit: m): a cross section (adapted from [24]); b view of the first span

Table 1 Material and geometrical properties of the finite element model

Property name Symbol Value Unit
Reinforced concrete density Ze 2.5 t/m>
Concrete elasticity modulus Ec 36.1 GPa
Slab thickness Tyiab 0.7 m

Slab width bgap 4475 m

Area of the steel profiles A, 0.01975 m?
Structural damping '3 2% -
Ballast density A 1.8 t/m3
Ballast elasticity modulus E, 120 MPa
Ballast height hy, 450 mm
Load distribution angle a 25 °
Sleeper mass my 272.5 kg

Rail pad stiffness k, 350 kN/mm
Track shear stiffness k 2x10% kN/m/m
Neoprene shear modulus G, 0.975 MPa
Steel elasticity modulus Eq 210 GPa
Permanent loads my, 1.4 ton/m
Width of the sleeper underside I 0.3 m

Half sleeper effective support Ly 0.95 m
Sleeper spacing IR 0.6 m

3 Numerical modelling
3.1 Case study railway bridge

An existing bridge was selected as a case study. The Canelas
bridge (Fig. 4) (built in 1996 on the Portuguese Railway

Railway Engineering Science (2024) 32(2):211-228

Network’s Northern Line) was chosen, given the already
available information, regarding both experimental [23, 24]
and numerical studies [25]. This filler beam structure com-
prises 6 simply supported 12 m spans, each formed by 2
independent decks constituted of concrete slabs directly cast
on 9 embedded rolled steel profiles (HEB500). Each deck
carries a ballasted track with UIC60 rails and is supported
by a set of neoprene bearings.

To evaluate vertical deck acceleration, a 2D model of
a single deck has been developed using [26] Parametric
Design language, which allows the employment of several
element types, specifically:

e COMBIN14: spring-dashpot elements, used in the track
(for shear stiffness and for the separate representation of
the ballast and rail pads stiffness) and in the bearing sup-
ports (in the vertical and horizontal directions, account-
ing for their flexibility).

e MASS21: mass point elements, used for the localized
mass of the sleepers.

e BEAM3: beam elements, used to represent the rails and
the deck.

The material and geometrical properties used in the model
are listed in Table 1. In the model, the structural damping
value is used to set Rayleigh factors (using the frequen-
cies of the first and second vertical vibration modes) and
the vertical stiffness of the ballast layer K}, is calculated in
order to incorporate load distribution effects as proposed
by [27]
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21, — L)t !
K= —— (= h)tana if hptana <
In [<l_e> (I, + 2hy tan @) / (I, + 2h, tan a)
K, = b , ®)
K, K l
, = — 22 if hytana > =
Ky + Kip 2
each end of the deck, and it was calculated according to
where
(28, 29],
2(l, — L) tana n,
bl = b 9 = 3
In [(LL) /Uy + 15 = 1))] O Ka=3 g (11)
2 -t
and i=1 3G,a’bf\f,
- I, =1, + 2], +2h, tan a) tan aEb. (10) nyabG,
lb - lS + 2hb tan s,h = s

Furthermore, the effect of load degradation underneath the
sleepers was found to have a negligible effect on the global
response of the deck. The stiffness of the spring elements
representing the supports in both the vertical K, and hori-
zontal K, directions includes all nine bearings (each com-
prised of two neoprene layers of 0.25 m X 0.15m x 0.004 m
and four neoprene layers of 0.25m X 0.15 m X 0.008 m) on

Track shear stiffness
k, Ky

Rails Pads

% ; (12)
i=1

where ny, is the number of bearings, n, is the number of neo-
prene layers in each bearing, ¢; is each of the layer thickness,
a is the smaller dimension (0.15 m), b is the largest dimen-
sion (0.25 m), fis a form factor dependent on @ and b, and
/> 1s a factor for dynamic loading, which depends on G,,

Sleepers
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Fig.5 Schematic representation of the filler beam bridge finite elements models and their random variables
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Fig.6 Finite element model of the Canelas bridge (with the deformed shape of the first vertical bending mode)
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Fig.7 Train type configurations (adapted from [9]): a articulated train; b conventional train; ¢ regular train

Table 2 Random variables—articulated trains

Variable Set A, Set B,
Minimum Maximum Minimum Maximum (m)
(m) (m) (m)

D 18 27 15 30

dga 2.5 3.5 2 4

Table 3 Random variables—conventional trains

Variable Set A, Set B,
Minimum Maximum Minimum Maximum (m)
(m) (m) (m)

D 18 27 15 30

dga 2.5 3.5 2 4

dgs 5.5 8.5 5.5 8.5

Figure 5 shows a schematic representation of the finite
element model, which is shown in Fig. 6, alongside the
deformed shape of the first vertical bending mode, cor-
responding to an eigenfrequency of 8.60 Hz (which is in
the proximity of the 8.70 Hz experimentally assessed by
Ref. [23]) In the figure, it can be seen that two additional
track segments of 2.3 m were added on both sides of the
deck. These extensions serve the purpose of providing a
transition space where the moving loads can begin cross-
ing the deck without being subjected to an abrupt change
in track stiffness.

Railway Engineering Science (2024) 32(2):211-228

Table 4 Random variables—regular trains

Variable Set A, Set B,
Minimum Maximum Minimum Maximum (m)
(m) (m) (m)

D 10 14 8 16

dga 2.5 3.5 2 4

D¢ 8 11 6 13

ec 7 10 5 12

dgg 5.5 8.5 5.5 8.5

Dy 15.5 18.5 15.5 18.5

3.2 Load model configuration

Annex E of the EN 1991-2 lists the HSLM-A’s limits of
validity, concerning articulated, conventional and regular
trains. Figure 7 illustrates the three types of trains, where:

P is the individual axle load;

D is the coach length or distance between regularly
repeating axles;

dg, is the distance between axles of the same bogie;
dgs is the distance between the centres of adjacent vehicle
bogies;

D is the intermediate coach length (regular trains);

e. is the distance between consecutive axles on the cou-
pling of two trainsets (regular trains).

P is limited to 170 kN or, for conventional trains, the lesser
of 170 kN and the value that comes from Eq. (13), where
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Fig.8 Dynamic signatures of articulated trains: a set A,; b set B,

Prsimas dasima and Dygrva are the corresponding proper-
ties of the Universal Trains. This can be a single Universal
Train if D matches an existing Dygp pa OF two Universal
trains otherwise, selecting the two whose Dyq; v4 Values are
just greater and just lesser than D. D should be between 18
and 27 m for articulated and conventional trains or between
10 and 14 m for regular trains, while Dy, lies between 2.5
and 3.5 m.

While the norm lacks in providing limits for dgg, it
states that D/dy, and (dBS — dg /dg, ) should not approach
integer values and that dzg must be in accordance with
Eq. (13). D;c must be between 8 and 11 m and e between
7 and 10 m. In addition, there are also limits for total train
weight (10000 kN), length (400 m) and unsprung axle mass
(2 tonnes).

nd nd nd
4P cos < BS > cos < BA > < 2Pyg1 ma €OS <M>
D D HSLMA

13)

For articulated trains, the sets of random variables are
listed in Table 2, where set A, contains the variables as
defined in the norm and set B, has the wider limits, intended
to represent the influence of future (and existing) trains that
do not necessarily respect the norm limits. The point load
value P is set to its maximum allowed of 170 kN, since
the highest value corresponds to the maximum acceleration
registered.

The variables for conventional trains are presented in
Table 3. As previously discussed, there are no set limits for
variable dyg, and for that reason, its values on set A, (which
stem from the real trains of types A, D and F on [7]) remain
unaltered on set B... Since the maximum allowed value of P
for conventional trains is the lesser of 170 kN and the value
resulting from Eq. (13), all randomly generated samples
must undergo that check.
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Regarding regular trains, the random variables are item-
ized in Table 4. An additional variable D; is here defined
to represent the length of the first and last coaches of each
trainset. Its limits are the same in both set A, and set B, due
to the same reason considered for variable dyg (which for
regular trains represents the distance between the centremost
bogies of the first and last coache and the closest axle of the
intermediate coach). In both sets, P has a value of 170 kN.

4 Results discussion

Following the methodology described in Sect. 2.3, the
obtained results are here presented—firstly concerning the
dynamic signatures (calculated directly from the sampled
distances), followed by the response of the case study bridge.
For each type of train, the influence of the individual vari-
ables is evaluated by assessing selected samples from set B.

4.1 Preliminary analysis based on train signatures

Given that the case study bridge is a simply supported
span, in order to study the HSLM-A the dynamic signa-
tures that follow are presented for wavelengths starting at
7 m, as per the EN 1991-2. Figure 8 represents the enve-
lope of articulated trains’ signatures, for both sets, as the
line in red. Each of the 10 light grey lines represents one of
the HSLM-A universal trains. It can be seen that the load
model provides good coverage of the complying articu-
lated trains, particularly above wavelengths of 6 m, while
the sampled set B, yields higher spectra.

For conventional trains, the dynamic signatures repre-
sented in Fig. 9 also show a better coverage for set A, than for
set B... It appears to be, however, a lack of coverage in wave-
lengths up to 12 m, even for set A.. This finding motivates
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Fig. 10 Dynamic signatures of regular trains: a set A; b set B,

looking into the dynamic analyses to understand whether or
not this is due to the influence of any of the variables.

As for regular trains, in Fig. 10, the shown dynamic
signatures lead to a similar conclusion regarding the dif-
ference between sets A, and B,, particularly in the fact that
even in set A, lower wavelengths (up to 17 m) can lead
to results above the HSLM-A’s. On the other hand, the
larger difference to the HSLM-A dynamic signatures in the
17-30 m range is noted, in comparison to the previously
discussed articulated and conventional train types.

4.2 Numerical analysis

The following results represent the entirety of stochastic
dynamic analyses performed on the case study bridges,
with the same randomly generated train configurations that
constitute sets A and B for the 3 types of trains. The goal
is to validate the conclusions obtained from the signature
analysis regarding the HSLM coverage and to better under-
stand which variables contribute the most to the presence of
extreme values. The present section reflects a total of 17.4
dynamic million analyses, i.e. the product of the sample size
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(100.000), number of speed values (29) and number of sets
of random variables (6 sets: A,, B,, A., B., A, B,).

4.2.1 Articulated trains

The results from the dynamic analyses regarding articulated
trains are represented in Fig. 11, for both sets, where each dot
represents the maximum vertical deck acceleration calculated
for each sampled train. The line in full, which remains unal-
tered in both sets, is the envelope of the 10 HSLM-A univer-
sal train responses, as per the graph in Fig. 3. Observing the
results, it can be seen that the sample set generated within
the norm’s limits is adequately covered by the HSLM, apart
from a few outliers (which is in accordance with the findings
by Museros et al. [21]). As expected, the resulting values
from set B, are not covered by the load model, especially in
higher velocities. This finding is unfavourable towards the
first question listed in Sect. 1, although it is stated that this
matter is not the main focus of the present study.

To better understand the independent influence of each
variable, Figs. 12 and 13 present selections of results from
set B,, alternately highlighting a variable’s influence when

@ Springer
165



G. Ferreira et al.

222
(a)
40
HSLM-A envelope
@®  Simulation

301

g 20f

S
10

150 200 250 300 350 400
v (km/h)

Fig. 11 Dynamic response of articulated trains: a set A,; b set B,

(a)
40
HSLM-A envelope
@®  Simulation
30+
)
g 20f
©
10
0

v (km/h)

(b)

40

HSLM-A envelope

@®  Simulation
30

20

a (m/s?)

v (km/h)

(b)
40

HSLM-A envelope

@®  Simulation
30F

20+

a (m/s)

v (km/h)

Fig. 12 Articulated trains—selected results from set B, highlighting variable D: a 15 m <D <18m, 25 m<dg, <3.5m, b27m <D <30 m;
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Fig. 13 Articulated trains—selected results from set B, highlighting variable dgy. a 18 m <D <27m,2m <dgy, <25m; b 18 m <D <27 m,

35m<dgy<4m

it is taken above or below the stated limits of validity while
selecting the complying values for the other variables. From
Fig. 12, it can be seen that there is a similar contribution
from simulated trains whose coach length is inferior to the
limit and due to those that are above it.
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As for the distance between axles (Fig. 13), while its
lower values lead to higher results, its consequences are not
as notorious. In fact, as D decreases, resonant effects become
more noticeable in the bridge taken as the example in this
study.
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Fig. 15 Dynamic response of conventional trains (with additional damping): a set A_; b set B,

4.2.2 Conventional trains

The results of the dynamic analyses with conventional trains
are shown in Fig. 14. In it, it is noted that even set A, which
is in accordance with the normative limits, hosts load model
configurations that cause dynamic effects greater than those
produced by the HSLM-A universal trains. The lack of cov-
erage discussed with the dynamic signatures is once more
present in a corresponding range of wavelengths. In fact, con-
sidering that the frequency of the first vertical bending mode
for the bridge is 8.60 Hz, the wavelength range corresponding
to the 280 to 370 km/h speed range is 9.04 to 11.95 m.

Sets A, and B, were selected to infer the effects of includ-
ing additional damping in the dynamic analyses. For that,
a new single load was generated from the FE model of the
Canelas bridge, considering a total structural damping &,,, of

0.0187L — 0.00064L2 %
(4
1 —0.0441L — 0.0044L2 + 0.000255L3

=2%+0.476% = 2.476%.

élulal =§+ Aé =2%+

(14)
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The results of the dynamic analyses, as well as the HSLM
envelopes generated with additional damping, are shown in
Fig. 15. Both the simulations distribution and the envelopes
present themselves as scaled-down versions of the responses
without additional damping of Fig. 14. The relation between
the randomly generated train load models and the HSLM is
maintained, and the issue raised before (i.e. load configura-
tions in set A, that surpass the HSLM-A envelope) is still
observable.

As before, it can be seen that the exceedingly higher val-
ues on the highest speeds correspond to the lowest values
of D (Fig. 16). On the other hand, it is the higher values
of dg, that result in lower acceleration peaks (Fig. 17). In
fact, the only scenario where the outlying values between
280 and 370 km/h tend to disappear is the scenario consid-
ering dg, values above the allowed limit. To better under-
stand this phenomenon, Fig. 18 shows the distribution of
variable dpq from simulations whose dynamic response is
superior to that of the HSLM, for two example speed values
within the 280-370 km/h range. It is visible that the outlying
simulated trains correspond to increasingly higher values
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of this variable. This observation underlines the pertinence
of the third question listed in Sect. 1 since the Eurocode
could be clearer in defining limits for this distance. When
looking at the distribution of variable dg, from the same
samples (illustrated in Fig. 19), a concentration on lower
values appears. Therefore, it can be concluded that the most
aggressive scenarios correspond to higher dyg and lower di 5.
Indeed, as dgg increases (approaching D), the regularity of
the moving loads grows, contributing to dynamic effects. As
for dg,, as it decreases, the effect of the pair of moving loads
approaches that of a single double-load.

4.2.3 Regular trains

The dynamic responses of sets A, and B, for regular trains
are presented in Fig. 20. While both sets contain train load
configurations that result in acceleration values above the
HSLM-A’s, set A, distributions tend to follow the trend
of the envelope more closely throughout the entire speed
range. From the individual variable influence, in this case
there is some variability caused by D (Fig. 21), while vari-
able d, (Fig. 22) is the less influential. The same can be
observed for the Dy (Fig. 23) and e, (Fig. 24) variables,
although it should be highlighted that the former only con-
trols four load distances and the latter a single one.

5 Conclusion

The conclusions of this study are summarized according
to the questions listed in Sect. 1 as follows:

1. With the extended limits considered in this study, it can
be said that the HSLM-A is partially suited to represent
some future trains, given the similarity in the results
for both sets A and B on speeds up to 400 km/h (of the
selected example bridge), or wavelengths excluding the
15-17 m range. Nevertheless, this should not be thought
of as a lack of the load model readiness but more of as
an indicator of the need for future-proofing.

2. The 10 HSLM-A universal trains do not cover the
dynamic effects of some theoretical train load models
that can be constructed abiding by the EN 1991-2 limits
of validity. This happens in some limit cases of articu-
lated trains, but it is most prevalent in conventional and
regular trains, although it should be noted that the last
two train types are lacking in the definition of some vari-
ables. In conventional trains, there is a relation between
the non-complying trains and the increasing distance
between centres of adjacent vehicle’s bogies—as this
variable increases, the effect of consecutive bogies acts
progressively more as individual loads and less as pairs,

Railway Engineering Science (2024) 32(2):211-228

which in turn leads to higher vertical acceleration levels,
due to the contribution that the loads repetition has to
resonant effects.

3. The definition of variable dgg in the norm is insufficient
and this constitutes an obstacle to the evaluation of the
HSLM’s limits of validity, which is made more appar-
ent when this variable’s importance is noted. There is
also a challenge in defining the two distances, not men-
tioned in the norm, necessary to characterize regular
trains.

It is therefore understood that there is some margin for
improvement in Annex E of the EN 1991-2, not only by
providing better definitions of some distances but also by
adjusting the HSLM-A’s universal trains. In this regard,
future work should focus on parametric studies for the def-
inition of the proposed load models, including equivalent
train—track—bridge interaction models with replication of
the HSLM’s effects. The methodology applied in this work
to assess the dynamic response of the case study bridge
and the efficiency of the HSLM in covering the effects of
different trains can be utilized and replicated for a number
of different high-speed railway bridges. The present study
draws the conclusion that there are issues with the current
load model from the analysis of a case study filler beam
bridge, and therefore, a future publication should include
integral portal frames, composite concrete-steel structures
and metallic truss bridges, in different spans lengths. In
addition, the probability of trains crossing on a bridge and
the effects of such phenomenon are also considered for
future work.
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The work by Ferreira et al. (2025), on which Chapter 4 is based, is reproduced
in this appendix.
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Abstract

Ballasted railway bridges are subject to dynamic excitation from passing
trains, which can cause excessive vibrations in the ballast bed depending on
the train speed, resulting in track instability. The Eurocode EN 1990 uses
vertical deck acceleration as an indicator of safety, limited it to 3.5 m/s? for
ballasted bridges. Since experimental studies show that ballast instability
occurs at about 7.0 m/s?, the normative limit seems to be arbitrarily based
on a safety factor of 2.0. The present paper examines the suitability of a lower
safety factor. The proposed methodology compares the physical acceleration
limit with the design acceleration calculated at a critical speed corresponding
to a failure probability of 107*. An algorithm for the efficient assessment of
critical speeds based on subset simulation is introduced, together with a
parametric study for its optimization. A sensitivity analysis of the random
variables of ballasted bridges allows the definition of two design scenarios in
accordance with the Eurocode EN 1991-2. Results from the application of
the methodology to four case study bridges show that design accelerations
greater than the limit defined in the Eurocode can be found in ballasted
bridges within the target probability of failure, suggesting that the safety
factor can be set lower than 2.0.

Keywords: Ballasted railway bridge, Eurocode, Deck acceleration, Safety
factor, Subset simulation
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1. Introduction

Railway bridges are subject to the dynamic effects of passing trains. In
addition to the static loading, the repetitive cadence of the axle loads can
induce a resonant response. When the dynamic actions cause excessive deck
accelerations in ballasted track bridges, the ballast layer may lose stability.
Excessive vibrations can compromise the interlocking capability of the bal-
last particles, leading to a loss of resistance in the load path from the rails,
rail pads, sleepers, and ballast bed. Such issues require track maintenance,
which can mean an interruption of train service, with a significant impact on
rail operations. Ultimately, an unmaintained ballast track can be the cause
of derailment. Section A.2 in Annex A of the Eurocode EN 1990 [1] uses
vertical deck acceleration as an indicator, limited to 3.5 m/s® in ballasted
track bridges.

Concerns with the occurrence of instability in the ballast layer began with
special test runs by the SNCF, noting issues corresponding to deck acceler-
ations of 0.7 to 0.8 g [2]. A limit was then defined after tests commissioned
by the European Rail Research Institute to validate the ENV European pre-
standard. These tests were carried out at the German Federal Institute for
Materials Research and Training and showed ballast instability at accelera-
tions of 0.7 g. The fact that the Eurocode limit is close to 0.35 g indicates that
a safety factor of 2 was applied. However, the reason for adopting this factor
appears to be arbitrary, as noted by Zacher and Baefler [3| when replicating
the same experiments. The same authors propose the adoption of limits re-
sulting from the consideration of a safety factor of 1.3. In a recent technical
note, the European Union Agency for Railways (ERA) [4] lists the revision
of acceleration limits as one of the research areas to be addressed in order to
close the open points on the Technical Specification for Interoperability |5|.

The importance of the ballast layer towards the overall bridge stiffness
is addressed by Heiland et al. [6] after noticing differences between experi-
mental and numerical assessment of natural frequencies. Using a small-scale
test rig, the researchers found no significant changes in bending frequencies
related to varying ballast stiffness. Given the inherent uncertainty in mod-
eling characteristics, Stollwitzer et al. [7| developed a large-scale, 1:1 rig to
investigate ballast stiffness. The findings regarding track stability indicate
that momentary excessive vibration levels have almost no effect on ballast
instability. Although isolated events may be harmless, their cumulative ef-
fect may be relevant. This issue is addressed by Menezes [8], which considers
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the accumulated damage in a manner analogous to fatigue analysis, allowing
an assessment of lifespan status with respect to lateral track stability. Miti-
gating the overall effects of acceleration is also a topic of study. A practical
solution to control the amount of ballast bed vibration is the use of ballast
mats, which have also been tested on bridges |9].

However, the study of a safety factor can involve a significant computa-
tional cost associated with performing multiple dynamic analyses on finite
element models. Considering the random nature of some of the parameters,
the analysis of railway bridges with uncertainty becomes a reliability assess-
ment problem. In recent years, researchers have been working on techniques
to solve these problems in a computationally efficient manner. Mao et al.
[10] have employed the Probability Density Estimation Method (PDEM) as
an alternative to the Monte Carlo method to determine vibrations in train-
bridge interaction models. The authors found the random nature of the train
load and the elasticity modulus of the concrete to be the most influential.
The same method is used by Xu et al. [11] for assessing wind effects and by
Xin et al. [12], who demonstrate with 3D interaction analysis that results
with a sample size of 195 for the PDEM are similar to 3,000 or 5,000 Monte
Carlo samples. In the same study, an approach to sensitivity analysis of input
parameters is presented, with the authors concluding that the combination
of different parameters controls sensitivity more than the individual effect
of each parameter. Another method, the Response Surface Model (RSM),
is utilized by Park and Towashiraporn [13| for risk assessment of railway
bridges subjected to seismic actions.

One motive for the increase in the number of train-bridge simulations is
probabilistic safety assessment, where it is necessary to compute very low
probabilities of failure. Rocha et al. [14] evaluated the wheel unloading co-
efficient as a safety indicator, using the generalized Pareto distribution in
conjunction with the Monte Carlo method. Concerning target probabili-
ties in the order of 107 (a target from the Joint Commitee on Structural
Safety (JCSS) |15]), the authors were able to estimate probabilities with a
sample size of 20,000. Allahvirdizadeh et al. [16] present another approach
to calculating the probability of exceedance of a limit state, employing the
First-Order Reliability Method, which is suitable for problems that can be
described analytically. A semi-probabilistic method comparable to FORM is
devised by Grigoriou and Briihwiler [17], using data from a monitoring cam-
paign. Salcher et al. [18] address the uncertainty of damping, temperature
and of the material and geometric properties through line sampling and Latin
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hypercube sampling. Later, Hirzinger et al. [19] add subset simulation and
asymptotic sampling as alternative methods. To assess probabilities of fail-
ure in the order of 1073 (considering a serviceability limit state), the authors
find an equivalence between a Monte Carlo simulation and line sampling with
a sample size two orders of magnitude smaller. To account for the effects of
random rail irregularities, Salcher and Adam [20] compare a fitted analyti-
cal response on a small number of Monte Carlo trials to subset simulation.
Another study on the probabilities of exceedance of bridge acceleration, by
Hirzinger et al. [21], considers the speed range as another source of variability.
The authors measure probabilities of failure using several metrics, including
a weighted probability of failure.

Given the discrepancy between the normative limit and the experimen-
tally assessed acceleration limit, the following research questions are posed:

e How can critical train speeds associated with low probabilities of failure
be evaluated in a timely manner?

e How to set up scenarios to calculate the acceleration in the design
phase?

e Can the safety factor (i.e., the ratio of the physical acceleration limit
to the permissible value) be less than 2.07

To address these issues, the present article proposes definitions for a safety
factor, design scenarios, and critical speed in Section 2, followed by the intro-
duction of an algorithm for their efficient assessment in Section 3. Four case
study bridges are presented in Section 4. A parametric study to optimize
the critical speed algorithm is given in Section 5, allowing the calculation of
critical speeds in Section 6. In the same Section, after a sensitivity analysis
of the random variables, two design scenarios are proposed, and the final
safety factors are calculated. The main conclusions are listed in Section 7.

2. Methodology

This section describes the procedure for calculating safety factors for ex-
isting bridges and provides the necessary definitions. It is divided into three
steps, which are outlined in Fig. 1 and developed in the following subsections.
The first step (Section 2.1) is to determine the speed at which a load model
causes an excessive deck acceleration. This first step involves probabilistic
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analysis using bridge models constructed with random variables. After find-
ing the critical speed (ve-it), the second step (Section 2.2) is to determine the
acceleration value that can be calculated with fixed values for the variables
(instead of probabilistic analysis). The instructions for setting the variables
to perform a deterministic analysis are referred to as the design scenarios.
Employing such scenarios is beneficial to ensure that trustworthy results are
attainable in the engineering practice of bridge design with simple analyses.
The third step (Section 2.3) is to locate in the design scenarios the accel-
eration value at the critical speed, here called “design acceleration” (agq)-
The margin between this value and the physical limit of 7.0 m/s? (ag;) indi-
cates the distance to safety. Therefore, the safety factor (7;) can finally be
estimated by dividing 7 by the design acceleration.

2.1. Step 1: Find the critical speed

This study of ballasted track bridges assesses failure due to track instabil-
ity (loss of stability of the ballast layer), assuming that the 7.0 m/s? value for
vertical deck acceleration is a physical value that acts as the safety threshold.
Therefore, a failure event is considered to have occurred if a bridge deck expe-
riences a vertical acceleration a greater than this limit (ag;) when subjected
to any load model, at any given train speed. It is also assumed that the loss
of stability can ultimately lead to derailment, and that this risk corresponds
to Class 3 consequences as defined in the Probabilistic Model Code of the
JCSS [15]. The authors consider that the relative cost of safety measures
(extensive measurements through safety inspections over significant periods
of time) is large. In the Probabilistic Model Code, this combination of con-
sequence and cost corresponds to a target reliability index [ of 3.7, which
corresponds to probabilities of failure in the order of magnitude of 10~*. The
probability of failure p; is therefore defined as:

pr="Pla>ap) (1)

When testing a load model, different train speeds result in different max-
imum values of vertical deck acceleration. For this study, a critical speed is
defined, for a given load model, as the lowest speed that causes the following

condition:
pr>107" (2)

The High-Speed Load Model (HSLM-A) [22], whose purpose is to repre-
sent the envelope of actions of real high-speed rolling stock traffic, is employed
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Figure 1: Overview of the methodology for estimation of safety factors for the deck accel-

eration criterion.
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in this work. This load model, which is used for the design of high-speed rail-
way bridges, is given as a set of 10 configurations of axle loads and spacings
and is intended for moving load analysis. For a given bridge, critical speeds
can be calculated for each of the 10 HSLM-A. These individual critical speeds
Uerit; form a set. The minimum value of the set gives the critical speed ve
of the bridge:

Verit = min ({Ucrim}ilil) (3)

2.2. Step 2: Determine the design scenarios

The scenarios for bridge design are defined in this study as sets of deter-
ministic values attributed to structural and track variables utilized to cal-
culate the dynamic response of railway bridges. Two sets are defined, in
accordance with the provisions of Eurocode EN 1991-2 [22], which requires
a lower bound estimate of stiffness and structural damping and both upper
and lower bound estimates of mass. This procedure is meant to maximize
the acceleration response and to avoid overestimating the resonant speed.
In spite of this statement being present in the Eurocode, the standard does
not specify which variables are to be considered in the estimates, nor what
constitutes upper or lower bounds. Since the current study utilizes either
normal or uniform distributions, the bounds are proposed as follows:

Normal distributions: For variables with distribution N (u, 0?), adopt as
bounds p + 1.640, corresponding to the 5% and 95% percentiles.

Uniform distributions: For uniformly distributed random variables U (a, b),
adopt the respective minima and maxima.

Regarding the selection of random variables to be included in the defini-
tion of scenarios, it should be noted that, depending on the complexity of the
models employed, stiffness, damping, and mass can be related to more than
one variable and even share variables. Therefore, it is necessary to perform
a parametric study of the relative influence of each variable. The proposed
methodology for such a study starts with setting all variables to their mean
value and calculating the resulting deck acceleration envelope considering the
10 HSLM-A. The response vector is X for a given speed range with k& speed
values. Then, each variable is independently set to its upper or lower bound,
resulting in a new response vector Y with the same length k. To evaluate
the influence of each variable, the variance of the absolute difference between
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the vectors is calculated as:

S (X = Yo - B (X - Yi|)

Var (|X — Y|) = -

(4)

Consequently, the most influential variables are included in the definition of
the two design scenarios. Both scenarios use a lower bound on the variables
that control stiffness and damping. The first scenario (S1) uses a lower bound
estimate of mass, while the second (S2) uses an upper bound. The variables
that are not considered influential enough after the parametric study are
taken at their mean values. This step of the methodology concludes with the
calculation of the response envelope of both scenarios under the effect of the
10 HSLM-A configurations.

2.3. Step 3: Locate the design acceleration

At this point, the maximum speed that can be considered safe is already
known. The remaining question is how far away the design scenarios are from
the actual failure events. The value on the envelope of the design scenarios
at v..; is here given the name of design acceleration agy. The safety factor,
henceforth referred to as 7, is defined in this work as the ratio between the
physical value ag; and the acceleration calculated in the design phase agqy
and is given by:

aRi 7

= —— — 5
et AEd AEd ()

3. Subset simulation application for the estimation of critical speed

3.1. Application basics

Monte Carlo simulation, while a highly reliable approach, implies an es-
calation in computational cost as the intended target probabilities of failure
get lower. In fact, according to Bjerager [23], the appropriate sample size N
to assess a probability of 10~ would be:

1 10
— <N < — 410,000 <N <100,000 (6)

by by

For moving loads analyses (as is the case in the present study) and less
complex 2D finite element models, such a number would be feasible. However,
any change in the train speed or load requires a new analysis, and therefore,
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the search for critical speed can quickly grow to several hundred thousand
(or millions) of dynamic analyses.

Therefore, subset simulation (introduced by Au and Beck [24]) is chosen
to estimate the probabilities of failure. With this method, py is estimated
as the conditional probability of reaching the unsafe region in a reliability
problem through successive increments of intermediate failure events. The
same authors calculate py as:

m—1

by = P(Fz) H P(E’H’E’) (7)

i=1

where F; are m number of intermediate events (or levels) such that F; D
Fy, D ... F,. For the first level, P (F}) is estimated with a crude Monte
Carlo simulation, provided a reasonable N. The resulting acceleration values
are ordered from highest (belonging to F}) to lowest (farthest from Fy), as
illustrated in Fig. 2a. Given a selected arbitrary intermediate probability
Po, the (pg x N)-th value is classified as the cut-off y*. The states of the
random variables corresponding to values greater than or equal to y* are
used as generators (x) to generate the sample of the next level (), using the
Modified Metropolis Algorithm (MMA) [25]. This ensures that the states of
the variables of the resulting sample are inside F}. It is visible, in the example
in Fig. 2b, how every result in ¢ = 2 is greater or equal to the cut-off that
defines Fj. The process is repeated (Figs. 2¢ and 2d) until y* is found inside
F,, (i.e., P(F;) > po). With py = 0.1, probabilities of the order of magnitude
of 107 = 0.1 x 0.1 x 0.1 x 0.1 are attainable with four levels (F,, = F}).
Note that in Fig. 2d, with py = 10 and N = 100, yx is in the 10th ordered
position. Since in that example there are 13 results equal or greater than yx,
P (Fy) = 13/100 = 0.13 > po, and as such, p; = 0.13[[—; 0.1 = 1.3 x 10~

The diagram in Fig. 3 illustrates how subset simulation is applied in
practice for this study. Initially, the random variables are sampled (using
MATLAB® |26]) and combined with existing constant quantities to create
the input for the FE model, which is created in ANSYS® [27]. The dy-
namic response is calculated for the desired load model (i.e., one of the 10
HSLM-A configurations) using the Single Load Linear Superposition (SLLS)
method (introduced by Ferreira et al. |28]) because of its efficacy and ease of
application. It is then filtered with a low-pass Type II Chebyshev filter, cut
off at 60 Hz (although the EN 1990 only requires the consideration of fre-
quencies up to 30 Hz, studies have highlighted the importance of extending
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Figure 2: Visualization of subset simulation. (a) i = 1; (b) ¢ = 2; (c) i = 3; (d) i = 4.

the frequency range [29]), and the maximum absolute acceleration is stored
for each randomly generated bridge. After this crude Monte Carlo phase, if
no stopping criterion is met, the level counter is increased, and the ordered
results greater or equal to y* are used as the seeds for the Markov Chain
Monte Carlo (MCMC). The MMA implementation is based on Uribe [30]. In
this work, the adopted proposal functions to obtain candidates n from the
current state of a variable z; are:

e for Gaussian distributed variables N (u,0%): n ~ N (xy,02);

2
e for uniformly distributed variables U (a,b): n ~ N (zk, %);

10

184



With the samples of the next level, new FE models are obtained, and the
dynamic responses for the new set are calculated. The process stops after the
P(F;) > 0.1 condition occurs (after which py can be estimated) or if i = 4
(i.e., if the subset simulation is already in the fourth level, any possible p¢
would be lower than 107%, and therefore not worth further exploration for
the purposes of this study).

Sample and
combine
Load model

l Vo W
o Next level : FE model Ll Solver
% ! samples | TR (SLLS)
D= : Y
< T | Filter and
= | ]
E ! Seeds | store max.
= | :

[imien |

Figure 3: Application of subset simulation.

3.2. Critical speed algorithm

Although the application of subset simulation is associated with consid-
erable savings in computation time, this only applies to the estimation of
probabilities for a given train speed. That is, the question remains for which
speed or set of speeds the probabilities must be calculated. Simulating in
coarse intervals of 10 km/h is incompatible with the sensitivity of most dy-
namic calculations concerning speed. Conversely, a finer 1 km/h interval is
not feasible given all the possible values in a usual speed interval.

Hence, an algorithm is proposed here to efficiently assess the critical
speed, which is summarized in Fig. 4. The objective of this procedure is to
avoid wasting computational resources that would be misused by calculating

11

185



probabilities of failure lower than 10~°. When the search cycle is initialized,
the train speed v is set to its initial value (the lowest in the given speed
range). After the initial analysis (i.e., the crude Monte Carlo simulation in
i = 1), if the cut-off y* is lower than a chosen threshold value y;, the speed
is increased to the next value. Note that 4, must be chosen appropriately so
that exceeding it represents a substantial likelihood that py is in the vicinity
of 10~*. Initially, the speed increment is a coarse interval of 20 km/h. The
cycle continues until the y* > y; condition is satisfied. If the resulting py
is greater than 107, a finer speed cycle of 1 km/h increments is triggered,
symbolized by the flag . The train speed is brought back to the value
immediately after the second-highest calculated speed (v = v — 19 km/h),
and the cycle continues. During this phase, if y* < y;, flag @ is activated to
store the information that at least one train speed was discarded during the
finer cycle. The first time that a p; > 10~* is found, the current v is classified
as a suitable candidate. If @ is off, no previous speed was discarded in F'1
(i.e., the speed or speeds immediately before were calculated but turned out
to be in the magnitude of 107 or lower), and the candidate is immediately
accepted as v..;. Otherwise, a v = v — 1 reverse search cycle is activated to
check the previously discarded speed value until v.,.; is confirmed.

An example of a complete run of the algorithm is depicted in Fig. 5 (in
the graphics, the offset in the coloured dots is meant to improve clarity and
does not denote a change in speed). In this case, the sample size N for each
level is 100 and py = 0.1, which means that in the sorted results, y* is in
the 100 x 0.1 = 10-th position. In simulations 1 to 7, y* was lower than y,
(in this case 3 m/s?), meaning that no simulation progressed beyond i = 1.
In simulation 8, y* is greater than 1, causing the simulation to continue,
resulting in a calculated py of 0.02. This result at 280 km/h initiates the
finer speed increment cycle at 280-19=261 km/h. Simulations 9, 10 and
11 (261 km/h, 262 km/h, and 263 km/h, respectively) do not meet the
y; criterion. Simulation 12, at 264 km/h meets the criterion and returns
pr=95.1x 10~*, making it a suitable v.,.;; candidate. However, since there was
at least one discarded speed, the algorithm runs simulation 13 at 263 km/h,
by fetching the stored i = 1 results and resuming the subset simulation.
The resulting py is 1.2 x 104, making this speed the new wv..; candidate.
Simulation 14, at 262 km/h is also resumed, resulting in py = 4 x 1077,
confirming that 263 km/h as v.;; and finishing the algorithm run. It is
worth noting that this application of the algorithm, with its iterative nature,
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allowed a critical speed to be found with a total sample size of 2,200 (100 per
level, with a maximum of 400 per speed value). In contrast, performing a
similar procedure using crude Monte Carlo simulations would require a total
sample size of over 1 million.

For the proposed algorithm to be viable in terms of computational sav-
ings, it is imperative that the N, pg, and ¥y, parameters are properly set.
Unoptimized parameters may lead to inefficient use of simulation capacity
for the following reasons:

e Waste of unnecessary time calculating v..; candidates that result in

e Increased number of entries in the v = v — 1 reverse search cycle
e Inadequate dispersion in ¢ = 1 results, jeopardizing further levels

Hence, a sensitivity study is performed with the objective of setting appro-
priate parameters. The metrics adopted are the time required to go from
v=140 km /h to v..;; and the total sample size ng required for the simulation.
The results are presented in Section 5.
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Figure 4: Algorithm to assess critical speed.
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Figure 5: Example results from the application of the proposed algorithm. (a) Simulations
1 to 8; (b) simulations 9 to 12 (finer speed increment cycle); (c) simulations 13 and 14

(v = v — 1 reverse search cycle).
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4. Application examples

4.1. Initial considerations

The proposed methodology is applied to four bridges of the Northern
Line of the Portuguese Railway Network. The selected set of structures are
representative of filler beam bridges, which is a characteristic construction
solution of this line. This construction solution consists of simply supported
concrete slabs directly cast on embedded steel profiles. Each double-track
bridge comprises two independent decks (one for each track), built with di-
rectly cast concrete on rolled steel profiles. The track consists of UIC60
rails, wooden sleepers, and a ballast bed. The decks are supported by sets
of neoprene bearings located directly under the nine steel profiles on each
support.

Considering that the present study focuses on the vertical deck accel-
eration, and that the torsional effects on the eccentricities of the sections
correspond to high frequencies that are outside of the scope of this work
(and therefore negligible), the bridge decks can be represented by a single
beam, and thus a two-dimensional modeling approach is sufficient to capture
the dynamic behavior of the bridges using moving loads analysis. The finite
element models used employ the modeling technique developed by Rocha
[31], adapted for the ANSYS® [27] environment. In this technique, the bal-
last layer, rail pads, and supports are modeled with spring-dashpot elements
(COMBIN14), while the rails and deck are discretized with beam elements
(BEAM3). The localized masses of the sleepers are represented by mass
elements (MASS21).

The random variables common to the four models are listed in Table 1,
which is adapted from Rocha [31]. It is noted that the author attributes uni-
form distributions to the variables for which there is significant variability
in existing studies’” measurements. Each model has three bridge-dependent
random variables, which are the thickness (t44) and width (bgqas) of the slab
and the area of the steel profiles (Ag). These three variables follow nor-
mal distributions, with the mean equal to the nominal value taken from the
project drawings and the standard deviation suggested by Rocha [31]. Other
quantities of constant nature are the steel elasticity modulus Eg (210 GPa),
the remaining mass (weight of the waterproofing, guard rails and gutters’ box
and covers) M, (1.4 ton/m), the width of the sleeper underside [, (0.3 m),
the half sleeper effective support I, (0.95 m), the sleeper spacing I; (0.6 m),
and the properties of the steel profiles (such as mass M, ,fie, moment of in-
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ertia I rie and height of the center of gravity y,,ofic). The vertical stiffness
of the ballast layer is calculated according to Zhai et al. [32], while the sup-
ports’ vertical and horizontal stiffnesses use the equations given by Manterola
[33] and Rocha [31]. Since the methodology utilizes the Single Load Linear
Superposition [28] method to calculate the HSLM response, the model only
needs to be subjected to a single moving load. The single load’s response is
calculated with direct integration, using Rayleigh damping matrices (set to
the first and second vertical modes of vibration) for the structural damping of
the models. A schematic representation of the typical model components is
given in Fig. 6. The FE model implementation (exemplified by the Canelas
bridge model, which has 546 degrees of freedom) can be seen in Fig. 7.

Table 1: Random variables of the structure, track, and support (adapted from [31]).

Structure variables (Gaussian) o
Reinforced concrete density pc 2.5 t/m? 0.1 t/m?
Concrete elasticity modulus Fc  36.1 GPa 2.888 GPa
Structural damping & 2% 0.3%

Track variables (Uniform) min. max.
Ballast density py 1.5 t/m3 2.1 t/m?
Ballast elasticity modulus FEj, 80 MPa 160 MPa
Ballast layer height hy 300 mm 600 mm
Load distribution angle « 15° 35°

Sleeper mass mg 220 kg 325 kg

Rail pad stiffness k, 100 kN/mm 600 kN/mm
Track shear stiffness k; 1 x10* kN/m/m 3 x 10* kN/m/m
Support variables (Uniform) min. max.
Neoprene shear modulus G, 0.75 MPa 1.5 MPa

movmg loads track shear stiffness rails pads sleepers
k, k, s

), w Ag € » » J
[A..Guu\uan IELU/H‘/ ::::::: [ELL'nf/arm

Figure 6: Schematic representation of the finite element model and random variables.
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Figure 7: Finite element model of the Canelas bridge.

4.2. Case study bridges

4.2.1. Canelas bridge

The Canelas bridge, consisting of 6 spans, is the only multi-span struc-
ture of the set, although the spans are simply supported. Each span has
a determinant length of 11.5 m. The cross-section and view of the first
span of the Canelas bridge can be seen in Fig. 8. The steel profiles used
are HEB500 and the bridge dependent variables for this structure are de-
fined as tgw ~ N (0.7,0.01%) m, byw ~ N (4.475,0.005%) m and Ag ~
N (0.01975,0.00079%) m?.

Figure 8: Canelas bridge. (a) Cross-section (unit: m) (adapted from Pimentel et al. [34]);
(b) view of the first span.

4.2.2. Melga bridge

With a determinant span length of 23.78 m, the Melga bridge (Fig. 9)
is the longest of the set. Tt consists of a single simply supported span
with HEB800 profiles. Both its decks, independent of each other, sup-

port a single track. The bridge dependent variables are defined as 4., ~

N (0.871,0.012) m, byqep ~ N (4.20,0.005%) m and Ag ~ N (0.03342,0.00079?)

m?.
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Figure 9: Melga bridge. (a) Cross-section (unit: m); (b) view of the deck.

4.2.8. Cascalheira underpass

The Cascalheira underpass (Fig. 10) consists of a single simply supported
span of 10.92 m determinant length, with embedded HEB500 steel profiles.
It is composed of two independent decks, each carrying one track. The
bridge dependent variables are defined as tyq, ~ N (0.703,0.01%) m, byqy, ~
N (4.08,0.005?) m and Ag ~ N (0.03342,0.00079%) m?.

S

0.55m

TITTIT

138 m 1 4.08 m B

(a)

Figure 10: Cascalheira underpass. (a) Cross-section (unit: m); (b) view of the deck.

4.2.4. Braco do Cortico underpass

With a determinant span length of 7.02 m, the Brago do Cortigo un-
derpass (Fig. 11) is the shortest of the set. This single simply supported
span has two independent decks, each with a single track. This deck is em-
bedded with HEB300 profiles and its bridge dependent variables are tgq, ~
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N (0.445,0.012) m, bgqap ~ N (4.055,0.005%) m and Ag ~ N (0.01491, 0.00079?)

m?.

E T 3

0.55 -
ml TTTTTLTLLT

‘ 1.685 m | 4.055 m |
[ [ |

(a)

Figure 11: Brago do Cortigo underpass. (a) Cross-section (unit: m); (b) view of the deck.

4.3. Dynamic response envelopes

Plots of the dynamic response of the four bridge models are shown in
Fig. 12. The solid curves illustrate the response of the models when all
random variables are considered at their mean values (X), while the areas
filled in blue and green indicate the envelopes of the dynamic responses when
the most influential variables are set at lower (Y lower) or upper (Y upper)
bounds, respectively. The curves represent the maximum of the 10 HSLM-A
load configurations for each train speed value.
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Figure 12: Dynamic response envelopes considering all random variables with mean values
(X) and the envelopes of lower and upper bounds of the most influential variables (Y).
(a) Canelas bridge; (b) Melga bridge; (c) Cascalheira underpass; (d) Brago do Cortico
underpass

5. Optimization of the algorithm for efficient assessment of critical
speeds

5.1. Optimization of the threshold value v,

The Canelas bridge and the HSLM-A3 train were selected to perform the
optimization study of the critical speed algorithm. The first parameter to
be studied was the threshold value y; for the initial analysis in ¢ = 1, which
controls whether a speed value is discarded. For this part of the study, the
sample size and the intermediate probability were fixed at N = 100 and py =
0.1, and y, varied between 2.0 m/s?, 2.5 m/s? 3.0 m/s? and 3.5 m/s?. Table
2 lists the time and the total sample size needed to complete the algorithm,
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as well as the resulting ve.;;. It can be seen that using the values of 3.0 m/s?
and 3.5 m/s? resulted in the least computational expense. However, further
analysis of the simulation results revealed that the stricter 3.5 m/s? limit
caused the algorithm to skip v = 264 km/h, which would have produced a
suitable p, and therefore a lower (and valid) v.;; candidate. Conversely, while
it is true that using lower threshold values prevents prematurely discarding
of candidate speeds, this option also leads to increased time expenditure, as
additional time is spent calculating candidates that are far from the final
one. The threshold value y; = 3.0 m/s? is henceforth kept as optimal.

Table 2: Variation of the first level threshold y; (HSLM-A3, po = 0.1, N = 100).

Yt 20m/s?> 25m/s> 3.0m/s? 3.5 m/s?
time (h) 3:34 2:58 148 1:37

ng 4200 3400 2200 2100
Verit (km/h) 266 264 263 267

5.2. Optimization of the intermediate probability po

Using the aforementioned y; value and a fixed sample size N = 100, the
optimal intermediate probability is examined by varying py between 0.05, 0.1
and 0.2. As shown in Table 3, adopting an intermediate probability of 0.1
allowed the algorithm to converge in the shortest time and with the smallest
total sample size. The effect of using py = 0.2 was similar to that of having
a high y, i.e., given the intermediate probability, the cut-off on the ordered
results’ list is made at a lower value. This makes it harder for y* to achieve
Y, which in turn makes for a longer v = v — 1 reverse search cycle. As for
the lower value, 0.05, the resulting additional computing time would only be
justifiable if the target p; was lower than 107

Table 3: Variation of the intermediate probability po (HSLM-A3, y: = 3.0, N = 100).

Po 0.05 0.1 0.2
time (h) 2:49  1:48 2:37
ng 2700 2200 3700

Verit (km/h) 264 263 265
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5.8. Optimazation of the sample size N

Regarding the sample size, the comparison of N between 50, 100, 150
and 200 is calculated with fixed 3, = 3.0 and py = 0.1. Unsurprisingly, Table
4 reveals that it takes more time to compute larger sample sizes, while the
smallest size, 50, corresponds to the least amount of time and smallest total
sample size. However, with an intermediate probability of 0.1, each level of
a subset simulation with N = 50 provides only 5 elements to generate the
samples of the following level. As a result, the number of failed candidate
states in the MMA increases, introducing inefficacy when scaling the method
by artificially limiting the dispersion of the results.

Table 4: Variation of the sample size N (HSLM-A3, y: = 3.0, pg = 0.1).

N 50 100 150 200
time (h) 1:01 1:48 326 2:52
ns 1050 2200 6200 4000

verit (km/h) 263 263 267 265

Given that the various applications lead to v..; in close proximity, the
final adopted values are y; = 3.0m/s? py = 0.1, and N = 100.

6. Simulation results

6.1. Calculated critical speeds

The current section represents the application of the first step of the
methodology. After setting the optimal factors in the algorithm, the critical
speeds on each bridge are calculated for each HSLM-A train model. The
individual critical speeds v, ; are listed in Table 5. The final critical speed
values, given by Eq. 3, are highlighted in the same table.
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Table 5: Critical speeds for each HSLM-A train model.

Ucrit,i (km/h)
Canelas Melga Cascalheira Brago do Cortigo

HSLM bridge bridge underpass underpass
Al 414 N/A 250 244
A2 361 175 269 156
A3 263 173 263 255
A4 274 179 277 146
A5 284 185 284 264
A6 293 192 287 263
A7 298 194 289 244
A8 314 202 301 282
A9 316 205 261 252
A10 325 214 254 255

6.2. Assessment of scenarios for bridge design

The present section showcases the application of the second step of the
methodology, where the scenarios for bridge design are defined as two sets
of instructions on how to assign values to several random variables. The
selection of the variables to be included in the definition of the scenarios is
achieved through a sensitivity analysis, where the importance of each variable
is assessed with Eq. 4. Here, the study is performed for the Canelas bridge,
using the 10 HSLM-A load configurations and a train speed interval from
140 km/h to 420 km/h. The calculated variance values are listed in Table
6. It can be seen that there is a remarkable importance of the variables that
control most of the structural mass (thickness and density of both the slab
and the ballast layer) and of the concrete stiffness. Structural damping and
support stiffness also account for a considerable portion. Due to the clear
difference in the results, the variables that score a variance result (from Eq.
4) greater than 1 are selected for the definition of the design scenarios.

Consequently, the deterministic scenarios S1 and S2 are proposed in Table
7. In accordance with the EN 1991-2 [22|, there are two estimates of mass
(upper and lower bound), defined by thickness and density (tsiap, Mo, pc,
o), combined with a single estimate (lower bound) of stiffness (E¢, G,,) and
structural damping ().

Using the definitions of Table 7 and setting the remaining random vari-
ables to their mean values, the dynamic design response can be obtained.
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Table 6: Sensitivity analysis of the relative influence of the variables.

Variance
Variable Y lower envelope Y upper envelope
Reinforced concrete density po  1.06 1.08
Concrete elasticity modulus Fo  2.63 1.46
Slab thickness tgqp 1.56 1.43
Slab width bgap 0.06 0.06
Area of the steel profiles Ag 0.06 0.06
Structural damping & 2.29 1.13
Ballast density py 1.04 1.21
Ballast elasticity modulus Ej 0.02 0.02
Ballast layer height hy 0.66 1.56
Load distribution angle « 0.02 0.02
Sleeper mass mg 0.01 0.12
Rail pad stiffness &, 0.03 0.02
Track shear stiffness k; 0.20 0.03
Neoprene shear modulus G, 1.29 0.53

Table 7: Scenarios for bridge design.

Scenario  Eg, £ pc; tsiab o, e Gn
S1 u—1640c p—1.640c min. min.
S2 u—1640c p+1.640 max. min.

Fig. 13 represents the response envelopes of the deterministic scenarios for
the case study bridges. It is worth noting that these bridges were originally
designed for a train speed of 160 km/h, hence the large acceleration values
at higher speeds. The methodology being used in this work may allow for
higher permissible deck accelerations, which can possibly allow for higher
train speeds. Such a study is helpful in addressing the sustainability of exist-
ing infrastructure by considering the need to deploy newer, faster, and longer
trains to operators’ rolling stock rather than replacing existing bridges.
Analyzing the local maxima on the plotted data, it is clear that S1 (with
its lower bound estimate of the random variables controlling the structural
mass) produces the highest acceleration values, albeit at higher speeds. Con-
versely, the upper estimates in S2 correspond to lower acceleration peaks,
but avoid overestimating the resonant speeds. These observations help to
validate the purpose of the scenarios, which corresponds to the Eurocode
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expects. The design acceleration values agy are to be found in these curves
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Figure 13: Design scenario response envelopes. (a) Canelas bridge; (b) Melga bridge; (c)
Cascalheira underpass; (d) Braco do Corti¢o underpass

6.3. Design acceleration and safety factors

The third and final step of the methodology is performed in this section.
Knowing the critical speeds and the envelopes of the design scenarios, the
design accelerations agg can be found, as illustrated in Fig. 14. The values
are given in Table 8, together with the safety factors, according to Eq. 5.

From the results, it can be observed that a bridge design made with
the current Eurocode limit of 3.5 m/s? (i.e., with the safety factor of 2.0)
would either limit the maximum allowable train speed or result in heavier,
more robust cross-sections. Conversely, the present approach suggests that
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safety would be ensured up to the calculated critical speeds within the target
probability of failure.

Table 8: Design accelerations and safety factors.

Bridge aEd (m/s2> Vot

Canelas bridge 5.07 1.38

Melga bridge 5.81 1.20

Cascalheira underpass 5.94 1.18

Braco do Cortigo underpass 5.42 1.29
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Figure 14: Critical speeds and design phase accelerations. (a) Canelas bridge; (b) Melga
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7. Conclusion

In this study, the permissible acceleration limit in ballasted track bridges
is addressed by defining a design phase acceleration. Two design scenar-
ios are proposed where the design acceleration is found at a critical speed.
This speed is assessed using a newly proposed algorithm to overcome the
computational challenges associated with low probabilities of failure. The
main conclusions of this study can be summarized according to the research
questions proposed in Section 1:

1. The employment of subset simulation is cost effective when estimat-
ing low probabilities of failure. However, it still depends on knowing
where to start in the speed range. By using an appropriate first-level
threshold value, sample size, and intermediate probability, a simple
decision-making algorithm can aid in rapidly going through the speed
range.

2. The Eurocode EN 1991-2 dictates how stiffness, damping, and mass
must be estimated, but does not specify how they are to be achieved.
By describing the geometric and material properties of a bridge with
basic random variables, it is possible to sample these variables and
construct two design scenarios. An expedited sensitivity analysis is
sufficient to highlight the most contributing variables;

3. The study of four real ballasted track structures has revealed that a
bridge can be designed so that its deck can experience an acceleration
value greater than 3.5 m/s? without being associated with a probability
of failure greater than 10~*. Considering that the physical acceleration
limit is kept at 7 m/s?, this means that the safety factor, computed as
the ratio between it and the allowable acceleration, can be set lower
than 2.0.

Considering that the calculated design acceleration values are greater
than 3.5 m/s? (or, in other words, that the associated safety factors are less
than 2.0), it can be concluded that the normative limits are, at least, conser-
vative. Therefore, a revision of the normative acceleration limit for ballasted
track railway bridges may include the discussion of higher permissible limits.
A future contribution to this topic should focus on the cost of maintaining
the current limit, considering that the Eurocode could, for instance, have a
lower limit for existing bridges while maintaining the current limit for new
structures.
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APPENDIX C: ARTICLE FROM PROBLEM 3

The work by Ferreira et al. (2024a), on which Chapter 5 is based, is reproduced
in this appendix.
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R. Calgada (2024a). “Critical analysis of the current Eurocode deck acceleration
limit for evaluating running safety in ballastless railway bridges.” In: Engineering
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ARTICLE INFO ABSTRACT

Keywords: The assessment of running safety of railway bridges is conditioned by the Eurocode EN 1990 A2 by limiting
Ballastless railway bridges vertical deck acceleration. On ballastless track bridges, this value is 5 m/s?. The background for this value is
Derailment not clear, and it is believed that it originates in the application of an arbitrary safety factor of 2 on accelerations

Running safety
Deck acceleration
Eurocodes

around 1 g to avoid loss of wheel-rail contact. However, studies show that the level of acceleration may not be
directly related to the occurrence of derailment. In this work, this idea is expanded by assessing both vertical
and lateral dynamics, comparing acceleration values with the Unloading and Nadal derailment criteria. The
parametric study is comprised of a set of five representative single-track slab bridges with spans between 10 m
and 30 m with two levels of track irregularities, corresponding to a well-maintained track and an Alert limit
situation. A three-dimensional articulated FE model based on the load properties of the EN 1991-2 High-Speed
Load Model A is presented, crossing the bridges at running speeds from 150 km/h to 400 km/h. Despite the
complexity of the models, a large amount (1461) of full 3D train—-track-bridge interaction dynamic analyses are
performed, to produce a data set representative of the phenomenon. Results show a weak correlation between
the criteria and deck acceleration (maximum 2 of 0.47 for Unloading and 0.15 for Nadal). Additionally, track
quality is shown to be a more conditioning factor for derailment when compared to resonance. This work
contributes to discussing the thesis of using deck acceleration as an indicator of running safety, considering
lateral dynamics.

1. Introduction the limit is slightly higher, 5 m/s?. Identical values can be found in
the Chinese norm [7], albeit the calculation of derailment indexes is

The design of civil engineering structures is governed by norms often required [3]. A different approach can be found in the Japanese
that ensure safe practices and standard construction. The Eurocodes are norm [8], where safety is assessed by limiting deflection according to

essential tools used daily across Europe, but they are not impermeable the number of spans, running speed, and track type. As for the origin of
to change, as they are frequently discussed and are currently under the aforementioned values, the ballasted track limit is based on the tests

revision [1]. Railway infrastructures are, in many ways conditioned performed at the German Federal Institute for Materials Research and
by these norms, and railway bridges are no exception. The abundance Training (BAM) in which the track instability occurred for accelerations
from 7 m/s?, commissioned by the European Rail Research Institute [9]
to validate the then European pre-standard (ENV). Conversely, the non-
ballasted track limit is likely based on the fact that the wheel may
detach from the rail from accelerations of 1 g. In fact, when [10]
replicated the BAM tests, they noted that the ballastless track’s limit
had not been proofed either numerically or experimentally.
Comparing these values to the limits inscribed in the norm, it seems
like a safety factor equal to 2.0 was adopted to guarantee a safety

of these structures (there are an estimated 300,000 in Europe [2])
makes the study of running safety an extensively studied topic in recent
years [3-5].

Concerning the dynamic assessment of running safety, the current
European code EN 1990 A2 [6] stipulates a deck acceleration criterion
to ensure traffic safety on railway bridges. According to this Eurocode,
the vertical deck acceleration on ballasted bridges should be limited
to 3.5 m/s? to avoid ballast instability, while in non-ballasted ones,
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Fig. 1. Bending modes of the FE bridge models.

margin. However, the validity of such a margin was not originally
based upon a probabilistic method, which has led to the proposal of
alternatives [11] and studies that give a certain percentage allowance
over the limit [12]. In fact, while the limit for ballasted tracks is
connected with a physical phenomenon, the limit for ballastless (or
slab) tracks is seemingly based on the assumption that a train ex-
periencing accelerations upwards of 1 g on a bridge is at risk. Yet,
preliminary studies showed that, for the particular case of non-ballasted
bridges, when the deck acceleration reaches 1 g, it does not necessarily
lead to wheel detachments [13], i.e. the fact that a point is subjected
to 1 g acceleration does not imply the lifting of the entire train’s
mass. Therefore, it is important to define recommendations to define
a more accurate design criterion based on advanced train-track-bridge
interaction (TTBI) simulations that can explicitly assess the risk of
derailment and ensure traffic safety. The track itself exerts influence
since, as [14] note, neglecting the rails can lead to an underestimation
of results at high speeds and the level of track irregularities is connected
with the derailment coefficient [15].

Other studies on the performance of high-speed ballastless track
bridges have focused on dynamic assessment, such as [16] finding deck
accelerations above the normative limit on shorter spans. Contributions
have also been made to the evaluation of deck acceleration, with [17]
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and [18] focusing on the effects of local deck vibrations, or [19]
and [20] proposing faster computational methods. Different authors
have also approached the safety of ballastless bridges under seismic
actions [21-24], while the previously mentioned research [13] did not
consider the lateral dynamics in the train-bridge interaction analysis,
and focused solely on vertical dynamics. Other studies on ballastless
bridges addressed the issues caused by settlement in subgrade-bridge
transition zones [25,26] and running comfort [27]. Since the mechanics
that govern wheel-rail contact (and, by extension, the loss of contact
and derailment) are complex and also depend on lateral components,
this work proposes to study the risk of derailment considering three-
dimensional TTBI models with the purpose of comparing derailment
criteria against calculated deck acceleration values to make a critical
analysis of the traffic stability criteria stipulated in EN1990-A2 that has
been questioned lately by the regulatory bodies [28] and addressed in
recent EU research projects [29]. To overcome the gaps, the following
research questions are presented:

1. Do deck acceleration values above the normative limit corre-
spond to derailment?

2. Are both lateral and vertical dynamics indispensable to assess
running safety or do vertical dynamics suffice?
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3. How important is the influence of track quality, compared with
the deck vibrations reached in resonance?

To properly address these questions, the present paper describes a
set of bridges, train models, and irregularity profiles in Section 2. This
is followed by a statement of the parametric analyses in Section 3, along
with a presentation of the safety indexes employed and the critical train
models for each bridge. Section 4 shows the results and discussion of
the parametric analyses, including the study of increased irregularity
profiles and the influence of the bridge. The main conclusions are listed
in Section 5.

2. Numerical modelling
2.1. Bridge models

For the present study, the bridges’ characteristics were obtained
from the work by [30] where, for simply supported single-span slab
bridges, five models are proposed, with spans ranging from 10 m to
30 m and cross-sections designed to provide results near the Eurocode’s
acceleration limit when considering a design speed of 320 km/h (and
consequently a maximum speed of 1.2 x 320 km/h, as per the EN
1991-2 [31]). In the present work, the cross-sectional dimensions were
obtained considering an elasticity modulus of 34 GPa and a Pois-
son’s ratio of 0.2. The 3D models were developed with the Finite
Element Method (FEM) using the commercial software ANSYS [32],
using mainly BEAM188 Timoshenko beam elements to model the deck,
the track slab and the rails and COMBIN14 spring—dashpots to model
the track elements, namely the mortar bed between the deck and the
track slab, the subgrade bed in the adjacent track to the bridge and
the rail fastenings. The bridge deck is modelled with beam elements
located at its centre of gravity. From there, the track slab (which is
also comprised of beam elements) is connected with an array of spring—
dasphot elements that discretize the concrete-asphalt (CA) mortar bed.

a)

concrete-asphalt mortar

track slab

fasteners/pads system

\Support

igid elements

9

Fig. 2. Finite element model. (a) Schematic representation (lateral); (b) Schematic representation (transversal); (c) 3D view.

Above the slab, pairs of rigid elements reach the transversal coordinates
of the rails, connecting to them through spring—dasphot elements that
represent the fasteners and pads. The track slab is made up of modular
sections, with gaps at the abutments. The properties of these bridges
are presented in Table A.3, including the span L, linear mass m,
stiffness E1, the natural frequency of the first bending mode nj, cross-
sectional width b and height 4. Damping is taken into account through
the Rayleigh proportional matrix with damping ratios (taken from EN
1991-2 [31] for all cases) set to the first two vertical bending modes of
the bridge deck. Regarding the track elements, their vertical mechanical
properties (stiffness and damping) were adopted from [13], while the
lateral and longitudinal characteristics were adopted from previous
3D TTBI models developed by the authors [33-35]. The properties
of the slabs and UIC60 rails (density p, modulus of elasticity E, area
A, moment of inertia I, height A, width b, and gauge) are listed
in Table A.4 and the properties of the fasteners and elastic bed in
Table A.5. While the deck and track slab’s properties can be reduced
to single beams, to enable the coupling of a three-dimensional vehicle
model, each rail has to be modelled separately, thus justifying the
configuration of rigid elements that can be seen in the same figure.
The finite element models were developed in ANSYS [32] software, and
are represented by a characteristic 3D view. The first vertical bending
modal shapes and frequencies of each bridge can be seen in Fig. 1 and
a schematic representation of the typical FE model is shown in Fig. 2.

2.2. Train models

For loading, this study uses 3D vehicle models aimed to represent
the EN 1991-2 [31] High-Speed Load Model A (HSLM-A), which is
a moving load model with axle distances and loads whose geometric
configuration resembles articulated trains, without any suspension or
vehicle body data. The relevant information regarding vertical dynamic
behaviour was retrieved from [13], for each of the 10 HSLM-A trains,
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where the authors adjusted the car body masses to correspond to the
axle loads (ranging from 17 to 21 ton/axle) and the primary and
secondary suspensions characteristics produce realistic bounce frequen-
cies. In contrast, the lateral and longitudinal suspensions were adopted
from typical three-dimensional trains found in the literature [36,37].
Table B.6 lists the symbols used to describe the train model parameters
and a thorough list of the values can be consulted in Appendix B.

The 3D FE models were developed in the ANSYS [32] commercial
software, using three of its available finite element types: BEAM4 (3D
elastic beam) to act as rigid beams, COMBIN14 (3D spring—damper)
to model the suspension parameters and MASS21 (3D structural mass)
to model all localized masses and rotational moments of inertia. Each
wheelset is connected to a primary suspension linked to the bogie
via rigid beams. The bogies are connected to a secondary suspension
that is in turn linked to the geometric centre of the car body. The
HSLM is characteristically comprised of a leading carriage (with two
bogies, independent from the rest of the train), a side carriage (with
an independent bogie and a shared bogie) and a succession of central
carriages that share bogies in the manner of an articulated train. The
load model is symmetrical; therefore, the last central carriage shares
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a bogie with another side carriage, which is followed by the final
leading carriage. It is highlighted that the HSLM is a load model and
not an actual train, presenting the challenge of articulating the central
carriages in the FE model. In the present work, the solution achieved
was to connect the secondary suspension to one of the carriages and
then to couple the translational degrees of freedom of that suspension
and the following carriage, allowing for free rotation in every axis,
effectively modelling a spherical joint. This approach is sufficient to
analyse lateral and vertical forces at the level of the wheels, which
is the intended purpose of the study. Fig. 3 depicts lateral and front
views of a schematic representation of the train model, as well as the
FE implementation.

2.3. Track irregularities

The track irregularity profiles employed in the present work were
artificially generated based on the German Power Spectral Density
(PSD) functions procedure described by [38], where the irregularities
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PSD of the alignment irregularities: (e) Well-maintained track, (f) Alert limit.
r along the longitudinal development x are given by:

N-1
r(x) = \/5 Z A, cos (.Q,,x + (pn) 1)
=0

where N is the number of frequencies ©2,, ¢, is a random phase angle
between 0 and 2z and A, are factors given by the same study.

The wavelength interval 3-150 m was considered in the generation,
which includes the D1 (3-25 m), D2 (25-70 m) and D3 (70-150 m)
ranges specified in [39]. Two track quality levels were considered:

(i) alower track quality whose track quality factors for longitudinal
(vertical) and alignment levels were A, = 6.00 x 1077 and
A, =2.70x 1077, to obtain standard deviations in the D1 range
compatible with the Alert Limit specified in [39] for speeds up
to 300 km/h of ¢;_55, equal to 1.25 mm and 63_,s , of 0.85 mm
for the longitudinal and alignment profiles, respectively;

(ii) a higher track quality, with track quality factors of A, = 0.60 x
1077 and A, = 0.35 x 1077, respectively, giving o3_»s, equal
to 0.40 mm and o;_s, of 0.30 mm, compatible with a well-
maintained track of the Chinese PSD [40].

Plots of example realizations of tracks’ irregularities can be seen in
Fig. 4 for both quality levels in the lateral and vertical directions, as
well as the alignment PSD.

2.4. Train bridge interaction

The 3D TTBI dynamic analyses are carried out with the in-house
software “VSI — Vehicle Structure Interaction Analysis” (see Fig. 5).
This tool, capable of dealing with lateral dynamics, is implemented in
MATLAB [41] and imports the structural matrices from the railway
vehicle and bridge modelled in the FE package ANSYS [32]. Then,
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Fig. 5. Framework of the tool

the external excitations (track irregularities, wind or seismic loads,
among others) are imposed on the coupling system, and the corre-
sponding dynamic responses are obtained. The interaction between
the two sub-systems is accomplished by a specially developed contact
finite element that considers the behaviour of the contact interface
between wheel and rail. The contact formulation is divided into three
main problems, namely the geometrical, the normal and the tangential
contact problems. With the contact interface fully characterized, the
equations of motion of the vehicle and bridge are complemented with
constraint equations that couple these two structural systems. The
full mathematical formulation and validation of the TTBI model are
presented in previous publications [33,42-44], where the description of
the wheel-rail contact model and the governing equilibrium equations
of the dynamic system can be consulted.

3. Running safety analysis
3.1. Initial consideration

A parametric study has been performed for a set of 5 single-track
slab bridges with spans ranging between 10 m and 30 m with trains
running at speeds ranging between 150 km/h and 400 km/h. For
each analysis, the maxima of the derailment indicators (Unloading and
Nadal) and the maximum deck acceleration at midspan were registered.
Only the most critical HSLM-A train for each bridge, i.e., the train that
conditions the bridge design in terms of deck acceleration in the speed
range, is considered in the analysis.

To complete this study, 1461 3D train-track-bridge interaction
dynamic simulations were conducted using the numerical tool devel-
oped and validated by [42]. This corresponds to the 5 bridges being
tested with 11 different irregularities profiles (5 realizations of a higher
quality track, 5 of lower quality track and 1 smooth track profile)
with trains running at 26 speed values (10 km/h intervals of the
speed range), accounting for 1430 analyses. Given that the resulting
derailment indexes were within the safety limits, 10 additional profiles
were generated, with track irregularities increased above the normative
Alert limit. Finally, a comparison with a rigid bridge is made, with 21
more analyses.

3.2. Running safety indexes
There are several criteria that can be used to assess train running
safety, varying according to derailment mechanism and country. These

criteria (for which a summary can be found in [3]) are based on
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relationships between the wheel-rail contact forces that can only be
accessed through TTBI models.

Among the available derailment criteria, the two used in the present
study (Nadal and Unloading) are two of the most commonly used in the
analysis of train running safety. The Nadal index &y can be obtained
through the following equation:

=— 2
N ) (2)

where Y and Q are the time histories from the lateral and vertical
contact forces, respectively, in each wheel. The European Technical
Specifications for Interoperability [45] specified a safety limit of 0.8
for this index. Regarding the unloading index &, this can be defined
as:

Y
=1-=
é Q()

where Q) is the wheel’s static load. The criterion may also be analysed
individually for each wheel. The European norm related to the testing
and simulation of railway vehicles, EN 14363 [46], stipulates a limit
of 0.6 for the unloading index. According to the same norm, before
computing the aforementioned derailment criteria, the time histories
of both vertical and lateral contact forces should be low pass filtered
with a cut-off frequency of 20 Hz using a filter of order 4. In the present
study, a Butterworth filter was adopted. Henceforth, the limits for the
Nadal and Unloading criteria, as well as the acceleration limit, are
referred to respectively as Ny;,,, Uj;,, and a;;,,-

3

3.3. Selection of critical train model

As mentioned before, only the most critical HSLM-A train for each
case study bridge has been considered in the study. A simple moving
loads method, applicable to single span simply supported bridge, was
employed for this assessment, using the quantities listed in Table A.3
and the load values and distances of the HSLM-A. The maximum
midspan acceleration a is estimated accounting for the resonant effects
that occur due to the relation between the repeatability of the loads
and the bridges’ natural vibration frequencies. Each line of the graphics
in Fig. 6 corresponds to the maximum acceleration obtained from the
response of each of the HSLM-A trains at different speeds on each
bridge. The HSLM-A universal train (represented in blue) that causes
an acceleration that exceeds the EN 1990-A2 [6] limit of 5 m/s? (at
around 1.2 x 320 km/h) was chosen as the critical one for the bridge at
matter.
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Fig. 6. Maximum midspan deck acceleration and identification of the most critical HSLM-A train. (a) 10 m bridge; (b) 15 m bridge; (c) 20 m bridge; (d) 25 m bridge; (e) 30 m
bridge. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Simulation results and discussion
4.1. General 3D analyses

The results of the parametric analyses presented in Section 3.1 are
presented hereinafter. Fig. 7 depicts the envelopes of the maximum
registered Unloading criteria, while the Nadal envelopes are presented
in Fig. 8. The displayed data points of the computed derailment criteria
correspond, for each speed, to the worst-performing wheelset (while
still on the bridge) of that particular simulation. The acceleration values
can be seen in Fig. 9, with each value representing the maximum
absolute acceleration in the midspan of the bridge’s deck.

For a smooth track profile (i.e. with no vertical nor lateral rail
irregularities imposed on the system), the Nadal criterion measures

no distinguishable features. Due to the absence of lateral irregularities
and other sources of transversal instability, this behaviour is expected,
serving as a benchmark for the results. In fact, the vertical accelera-
tion curves for smooth tracks show similarities to the moving loads
assessment in both absolute value and location of resonance.

Concerning the track irregularities, either with high or low quality
(alert limit level), the maximum values of &; increase with speed, but
the general shape of their trends remains the same (Fig. 7). The same
conclusion can be drawn from the accelerations’ results. It is notewor-
thy that the Unloading criterion curves rise as the speed approaches
400 km/h, but they also show a less evident, yet present, peak around
the subharmonic speeds.

In general, it is observed that &y is unaffected by resonance phe-
nomena, never following the trend of the acceleration or Unloading

219



G. Ferreira et al.

Engineering Structures 312 (2024) 118127

U i . . U, . .
im| lim|
[ 1High quality [CJHigh quality
[ Alert limit [ Alert limit
Smooth track Smooth track
04F 04F
W :v/—A{_/,j &
0.2 F 0.2F
0 . . . . 0 . . . .
150 200 250 300 350 400 150 200 250 300 350 400
Speed [km/h] Speed [km/h]
a) b)
Ulim i i Ulim i i
[ High quality [ High quality
[ Alert limit [ Alert limit
Smooth track Smooth track
04F 04F
0.2 ] 0.2 F
0 : : : : 0 : : : :
150 200 250 300 350 400 150 200 250 300 350 400
Speed [km/h] Speed [km/h]
c) d)
U/im i i
[ High quality
[ 1 Alert limit
Smooth track
0.4r
-]
)
0.2F
0

150 200 250

300 350 400

Speed [km/h]

e)

Fig. 7. Unloading criterion envelopes. (a) 10 m bridge; (b) 15 m bridge; (c) 20 m bridge; (d) 25 m bridge; (e) 30 m bridge.

curves but instead reflecting only the level of track condition (Fig. 8).
As the irregularities (including lateral) on the tracks get more preva-
lent, lateral forces become more present in each wheel, while vertical
contact forces get diminished, thus increasing the criterion’s values.
However, even in scenarios of low-quality tracks (with alert limit
irregularity profiles), the Nadal criterion remains fairly low and distant
from its limit of 0.8.

The maximum registered vertical acceleration for each bridge is
registered in Table 1 for the high-quality track realizations and in
Table 2 for the alert limit irregularity profiles (Fig. 9). Both tables
present the two concomitant criteria, i.e., the maximum value of the
worst-performing wheelset that stems from the realization of rail irreg-
ularity leading to the maximum acceleration. From the observation of
these results, there appears to be no correlation between acceleration
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levels above the normative limit of 5 m/s? and derailment indicators.
Considering, for example, the worst-case scenario of track condition,
an assessment based on the normative limit would conclude that the
acceleration limit is surpassed. However, the maximum value of the
unloading factor, in that case (for all studied bridges), is below 0.38
for high-quality tracks and 0.48 for alert limit tracks, which is far from
the limit of 0.6. Therefore, since deck acceleration does not seem to
condition derailment at such low values, the results do not support
the thesis of safety being limited by the calculation of vertical deck
acceleration.

The existence of a correlation (or lack thereof) between acceleration
and derailment indicators can be further explored by plotting all the
pairs of data points and fitting a linear regression. This is presented in
Fig. 10(a) for the high quality track realizations and in Fig. 10(b) for
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Table 1 Table 2
Maximum registered acceleration and concomitant criteria (high quality). Maximum registered acceleration and concomitant criteria (alert limit).
Criteria Criteria

Bridge Max. accel. (m/s?) Unloading Nadal Bridge Max. accel. (m/s?) Unloading Nadal
10 m 5.93 0.25 0.04 10 m 7.18 0.28 0.10
15 m 7.30 0.26 0.07 15 m 8.30 0.38 0.13
20 m 7.70 0.36 0.07 20 m 8.76 0.39 0.10
25 m 6.43 0.30 0.06 25 m 7.35 0.37 0.12
30 m 6.09 0.29 0.06 30 m 7.59 0.36 0.11

the Alert limit tracks, with the continuous black lines representing the
fitted models. The displayed coefficients of determination (r*) show,
for both cases, that the Unloading criterion is the one that follows
acceleration the closest. Even so, the relation is insufficient to infer

safety conditions from analysing acceleration alone, for several data
points above the acceleration limit do not cross Uj;,,. This observation
is even more evident when considering lateral forces for derailment,
i.e. acceleration values from close to 0 m/s? to almost 8 m/s? hardly
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Fig. 9. Acceleration envelopes. (a) 10 m bridge; (b) 15 m bridge; (c) 20 m bridge; (d) 25 m bridge; (e) 30 m bridge.

translate into any £, values. It is also noteworthy that the gap between
the criteria’s 12 values is narrower for the worst track conditions, which
highlights the importance of the level of irregularities.

4.2. Analysis with track irregularities increased above the normative Alert
limit

Results from the previous section have shown that even at reso-
nance, the derailment criteria are distant from their limits. While deck
acceleration is sensitive to both running speed and track condition,
the Nadal and Unloading criteria are less influenced by the bridge’s
dynamic effects. To further sustain this observation, an additional set of
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dynamic analyses was devised. These included generating new realiza-
tions of track irregularities, increasing both the vertical and alignment
standard deviations in the 3 to 25 m wavelength range, totalling 10
new profiles: 5 with a 50% increase over the alert limit (63_,5x1.5) and
5 with 100% increase (63_,5 X 2). This set of analyses was conducted
on the 25 m bridge, with the HSLM-A3 model at 390 km/h, since this
combination provided the clearest resonant situation.

Fig. 11 presents the results from the increased irregularities simula-
tions as boxplots superimposed on zoomed-in sections of Figs. 7(d), 8(d)
and 9(d). These figures allow for a comparison of 5 scenarios: smooth
track, high quality track, alert limit, 50% increase of the alert limit and
100% increase. It can be seen that there is a direct relation between a
worse track and higher derailment criteria: maximum values registered
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include 0.704 for Unloading and 0.505 for Nadal. As for acceleration,
a maximum value of 8.168 m/s? is measured.

The results presented strengthen the observation that derailment
criteria, compared to deck accelerations, are more permeable to track
conditions. It was necessary to increase Alert limit conditions up to
double the standard deviation to register &y values above 0.5 and &;
values greater than U,;,,. On the other hand, acceleration was already
greater than the normative 5 m/s? limit, even for a smooth track. Wors-
ening the irregularity profiles increased the maximum acceleration, but
it is worth noting that there is far more overlapping of the different

11

realizations’ results on acceleration when compared to the derailment
criteria, i.e. track condition plays a less relevant part in determining
deck acceleration.

4.3. Influence of the bridge vibration

From both the general analyses and the increased irregularities
analyses, it can be inferred that track condition constitutes the predom-
inant factor in assessing running safety. Even though the occurrence of
resonance is relevant for deck acceleration, vibration from the bridge

223



G. Ferreira et al.

Engineering Structures 312 (2024) 118127

0.8
[ 125 mbridge
__ L BN
lim I
L T
‘\’\ﬁb 04 é % — 4
x =
——
02 X i
0
Smooth track High quality Alert limit 04 ,5%1.5 0555%2
a)
Nlim
[ 125 mbridge
[ JRigid bridge
0.6 7
W04 F T :
02 F /= -
= = 0 &
e =
0 b4
Smooth track High quality Alert limit 0395% 1.5 g 3_25><2

b)

Fig. 12. Influence of the bridge vibration. (a) Unloading criterion; (b) Nadal criterion.

seems to have an imperceptible effect on the variation of wheel-
rail contact forces, and, therefore, on the derailment criteria. For this
reason, the present section presents the results of additional dynamic
analyses of the same critical load model and speed as of the 25 m
bridge, replacing it with a rigid bridge. These simulations considered
the 21 available profiles, i.e. the same employed in the previous section.
Fig. 12 presents the distribution of results regarding the Unloading and
Nadal criteria, respectively.

The results indicate that whether or not considering the bridge’s
dynamic effects, the performance of derailment indicators is controlled
by track condition. As quality decreases, so does the influence of the
bridge vibration. To assess the fitness of using just the plain track model
as a predictor (ﬁl*/ and 5;"\,) of the criteria, the sums of squared errors
can be computed (using all available realizations) as:

21
3 (& -&5)* =0.0419
i=1
21

3 (en - &) = 0.0092

i=1

(€3]

)

Given that the scale of the criteria is between 0 and 1, the fact that
the sums of squared errors are lower than 1% makes them negligible.
It can be concluded that regardless of the train model being subjected
to bridge vibration, the relation between contact forces is already
conditioned by the track quality.
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5. Conclusion

The present study addressed the pertinence of utilizing an acceler-
ation limit as a conditioning factor for the dynamic design of railway
bridges. Multiple realizations of two track quality levels were tested
on a wide range of running speeds, for five different bridges with
train models representative of the HSLM-A. A comparative analysis
of increased irregularities, as well as of the influence of the bridge
vibration under resonance, was also presented, to further sustain the
observations. Referring to the research questions listed in Section 1,
the main conclusions of this work can be outlined as follows:

1. Ballastless railway bridges can experience acceleration values
above the normative limit of 5 m/s> without corresponding to
a surpassing of derailment criteria, which does not support the
thesis of using deck acceleration as a limiting factor for running
safety.

2. Even though both the Unloading and the Nadal criteria present
a low correlation with acceleration, the former does indicate a
closer relation. Vertical dynamics are, therefore, indispensable
in assessing train running safety and the Unloading criterion is
conditioning in regular operation scenarios. 3D analyses should
be considered in scenarios where important lateral loads may
contribute to the lateral instability of the train.

3. Across different running speeds, the Nadal criterion is shown to
be close to constant, depending on the track quality, with the Un-
loading criterion being slightly more telling of the occurrence of
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Properties of the simply supported slab bridges used in the 3D TTBI analysis.

Source: Adapted from [13].

L (m) m (ton/m) EI (GN m?) ny (Hz) b (m) h (m) Slenderness ratio®
10 15.4 12.5 14.3 8.1522 0.6426 481.9
15 21.2 36 9.2 7.3128 1.0336 1136.5
20 25.4 65.1 6.4 7.0075 1.3184 2061.1
25 33.1 152.0 5.4 6.7193 1.8333 3295.2
30 36.7 211.0 4.2 6.6324 2.0744 4779.8
Constant E (GPa) v G (GPa)
- 34 0.2 1.4167
2 GAL*/EI
resonance, while the acceleration values are greatly dependent Table A4
on the train’s speed. Results show that both derailment criteria propemés of the slabs and UIC60 rails.
are greatly influenced by the level of track quality, with bridge Slab Rails
vibration being 1r.npercept1b1e for V\(heflbl—l'all contact forces. For  (kg/m”) 2200 850
the study of derailment, track quality is far more relevant than E (GPa) 34 210
the vibration experienced on the bridge. A (AY) 0.96 7.676 x 1073
I (m*) 7.2 x 107 30.038 x 107
Considering the presented conclusions, it is observed that the cur- h (m) 0.3 -
rent normative limit might be over-conservative. In the case of future Za(ligl @ 3.2 1435
discussion and research work leading to the acceleration criterion -
being discarded, different limit criteria should be tested and evaluated

in further studies. Furthermore, the study of pier lateral stiffness in
pier-supported bridges, subject to wind action, is left for a future
publication.

Table A.5
X X X X Properties of the fasteners and elastic bed (with values from [13,47,48]) and [49].
CRediT authorship contribution statement Fasteners
. = . . L X Longitudinal Transversal Vertical
Goncalo Ferreira: Writing — original draft, Visualization, Investiga- -

. 1 lysi d .. . diti Stiffness (MN/m) 40 40 22.4
tion, Formal analysis. Pedro Montenegro: Writing — review & editing, Damping (kNs/m) 40 40 5.47
Methodology, Conceptualization. Andreas Andersson: Writing — re- Rotational stiffness (kN m/rad) 45 45 45
view & editing, Conceptualization. Anténio Abel Henriques: Writing — Spacing (m) 0.588
review & editing, Supervision. Raid Karoumi: Supervision, Resources, Flastic bed
Conceptualization. Rui Cal¢cada: Supervision, Resources. S

Mortar modulus (MN/m?) 1x 10°
Mortar damping (kNs/m?) 34.58
Declaration of competing interest Subgrade modulus (MN/m?) 100
Subgrade damping (kNs/m?) 34.58
The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.
Data availability Table B.6
Train model parameters symbols.
i . Mechanical properties
Data will be made available on request.
Moments of inertia
M Roll Pitch ¢
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Appendix A. Bridge model parameters

See Tables A.3-A.5.
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Appendix B. Train model parameters

The values for the train model parameters (compiled from [13,36],
and [37]) are listed in Tables B.7 and B.8.
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Table B.7
Varying train model parameters.
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Central carriages

Parameter  Unit Al A2 A3 A4 A5 A6 A7 A8 A9 Al0
mg, kg 27160 33280 29200 31240 27160 29200 31240 31240 35310 35310
1oy, kg-m? 091 x 10° 1.41 x 10° 1.19 x 10°® 1.51 x 10° 1.31 x 10° 1.53 x 10® 1.77 x 10° 1.98 x 10° 2.32 x 10® 2.49 x 10°
I, kg-m? 1240 3650 1240 2700 1240 1240 1240 1900 1240 1240
Side carriages
Parameter  Unit Al A2 A3 A4 A5 A6 A7 A8 A9 Al10
mg, kg 40740 49910 43800 46 850 40740 43800 46 850 46 850 52970 52970
Iy, kg-m? 1.02 x 10° 1.52 x 10° 1.37 x 10° 1.69 x 10° 1.54 x 10° 1.82 x 10° 2.12 x 10° 2.36 x 10° 2.83 x 10° 3.06 x 10°
1, kg-m? 1240 3650 1240 2700 1240 1240 1240 1900 1240 1240
Leading carriages
Parameter  Unit Al A2 A3 A4 A5 A6 A7 A8 A9 A10
mg, kg 54320 66 550 58400 62470 54320 58400 62470 62470 70630 70630
I, kg'm? 1.33 x 10° 1.62 x 10° 1.43 x 10° 1.53 x 10° 1.33 x 10°® 1.43 x 10° 1.53 x 10° 1.53 x 10° 1.72 x 10° 1.72 x 10°
1,, kg-m? 2700 2700 2700 2700 2700 2700 2700 2700 2700 2700
Central, side, and leading carriages
Parameter  Unit Al A2 A3 A4 A5 A6 A7 A8 A9 Al0
kpz kN-m 1410 1320 1380 1350 1410 1380 1350 1350 1280 1280
Cpz kN-m/s 20 19 20 19 20 20 19 19 19 19
k. kN-m 640 820 700 760 640 700 760 760 880 880
[ kN-m/s 39 50 43 46 39 43 46 46 53 53
Table B.8 [10] Zacher M, BaeBler M. Dynamic behaviour of ballast on railway bridges. In:
Constant train model parameters. Dynamics of high-speed railway bridges. selected and revised papers from the
Parameter Unit Value advanced course on ‘dynamics of high-speed railway bridges’, porto, Portugal,
Tope kg~m2 119328 20-23 -Se})tember 2005. CRC Press; 2008, ‘p. 125—‘42. ) )
Teps kg-m? 1957888 [11] Allahvirdizadeh R, Andersson A, Karoumi R. Estimating running safety factor
my kg 3500 of ballastless railway bridges using tail modelling. In: Acta polytechnica CTU
Iy kg-m? 2835 proceedings, Vol. 36. 2022, p. 25-32, ISSN: 2336-5382.
Iy kg-m? 4235 [12] Moliner E, Martinez-Rodrigo MD, Museros P. Dynamic performance of existing
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