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Abstract 
 

Train running safety is a major concern among railway engineers, since a derailment 

may cause significant personal and material damages. Such issue becomes particularly 

worrying if the derailment occurs on bridges, especially at high-speeds, where the 

consequences may be even worse. The development of large high speed (HS) railway 

networks around the globe characterized by strict design requirements led to the 

construction of lines with more than 75% of their extension built viaducts and bridges. 

Consequently, the probability of a high-speed train derail over a bridge during the 

occurrence of hazards that might jeopardize its safety increases substantially. The 

present paper is, therefore, a summary of the work performed by the author in the last 

years about the methodologies and applications on the analysis of the stability of trains 

when subjected to external actions, such as crosswinds or earthquake. This work also 

addresses future challenges regarding the studies that still have to be carried out to go 

from the explicit, but time-consuming, derailment analysis with train-track-bridge 

interaction models to more simple methods that may be adopted in codes and 

standards to be adopted by bridge design engineers in a daily basis.  
 

Keywords: train running safety, railway bridges, train-track-bridge interaction, 

derailment, wind, earthquake. 

 

1  Introduction 
 

In more recent years, the running safety of train moving over bridges have been 

becoming an important issue in the railway engineering. The necessity to fulfil the 
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strict design requirements of HS railways led to a high percentage of viaducts and 

bridges in the lines intended to this type of traffic. Some countries in Asia, such as 

China and Japan, for example, have a highly developed HS railway network in which 

some of the lines have more than 75 % of bridges and viaducts [1]. 

Derailments may be a consequence of several factors that have been studied in the 

past but are being treated with more accuracy in the last few years due to the increment 

in the computational efficiency to perform complex numerical train-structure 

interaction analyses. Among these factors it is important to highlight those related to 

poor track quality caused by lack of maintenance [2]; existence of isolated defects in 

the rail [3]; occurrence of pier collisions [4] or settlements [5]; issues in the vehicle 

itself, namely defects on the gears (bogies or wheelsets) or in the wheels [6]; or natural 

hazards, such as earthquakes [7,8,9], crosswinds [10,11,12,13] or snow [14]. 

To accurately assess the train running safety or the derailment phenomenon on 

bridges, it necessary to develop complex and robust vehicle-structure interaction 

models which are able to capture the dynamic behaviour of the coupling system and 

to compute the contact forces that arise in the wheel-rail interface. These models are 

only available in a few multibody simulation (MBS) commercial software, but with 

important limitations regarding the structural modelling, since they are limited to 

simple models of flexible tracks and cannot reproduce the complexity of a bridge 

structure. On the other hand, the generic commercial Finite Element Method (FEM) 

packages, which are capable of modelling structures with any degree of complexity, 

do not have specific train-track-bridge interaction (TTBI) coupling methods 

incorporated. Therefore, when the objective is to analyse the interaction between the 

train and a complex flexible structure, such as a bridge or viaduct, commercial 

softwares are not very convenient, efficient and elaborate for this intent so far. This 

limitation led to the development of design criteria based on indirect indicators related 

to the response of the bridge in order to allow bridge designers to easily and implicitly 

assess the train running safety. However, with the exception of the Japanese standard 

[15], which takes into consideration the earthquake action, the majority of the criteria 

do not take into consideration different scenarios other than those representing the 

regular operation. Hence, to explicitly assess the traffic safety based on actual safety 

criteria that take into consideration the behaviour of the wheel-rail interface, 

researchers have been developing TTBI models able to accurately evaluate the train 

stability under different conditions, such as the presence of crosswinds, earthquakes 

or other hazards (see Figure 1). 

According to Montenegro et al. [1], The train running safety on bridges may be 

assessed through the two following approaches, which are illustrated in Figure 1: i) 

through indirect indicators related to the bridge response, referred here as the 

normative approach; and ii) through the evaluation of running safety criteria obtained 

from dynamic TTBI analysis, designated hereinafter as explicit approach. While the 

former is easily implemented, the latter is more accurate and allows the consideration 

of any kind of scenario with any type of sources of excitation. Hence, for the 

normative approach, the bridge model and train loads are generally sufficient to assess 

the running safety, since the bridge indicators may be calculated with simple static or 

dynamic analyses. On the other hand, for the explicit approach, a full TTBI model is 

required to obtain the contact forces and, consequently, the safety indexes. 
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Figure 1: Normative and explicit approaches to evaluate the train running safety 

over bridges. 

The present paper aims to present an overview of the author’s work performed in 

the last years about the methodologies and applications on the analysis of the stability 

of trains when subjected to external actions, such as crosswinds or earthquake. In the 

end, this work also addresses the challenges that need to be overcome in the future to 

improve the current criteria stipulated in the standards, in particular those presented 

in the Eurocodes [16,17], related with train running safety on bridges 

 

 

2  TTBI methodology to assess train running safety 

2.1. TTBI model presentation 

The TTBI models available in the literature may be classified according to the method 

used to make the compatibility between the two interacting sub-systems, i.e., coupled 

or uncoupled methods (an extensive literature review can be found in [18]). The 

results presented here were obtained through a TTBI coupled model developed and 

validated in [19,20,21]. A brief presentation of the TTBI model is presented next. 

In the present method, the governing equilibrium equations of the vehicle and 

structure are complemented with additional constraint equations that relate the 

displacements of the contact nodes of the vehicle with the corresponding nodal 

displacements of the structure. The formulation has been  developed by [20] and takes 
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into account the geometry of the wheel and rail and the behaviour of the contact 

interface. The train-structure problem can be expressed in a matrix form as 

 

(1) [�̅� �̅�
�̅� 𝟎

] [
Δ𝐚𝐹

𝑖+1

Δ𝐗𝑖+1
] = [𝛙(𝐚𝑡+Δ𝑡,𝑖, 𝐗𝑡+Δ𝑡,𝑖)

�̅�
] 

 

where �̅� is the current effective stiffness matrix of the vehicle-structure system, �̅� is 

a matrix that relates the contact forces, defined with respect to the target element 

coordinate system, with the nodal forces defined in the global coordinate system, �̅� is 

the transformation matrix that relates the nodal displacements of the target elements, 

defined in the global coordinate system, with the displacements of the auxiliary points 

defined with respect to the target element coordinate system, 𝛙 is the residual force 

vector that depends on the nodal displacements a and on the contact forces X and �̅� 

the vector with the irregularities that may exist in the contact interface. The superscript 

t+Δt indicates the current time step, while i and i+1 denotes the previous and current 

Newton iteration, respectively. 

Regarding the wheel-rail contact model, the nonlinear Hertz contact theory [27] is 

used to analyze the normal contact problem, in which the normal contact force Fn (see 

Figure 3) between the wheel and rail is given by [28] 
 

𝐹𝑛 = 𝐾ℎ 𝑑
3
2 (2) 

 

where d is the penetration and Kh is a generalized stiffness coefficient that depends on 

the material properties of the bodies in contact, such as the Young modulus and the 

Poisson ratio, and the curvatures of the surfaces at the contact point. As for the 

tangential creep forces in the longitudinal, Fξ, and lateral , Fη, directions (see 

Figure 3), these are precalculated and stored in a lookup table, based on the USETAB 

algorithm [22], to be later interpolated during the dynamic analysis as a function of 

the creepages and the semi-axes ratio of the contact ellipse. 
 

 

 

 

 

 

2.2. Running safety criteria 

The explicit assessment of the derailment risk is carried out through three safety 

criteria, namely Nadal, Prud’homme and unloading, based on the wheel-rail contact 

forces. Table 1 presents the indexes ξ associated to each of the aforementioned 

criteria, together with their safety limits and the filters stipulated by the norms to be 

applied to their time-histories.  
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Criterion Criterion index Allowances Filter type 

Nadal 

(each wheel) 
𝜉𝑁 =

𝑌

𝑄
 0.8 Low-pass filter with cut-off 

frequency of 20 Hz and a 

4th order filter after a 

sliding mean based on a 

window size of 2.0 m [23]. 

Prud’homme 

(each wheelset) 
𝜉𝑃 =

∑ 𝑌𝑤𝑠

10 +
2𝑄0

3
[kN]

 1.0 

Unloading 

(each side of each 

bogie) 

𝜉𝑈 = 1 −
𝑄𝑖 + 𝑄𝑗

2𝑄0
 0.9 

Low-pass filter with a 

cut-off frequency of 2 Hz 

using a 4th order 

Butterworth filter [24]. 

Q0: static vertical wheel load.  

Q: vertical wheel contact force. 

Qi,j: vertical contact force on wheels i and j from the same side of the bogie. 

Y: lateral wheel contact force. 

∑ 𝑌𝑤𝑠 : total lateral contact force exerted by a single wheelset. 

Table 1: Safety criteria used in the present study to assess the train running safety. 

 

3  Case study – running safety against earthquakes 

3.1. Case study presentation 

The first case study presented in this work consisted of the running safety analysis of 

a HS train running over the Alverca viaduct, in Portugal, subjected to moderate 

earthquakes. This is an important point to take into consideration, since the running 

safety of trains might be jeopardized not only by intense shakings, but also by 

moderate earthquakes, which may not cause significant damage to the structure. 

The Alverca viaduct is located in Portugal and its structure comprises several 

simply supported spans with 21 m length. The deck consists of a prefabricated and 

prestressed U-shaped beam on which pre-slabs serving as formwork to the concrete 

upper slab cast in situ are placed, forming a single-cell box girder deck. The numerical 

model of the viaduct is developed in ANSYS® [25]. The deck, piers, sleepers and rails 

are modelled using beam finite elements, while the bearing supports, ballast and pads 

are modelled using linear spring-dampers. Mass point elements are also used to model 

the ballast mass and the non-structural elements such as safeguards and edge beams 

of the deck. Special focus is given to the track modelling, since it may strongly 

influence the behaviour of the vehicle. Regarding the vehicle, it consists of a Japanese 

high-speed train with axle loads of 110 kN whose model was also developed in 

ANSYS®. Details about these models can be found in [8]. 

3.2. Seismic action 

The seismic excitations adopted in the present study consist of artificial accelerograms 

generated from the elastic spectra described in EN 1998-1 [26], with PGA 

corresponding to moderate events with return periods less than 475 years, which is 

the reference return period of the design seismic action associated with the no-collapse 

requirement. Thus, four levels of seismic intensity with return periods of 95 (proposed 
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return period for the damage limitation requirement of [26]), 150, 225 and 310 years 

are considered, being the ground motion imposed along the lateral direction. 

The artificial accelerograms are generated with the software SeismoArtif [27]. The 

target elastic spectra have been defined for the seismic zone 2.3 of the Portuguese 

territory and for a soil type A, with an importance factor of 1.0 (railway bridge). The 

PGA, provided by National Laboratory for Civil Engineering of Portugal, 

corresponding to the seismic actions considered in this work are presented in Table 2. 

310 225 150 95 
Return period 

(years) 

1.420 1.250 1.050 0.862 PGA (m.s-2) 

Table 2: PGA corresponding to the return periods of the seismic actions. 

3.3. Results 

To analyse the influence of the seismic intensity in the train’s running safety, the 

maximum values of the safety criteria obtained for each seismic intensity level in a 

scenario in which the vehicle crosses the viaduct at 350 km/ are presented in Table 3. 

While the Nadal and Prud'homme criteria, which depend on the Y/Q ratio and on the 

lateral contact force, respectively, are significantly affected by the earthquake, the 

wheel unloading criterion, which depends exclusively on the vertical contact forces, 

shows a lesser variation. This is due to the fact that only the lateral component of the 

earthquake is accounted.  

Nadal Prud'homme Unloading Seismic level 

0.26 0.37 0.72 No earthquake 

0.71 0.89 0.76 T = 95 years 

0.70 1.17 0.82 T = 150 years 

1.02 1.35 0.89 T = 225 years 

1.05 1.42 0.89 T = 310 years 

Table 3: Maximum values of the safety criteria for different seismic intensities. 

The Nadal and wheel unloading criteria obtained for the left wheel of the second 

wheelset for the minimum and maximum intensities are plotted in Figure 2. As it can 

be observed, the Nadal criterion is significantly dependent on the seismic action when 

the vehicle is over the viaduct, while the wheel unloading criterion is barely affected. 

 

Figure 2: Nadal and unloading criteria for the left wheel of the 2nd wheelset in a 

scenario with V = 350 km/h 
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To evaluate the influence of train’s speed in its safety, the maximum values of the 

running safety criteria obtained for vehicle speeds ranging from 200 km/h to 350 km/h 

in a scenario with an earthquake action with a return period of 150 years are shown in 

Table 4. The vehicle speed has an important influence in both the vertical and the 

lateral dynamics. 

Nadal Prud'homme Unloading Speed (km/h) 

0.75 0.90 0.88 200 

0.82 0.95 0.89 250 

0.95 0.97 0.90 300 

2.64 1.68 1.00 350 

Table 4: Maximum values of the safety criteria for different running speeds. 

Figure 3 shows the Nadal and wheel unloading criteria obtained for the left wheel 

of the first wheelset when the vehicle is running at 200 km/h and 350 km/h. Both the 

lateral and the vertical dynamics are affected by the running speed of the vehicle. 

 

Figure 3: Nadal and unloading criteria for the left wheel of the first wheelset in a 

scenario with an earthquake with T = 150 years. 

The global envelope of each of the analysed safety criterion, as function of the 

running speed of the vehicle and of the seismic intensity, calculated for the alert limit 

level of irregularities, is plotted in Figure 4. Each point corresponds to the maximum 

seismic intensity that guarantees the safety of the vehicle for each running speed. As 

expected, the tendency observed in all the criteria is similar, indicating that the risk of 

derailment increases with the increasing of the speed and seismic intensity.  

 

 

Figure 4: Running safety chart obtained for the alert limit level of irregularities. 
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4  Case study – running safety against crosswinds 

4.1. Case study presentation 

The case study adopted in this work is the Arroyo de Las Piedras viaduct located 

in the Córdoba-Málaga HS line in Spain. It consists of a double track steel-concrete 

composite deck with 19 continuous spans of 50.4 + 17 × 63.5 + 44 + 35 m. Its cross-

section is 6.00 m wide and is formed by two 3.85 m high steel girders and a 0.41 m 

thick top reinforced concrete slab. To avoid distortion of the deck, K-shape 

diaphragms are located every 8 m, while a 0.14 m thick prefabricated slab is installed 

in the bottom to close the torsional flow. A cast-in-place concrete bottom slab is added 

in the negative moments locations above the columns to increase the longitudinal and 

torsional stiffness in these areas (double composite action deck). 

The vehicle used in this work consists of a Siemens Velaro AVE-S103 with axle 

loads of approximately 15.5 t. The numerical models of the vehicle and bridge are 

described in detail in [13]. To evaluate the influence of the bridge dynamic response 

in the train’s safety and passenger comfort, a parametrization the viaduct has been 

considered to allow different lateral flexibilities. Since the original viaduct has 

considerably high and slender piers, it is used in this work as the base scenario to 

represent structures with high flexibility. By modifying the pier properties, it was 

possible to add three more scenarios, namely two with lower flexibilities and one with 

higher. Thus, for a certain scenario i, the relative flexibility ∆𝛿𝑖 of the corresponding 

model is defined in relation to the flexibility of the original viaduct by 

(3) ∆𝛿𝑖 =
𝛿𝑖

𝛿0
 

where 𝛿𝑖 and 𝛿0 are the lateral flexibilities of the structural models from scenario i 

and original viaduct, i.e. the displacement at the deck’s midpoint caused by a unit 

lateral load applied in that same point. The four scenarios are presented in Table 5, in 

which the scenario S1 represents purely rigid structure (only the track flexibility is 

considered), scenario S3 represents the original viaduct and scenarios S2 and S4 

represent a model with higher and lower piers’ stiffness, respectively. 

Scenario i Description Relative flexibility ∆𝜹𝒊 (%) 

S1 Rigid viaduct 0 

S2 Medium flexibility 50 

S3 Original viaduct (high flexibility) 100 

S4  Very high flexibility 150 

Table 5: Scenarios that define the viaducts’ models based on their lateral flexibility. 

4.2. Wind action 

The wind velocity field has been generated through the procedure proposed by Cao et 

al. [28] especially developed for bridges. The drag 𝐹𝑑,𝑗 and lift 𝐹𝑙,𝑗 wind loads per unit 

length applied to the bridge (see Figure 5a) at each generation point j are given by 
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(4) 𝐹𝑑,𝑗(𝑡) =
1

2
𝜌 𝑉𝑗(𝑡)2 𝐶𝑑,𝑗(𝛼) 𝐻𝑗

 
 

(5) 𝐹𝑙,𝑗(𝑡) =
1

2
𝜌 𝑉𝑗(𝑡)2 𝐶𝑙,𝑗(𝛼) 𝐵𝑗

 
 

where  𝐶𝑑,𝑗(𝛼)  and  𝐶𝑙,𝑗(𝛼)  are the drag and lift aerodynamic coefficients, 

respectively, at the generation point j, 𝛼 is the wind incidence angle,  𝐻𝑗 and  𝐵𝑗 are 

the height and width of the wind exposed area at point j, ρ is the air density and 𝑉𝑗 is 

the resultant wind velocity in j. 

The total aerodynamic force applied to the vehicle (see Figure 5b) i expressed as 

(6) 𝐹𝑓,𝑣(𝑡) =
1

2
𝜌 𝐴 𝐶𝑓,𝑣(𝛽) 𝑉𝑟(𝑡)2

 
 

where A is the reference area, 𝐶𝑓,𝑣(𝛽) is a generic aerodynamic coefficient (drag, f=d, 

or lift, f=l), which is function of the yaw angle 𝛽, and 𝑉𝑟(𝑡) is the relative velocity 

between the wind and vehicle also expressed in detail in [29]. After several 

mathematical manipulations, it is possible to separate total force into the mean and 

fluctuating components and applied them to the vehicle during the dynamic analysis.  

 

 

(a) (b) 

Figure 5: Wind aerodynamic forces applied to the (a) bridge and (b) vehicle 

4.3. Results 

To evaluate how the lateral flexibility of the viaduct influences the viaduct response, 

Figure 6 illustrates the critical train speeds for the different derailment indexes and 

for the four flexibility scenarios presented in Section 4.1. Contrary to what may be 

expected, the train’s performance in the different scenarios is practically the same, 

showing the viaduct’s lateral dynamic behaviour has a low impact in the traffic safety. 

Such phenomenon may be explained by the fact that the wind acting on the bridge 

causes only a smooth and low frequency lateral movement to the deck, and 

consequently to the track, allowing the train to easily follow it due to the friction forces 

acting on the wheel-rail interface. This low-frequency lateral movement of the bridge 

is, therefore, insufficient to impose a sudden and aggressive response to the train. This 

is a very interesting conclusion, since it may allow significant simplifications in the 

structural models when the sole objective of the analysis is to study the train running 

safety against crosswinds. Another important conclusion is related to the most critical 

derailment index. It can be observed that the Nadal criterion is not determinant, while 

the unloading and Prud’homme criteria defined the safety boundary for lower and 
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higher train speeds, respectively. Such result may be explained by the fact that, for 

higher speeds, the high frequency impacts between wheel and rail due to the track 

irregularities become more pronounced, leading to higher lateral contact forces, while 

the unloading phenomenon continues to be mostly controlled by the wind and 

associated to lower frequency movements of the carbody. 

 

  
(a) (b) 

  
(c) (d) 

Figure 6: Running safety charts for the four flexibility scenarios relative to the (a) 

Nadal, (b) Prud’homme and (c) unloading indexes and to the (d) intersection 

between them. 

 

5  Ongoing and future research 
With the methodologies to explicitly analyse the train running safety on bridges 

already matured through TTBI modelling, it is important to define the future research 

in this field. The present section briefly describes the ongoing work by the author’s 

research team in the University of Porto (UPORTO) in the field of train safety. 

5.1. New perspectives of the deck acceleration criterion in ballasted track bridges 

On the subject of the applied criteria for traffic safety, one of the conditions stated in 

EN 1990-Annex A2 [16] is that vertical deck acceleration must be limited to 3.5 m/s2 

on ballasted track bridges. This criterion comes from the experimental campaigns, 

held at the German Federal Institute for Materials Research and Training (BAM), 
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concerned a ballasted track (simulated by a 3 m steel box filled with ballast and four 

embedded sleepers connected by rails) subjected to varying vertical accelerations. 

These tests confirmed a previous investigation by the SNCF demonstrating that the 

ballast layer loses its interlocking capabilities when it experiences accelerations 

upwards of 0.7g [30]. The fact that EN 1990-Annex A2 [16] then provides a limit of 

0.35 g for ballasted tracks is indicative of a safety factor of 2.0. This partial safety 

factor 𝛾𝑏𝑓 is defined as: 

(7) 𝛾𝑏𝑓 =
𝑎𝑅𝑘

𝑎𝐸𝑑
 

where 𝑎𝑅𝑘 is the experimentally or normative defined limit (7 m/s2 for ballasted 

tracks) and  𝑎𝐸𝑑 is the maximum midspan vertical deck acceleration calculated in the 

design phase at a critical speed defined as the lowest speed corresponding to a 

specified probability of failure 𝑝𝑓. Since whether dealing with track instability or 

derailment the target probabilities of failure are very low (in the order of 10−4), typical 

Monte Carlo trials demand a great deal of computation cost. Work is being carried 

out, therefore, using Subset Simulation techniques to mitigate this issue. Preliminary 

calculations using bridge models with different spans subjected to the passage of the 

HSLM specified in EN 1991-2 [17] point to partial safety factors 𝛾𝑏𝑓 lower than 2.0, 

leading a higher normative deck acceleration limit and, consequently, reduction in the 

bridge costs without jeopardizing the traffic safety. 

5.2. New perspectives of the deck acceleration criterion in non-ballasted track bridges 

The assessment of running safety of non-ballasted track bridges is conditioned by the 

EN 1990-Annex A2 [16] by limiting vertical deck acceleration to 5 m/s2. The 

background for this value is not clear, and it is believed that it originates in the 

application of an arbitrary safety factor of 2 on accelerations around 1 g to avoid loss 

of wheel–rail contact. However, this relation is not supported by numerical 

simulations or experimental data, which represents an important gap in the current 

codes. Therefore, the European project InBridge4EU [31] aims to revise this criterion 

by analysing its validity through TTBI analysis. Preliminary results have been 

recently published by Ferreira et al. [32] that showing that for situations were the deck 

acceleration limit is exceeded, the values of the unloading and Nadal criteria are still 

well below the limit value. Such results prove that the empirical relationship between 

deck acceleration and actual derailment is not adjusted.  

5.3. New developments in the TTBI models for train running safety analysis 

TTBI analysis have a very high computation demand, but indispensable for the 

assessment of the risk o derailment of train moving over bridges. To overcome this 

issue and to allow the development of probabilistic analysis of train running safety 

through TTBI models, an AI methodology for predicting wheel-rail contact forces will 

be developed in the future to save computational time and reduce the number of 

necessary dynamic analysis. Hybrid algorithms have been shown to increase 

computational efficiency and are an emerging topic that can be explored in order to 

enable probabilistic analyses (zhang˙efficient˙2023; WANG; ZHANG; HAN et al., 

2024). 
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6  Conclusions 

 
The present paper presents a TTBI methodology for analysing risk of derailment of 

trains moving over bridges. After presenting this model, two case studies are 

discussed: one related with safety against earthquakes and a second one against 

crosswinds. 

For the first case study, special attention is given to moderate earthquakes, which, 

although do not pose a significant threat to the structure, they may jeopardize the 

stability of the vehicle and, consequently, to the safety of the passengers. The results 

shown that, even for the moderate seismic intensities considered in the present study, 

the train safety is put at risk in a considerable number of scenarios. These results prove 

the importance of taking low intensity earthquakes into account in the design of 

railway bridges. 

Regarding the second case study, the results shown that, although different 

structural bridge configurations lead to distinct dynamic responses, it does not affect 

the vehicle’s performance in terms of running safety. Such phenomenon may be 

explained by the fact that the wind acting on the bridge causes only a smooth and low 

frequency lateral movement to the deck, and consequently to the track, allowing the 

train to easily follow it due to the friction forces acting on the wheel-rail interface. 

Finally, some topics related to ongoing and future work in the area of train running 

safety were briefly presented, namely the enhancement currently being carried out in 

European projects of the traffic safety criteria stipulated in the EN1990-A2, such as 

the deck acceleration or the deck deformation limits. 
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