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A B S T R A C T   

This paper studies the influence of different factors related to the structure-track-vehicle coupling system in the 
train’s stability against crosswinds, namely the bridge lateral behaviour, the track condition and the train type. 
With respect to the former, a parametrization of an existing long viaduct with high piers has been carried out to 
simulate different lateral flexibilities. The study concluded that the bridge’s lateral behaviour has a negligible 
impact in wind-induced derailments. Dynamic analyses considering four scenarios of track condition, ranging 
from ideal to poorer condition, but still within the limits stipulated by the codes, have also been carried out, 
leading to the conclusion that the track irregularities influence the running safety mainly on the higher train 
speed levels. This is due to the fact that the Nadal and Prud’homme indexes strongly depend on the wheel-rail 
lateral impacts, which become more pronounced for higher speeds and under poorer track conditions. Finally, 
four different trains have been adopted in the study to cover a wide range of vehicles. The results proved the 
importance of carefully considering the trains used in the analysis, since the train’s weight may vary signifi-
cantly, leading to considerable different results in terms of vehicle’s stability against lateral winds.   

1. Introduction 

The fast improvement of the rail technology, both in terms of 
infrastructure and vehicles, is pushing forward the operating speeds that 
are achieved nowadays in the high-speed (HS) networks worldwide. 
Although the safety measures are also improving, the increase in the 
speeds may increase the risk of accidents, which, in the worst-case 
scenario, may lead to derailments. Hence, it is commonly accepted 
that train derailments are the most serious safety concern in railways. 

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 (Arvidsson et al., 2019); existence 
of isolated defects in the rail (Ling et al., 2018); occurrence of pier 

collisions (Xia et al., 2014) or settlements (Chen and Zhai, 2020); issues 
in the vehicle itself, namely defects on the gears (bogies or wheelsets) or 
in the wheels (Han et al., 2018); or natural hazards, such as earthquakes 
(Tanabe et al., 2016; Zeng and Dimitrakopoulos, 2018), crosswinds 
(Antolín, 2013; Zhai et al., 2015; Montenegro et al., 2020a) or snow (Liu 
et al., 2019). A literature review regarding the train running safety, 
including normative aspects from different regions and case studies, has 
been recently published in Montenegro et al. (2021). 

Train overturning derailments due to wind loads deserve singular 
attention, especially when the trains are crossing long viaducts with 
high piers, which are usually located in valleys prone to strong cross-
winds that hit the train regularly (Antolín, 2013). The literature shows 
that there were several derailments caused by crosswinds in the past. In 
Japan, for example, 29 accidents related with crosswinds have been 
reported until 1999 (Fujii et al., 1999), while Tamura (2009) reported a 
more recent one in 2006 in the Miyazaki prefecture, where a train, 
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running at low speed (25 km/h) due to a previous wind warning, was hit 
by a lateral gust and overturned. In China, in particular in the windy 
regions crossed by the Lanzhou-Xianjiang railway line where the wind 
gusts often reach 40–50 m/s (Guo et al., 2015), more than 100 vehicles 
flipped until 2009, causing injuries and major operation downtimes 
(Zhang et al., 2013). A major accident also occurred in India, in 1981, 
where a train fell off a bridge after being hit by a strong wind gust, 
causing more than 800 casualties among the passengers. These are 
perfect examples that wind-induced accidents may pose a significant 
threat to the train’s safety and should be studied in detail. 

The study of train running safety in the presence of crosswinds is 
being studied in the past few years by several research groups, mainly in 
Asia and Europe. Given the complexity of this type of analysis, sophis-
ticated train-track-bridge interaction (TTBI) tools for performing the 
dynamic analysis are needed (Antolín et al., 2013; Zhai et al., 2013, 
2019; Zhai et al., 2013b) with proper experimental validation (Zhai 
et al., 2013a). Xiang et al. (2014) studied the protection effect caused by 
wind barriers in three track configurations, namely in a ground roadbed, 
in a high embankment and in a bridge. To achieve these, the authors first 
performed small-scale wind tunnel tests to study the pressure distribu-
tion in the train under these three scenarios. Then, they performed TTBI 
analysis to evaluate the impact of the countermeasure in the train’s 
stability against crosswinds and concluded that it can be considerably 
efficient in reducing the risk of derailment. Zhang et al. (2018) carried 
out a study to evaluate the consequences of sudden changes in the wind 
load due the presence of barriers. The authors evaluated three scenarios, 
namely a bridge without barriers, a bridge with a wind barrier 
throughout all its length and a bridge with a wind barrier only in one 
third of its length. They concluded that the scenario with partial wind 
barrier was the worst one with respect to the running safety due to the 
sudden change in the wind load that hit the train when it left the pro-
tected zone. 

More recently, Montenegro et al. (2020a) performed a running safety 
study in the future Volga River HS bridge belonging to the 
Moscow-Kazan HS link, where the train’s stability using two distinct 
wind models have been compared. In this work, the authors concluded 
that the normative CEN discrete gust model (EN 14067–6, 2016), also 
called Chinese Hat model, is considerably more conservative that a 
stochastic wind model. This is due to the fact that the discrete model 
fixes the turbulence intensity for a height above the ground of 10 m, 
even if the track is located at higher elevations. Naturally, the turbulence 
intensity at higher locations, such as in bridge decks, is lower, leading to 
lower gust factors and, consequently, to lower peak wind velocities for 
the same mean value. A correction to this drawback in the normative 
model has been proposed recently by Montenegro et al. (2020b). Kim 
et al. (2021) presented a study where they develop a series of equations 
based on dynamic equilibrium of a multibody system to obtain the in-
ternal forces in the suspensions and the wheel-rail contact forces when 
the vehicle is subjected to crosswinds. The authors compare the wheel 
unloading ratios obtained by these equations with those obtained in 
dynamic simulations performed in a multibody software and obtained 
similar results. 

All the studies cited before and many others available in the litera-
ture within this topic are, however, always related to a single case study 
and do not draw significantly general conclusions regarding the train 
running safety against crosswinds. The present work aims to fill this gap 
by setting the following three main objectives that are discussed 
throughout the paper:  

• Objective 1: analysis of the influence of the bridge lateral flexibility 
in the train’s stability. The Arroyo de Las Piedras viaduct, a long 
high-pier viaduct in the Spanish HS network, is used as main case 
study but is latter parameterized to simulate bridges with different 
lateral behaviours to understand the impact in the running safety.  

• Objective 2: assess the impact of the track condition in the train’s 
running safety. Four levels of track condition, from ideal (without 

irregularities) to high level of irregularities, but still within the limits 
imposed by the codes for HS lines, are studied to see how they impact 
with the train’s stability in the presence of crosswinds. The available 
studies in this area usually consider the simultaneous effects caused 
by crosswinds and track irregularities (Guo et al., 2015; Olmos and 
Astiz, 2018; Montenegro et al., 2020a,b). However, they always 
focus exclusively on the variability of the wind load and neglect the 
variability that may also exist in the irregularity profiles, i.e., only a 
single track condition is considered in the presence of crosswinds.  

• Objective 3: analysis of the influence of the train type in its own 
safety against crosswinds. With the rail traffic interoperability 
increasingly becoming a key issue in the HS networks around the 
globe, the probability of different trains crossing the same bridge 
may also increase. Contrary to all the works in this field that limit the 
study to a single train type, this paper presents a running safety study 
which includes four HS vehicles to cover a wide range of trains with 
very distinct weights. It is known that the vehicle’s weight has a 
substantial impact in its stabilization against lateral loads, but no 
comparative studies are available in this regard. 

By meeting these objectives, and knowing that the structure, the 
track and the vehicle do not work independently and interact with each 
other, this Part I of the paper aims to understand the influence of these 
three coupling sub-systems in the train’s running safety under lateral 
winds. To achieve this, a methodology based on a TTBI tool is used to get 
the wheel-rail contact forces and, consequently, the safety indexes. The 
Part II of this work (Montenegro et al., 2022) will focus on how these 
factors may also influence the passenger riding comfort. 

2. Methodology to evaluate the train running safety on bridges 

2.1. Overview 

The current codes (EN 1990-Annex A2, 2005, RTRI, 2006, EN 
1991-1-4, 2010, TB 10621–2014, 2014) address the train running safety 
with indirect indicators based on bridge response, such as vibration and 
displacement levels. These indicators, which are usually easily accessed 
through simple static or dynamic analyses, do not consider sources of 
excitation other than the traffic loads. Moreover, the current criterion 
defined in EN 1990-Annex A2 (2005), which stipulates that the bridge’s 
lateral frequency should be above 1.2 Hz to avoid lateral interaction 
(resonance) between the vehicle’s lateral frequency and bridge deck 
vibration, was proven by Antolín (2013) to be not applicable to long 
viaducts with high piers. This is due to the fact that the natural fre-
quencies associated with the main lateral modes of this kind of struc-
tures, sometimes below 0.3 Hz, are considerably lower than the typical 
lateral frequencies of the railway vehicles, which are usually between 
0.5 Hz and 1.0 Hz. Therefore, for a more precise analysis, the running 
safety on bridges against crosswinds should be explicitly assessed with 
appropriate TTBI analyses, with which the magnitude of the contact 
forces between wheel and rail and, consequently, the values of the safety 
indexes used to evaluate the risk of derailment can be computed. Fig. 1 
illustrates the framework of the methodology adopted in this work to 
assess the train running safety on bridges against crosswinds through a 
TTBI analysis. This methodology is divided in seven steps, which are 
briefly described below (see Fig. 1):  

i. Development of numerical models: the numerical models of the 
railway vehicle and track-bridge system are developed in a finite 
element (FE) package.  

ii. Definition of the wind load: the wind velocity fields are generated 
through an ergodic stochastic process. Then, the wind velocities 
are converted into wind loads through the quasi-steady theory 
properly corrected with a weighting function.  

iii. Data import: the structural matrices from the numerical models 
developed in step i) and the vectors of wind forces acting on the 
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bridge and train computed in step ii) are imported by the TTBI 
tool written in MATLAB® (2018) before running the analysis.  

iv. Perform TTBI dynamic analysis: the TTBI tool couples the train to 
the track-bridge system, applies the wind aerodynamic forces to 
the system and performs the dynamic analysis. A brief description 

of the mathematical formulation of the TTBI tool is presented 
later.  

v. Computation of the wheel-rail contact forces: after performing 
the dynamic analysis, the time-histories of the vertical and lateral 
contact forces from each wheel are obtained. 

Fig. 1. Framework of the methodology to assess the train running safety on bridges subjected to crosswinds using a TTBI tool.  
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vi. Apply filters: before proceeding to the computation of the 
running safety indexes, the codes EN 14363 (2016) and EN 
14067–6 (2016) stipulate the application of filters to the 
wheel-rail contact forces.  

vii. Computation of running safety indexes: definition of the time- 
histories of the running safety indexes to identify the most crit-
ical scenarios. These indexes, which depend on the wheel-rail 
contact forces, are used to assess the derailment mechanisms 
that can be triggered during the operation, especially in the 
presence of extreme events, such as strong crosswinds. 

2.2. Running safety indexes 

In this work, the explicit assessment of the derailment risk is carried 
out through three safety criteria, namely Nadal, Prud’homme and 
unloading. 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. 

3. Characterization of the wind load 

3.1. Stochastic generation of wind velocity fields 

The representation of a wind velocity field is a complex task since the 
fluctuating component of the wind is characterized by a time-varying 
random nature with spatial correlation. To achieve this, the spectral 
representation method developed by Cao et al. (2000) to the particular 
case of bridges has been adopted in this work. 

The multidimensional wind velocity field along the bridge length can 
be separated into three independent one-dimensional stochastic pro-
cesses characterized by the following cross-spectral density matrix 
S(ωmf ) which correlates the wind spectra from each n generation points: 

S
(
ωmf

)
=

⎡

⎢
⎢
⎣

S11
(
ωmf

)
S12

(
ωmf

)
… S1n

(
ωmf

)

S21
(
ωmf

)
S22

(
ωmf

)
… S2n

(
ωmf

)

⋮ ⋮ ⋱ ⋮
Sn1

(
ωmf

)
Sn2

(
ωmf

)
… Snn

(
ωmf

)

⎤

⎥
⎥
⎦ (1)  

where the elements Sjm (ωmf) are the cross-spectra between two gener-
ation points j and m and ωmf is the modified frequency given by 

ωmf =(f − 1)Δω+
m
n

Δω, f = 1, 2, …, N ;m= 1, 2, …, n (2)  

in which Δω is the frequency increment and N is the number of discrete 
frequencies f. By assuming that the wind spectra do not vary along the 
bridge length, each term Sjm (ωmf) can be written as 

Sjm
(
ωmf

)
= S

(
ωmf

)
Γjm

(
Δjm,ωmf

)
(3)  

where S(ωmf ) are the diagonal terms of the matrix S(ωmf ) and Γjm(Δjm,

ωmf ) is the coherence function proposed by Davenport (1968) between 
generation points j and m. If the generation points are equally distant Δ 
m from each other, the coherence function is given by 

Γjm
(
Δjm,ωmf

)
=
(

e−
λ ωmf Δ

2π U

)|j− m|

=C|j− m| (4)  

where U is the mean wind velocity and λ is Davenport’s the non- 
dimensional factor taken between 7 and 10. 

Taking into account the mostly used wind spectra in the works 
related with the evaluation of the train running behaviour, the Kaimal 
spectrum Su (Kaimal et al., 1972) is adopted in this study for the hori-
zontal direction and is expressed as 

Su
(
ωmf

)
=

u2
*

ωmf

200fz
(
1 + 50fz

)5/3 (5)  

while the Lumley and Panofsky spectrum Sw (Lumley and Panofsky, 
1964) is adopted for the vertical direction 

Sw
(
ωmf

)
=

u2
*

ωmf

3.36fz
(
1 + 10fz

)5/3 (6)  

where u* is the shear velocity of the air flow and fz is the normalized 
frequency at the height z above ground given by the following 
expressions: 

u* =
κU

ln
(

z
z0

) (7)  

fz =
ωmf z
2π U

(8)  

in which κ is the von Karman constant taken as 0.4 (EN 14067–6, 2016) 
and z0 the roughness length which depends on the type of terrain (EN 
1991-1-4, 2010). The horizontal uj(t) and vertical wj(t) fluctuating 
components of the wind velocity at the generation point j are then 
simulated by 

uj(t) =
̅̅̅̅̅̅̅̅̅̅̅
2 Δω

√ ∑j

m=1

∑N

f=1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Su
(
ωmf

)√

Gjm
(
ωmf

)
cos

(
ωmf t+φmf

)
(9)  

wj(t)=
̅̅̅̅̅̅̅̅̅̅̅
2 Δω

√ ∑j

m=1

∑N

f=1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Sw
(
ωmf

)√

Gjm
(
ωmf

)
cos

(
ωmf t+φmf

)
(10)  

where φmf are independent random phase angles uniformly distributed 
between 0 and 2π and Gjm (ωmf) is given by the following piecewise 
function: 

Gjm
(
ωmf

)
=

⎧
⎨

⎩

0
C|j− m|

C|j− m|

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
1 − C2)

√

; m > j
; m = 1
; m < j

(11) 

Note that the wind velocity field should be generated with a 
considerable duration (10 min in the present work) to guarantee the 
stochastic ergodic characteristics of the process. However, given the 
train speed and length of the viaducts/bridges, the time necessary for the 
train to cross a viaduct is usually very short (in the order of seconds). 
Hence, a critical part of the wind velocity field should be considered in 
the analysis to guarantee the most unfavourable possible scenario for the 
train stability. Based on this, it is assumed that the train crosses the wind 
generation point located at the middle of the bridge’s deck (zone sub-
jected to larger lateral movements) at the precise moment where the 

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

Criterion Criterion index Allowances Filter type 

Nadal (relative to 
each wheel) 

ξN =
Y
Q 

0.8 Low-pass filter with a cut- 
off frequency of 20 Hz 
using a 4th order filter 
after performing a sliding 
mean based on a window 
size of 2.0 m (EN 14363, 
2016). 

Prud’homme 
(relative to each 
wheelset) 

ξP =
∑

wsY

10 +
2Q0

3
[kN]

1.0 

Unloading (relative 
to 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 (EN 14067–6, 2016). 

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. 
∑

ws
Y: total lateral contact force exerted by a single wheelset.  
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peak wind velocity from that particular wind time-series of 10 min oc-
curs. By proceeding this way, and taking into consideration the initial 
position of the train, it is possible to select the critical stretch of the wind 
velocity field. A detailed description of this procedure can be found in 
Montenegro et al. (2020b), while all the wind field characteristics, 
including the distance between generation points Δ, the number of 
discrete frequencies N and the roughness length z0 are given later in 
Section 6 with respect to the particular case studied in this paper. 

3.2. Application of wind loads on bridges 

The drag Fd,j and lift Fl,j wind loads per unit length applied to the 
bridge at each generation point j are given by 

Fd,j(t)=
1
2

ρ Vj(t)2 Cd,j(α) Hj (12)  

Fl,j(t) =
1
2

ρ Vj(t)2 Cl,j(α) Bj (13)  

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 expressed as 

Vj(t) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[
U + uj(t)

]2
+ wj(t)2

√

(14) 

Regarding the aerodynamic coefficients, these can be obtained by 
wind tunnel tests or, in the case of typical deck sections such as those 
studied in this work (rectangular box girder with slab on top), through 
the procedure stipulated in Section 8 from EN 1991-1-4 (2010). For this 
particular case, the drag and lift coefficients were obtained through 
Fig. 8.3 and 8.6 from this code, respectively, considering the width over 
height ratio of the deck’s cross-section. 

Since there are eccentricities between the centres of pressure Cp and 
gravity Cg in the vertical and horizontal directions (see Fig. 2), a 
torsional moment Mj has to be applied to the FE model of the deck that 
can be expressed by 

Mj(t) =Fs,j(t) ez,j + Fl,j(t) ey,j (15)  

where ez,j is the vertical eccentricity at the generation point j considering 
that the vertical coordinate of the centre of pressure is located at half 
height of the deck (see Fig. 2) and ey,j is the horizontal eccentricity 
conservatively taken as Bj/4 as specified by EN 1991-1-4 (2010). This 
option was adopted due to the lack of data regarding the moment 
aerodynamic coefficient of this bridge. However, by using these 

conservative eccentricities proposed by the norm, the torsional moment 
obtained through Eq. (15) is higher than that computed using moment 
aerodynamic coefficients found in the literature for similar box-girder 
bridges (Zhang et al., 2013; Olmos and Astiz, 2018). 

3.3. Application of wind loads on moving trains 

The most common way to define the wind aerodynamic forces acting 
on the moving vehicle is through the quasi-steady theory, in which the 
unsteady forces and the fluctuating component of the wind velocity is 
fully correlated. According to this theory, a generic wind aerodynamic 
force Ff , i.e., drag or lift, is given by 

Ff (t) =
1
2

ρ A Cf (β) Vr(t)2 (16)  

where A is the reference area, Cf (β) is a generic aerodynamic coefficient 
(drag or lift), which is function of the yaw angle β, and Vr(t) is the 
relative velocity between the wind and vehicle given by 

Vr(t)=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

V2
v + (U + u(t))2

+ w(t)2
√

(17)  

where Vv is the train’s speed and u(t) and w(t) are the lateral and vertical 
fluctuating wind velocity components acting on the vehicle obtained 
through a spatial and temporal interpolation of the wind time-histories 
acting on the neighbouring generation points adjacent to the vehicle’s 
position (see Eqs. (9) and (10)). These two interpolations are needed due 
to the constant movement of the train, since the vehicle’s position at 
each timestep rarely coincides with the location of a wind generation 
point (spatial interpolation) and the time discretization of the dynamic 
analysis and wind velocity profile does not necessarily have to coincide 
(temporal interpolation). According to Neto et al. (2021), the most 
conservative scenario in terms of running safety occurs when the wind is 
acting perpendicularly to the track. Therefore, the scenarios studied in 
the present work, as well as the equations related to the wind forces 
acting on the train, follow this assumption, leading to the following 
expression for the yaw angle 

β(t)= tan− 1

⎛

⎝

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(U + u(t))2
+ w(t)2

√

Vv

⎞

⎠ (18) 

By dividing the total aerodynamic force into mean Ff and fluctuating 
F′

f (t) components and after some mathematical manipulation, described 
in detail in Montenegro et al. (2020b), one obtains 

Ff =
1
2

ρA Cf (β) Vr
2 (19)  

F
′

f (t) = ρ A Cf (β) U
(

1+
1

2Cf (β)
C

′

f (β) cotβ
)

u(t) (20)  

where Cf (β) and C′

f (β) are the aerodynamic coefficient and its derivative, 
respectively, evaluated at the mean yaw angle β and Vr is the mean 
relative velocity computed with Eq. (17) but without the wind fluctu-
ating components. 

The fluctuating component given by the quasi-steady approach and 
expressed in Eq. (20) is based on an approximation, in which the un-
steady force strictly follows the fluctuating component of the wind. 
However, this is not totally true, since the small-scale turbulence of the 
wind that is hitting the vehicle is not fully correlated with its total 
exposed area. To overcome this limitation from the quasi-steady theory, 
a weighting function hF (τ) is introduced in the definition of the unsteady 
force, leading to the following expression: 

F′

f (t) = ρ A Cf (β) U
(

1+
1

2Cf (β)
C′

f (β) cotβ
)∫∞

0

hF(τ) u(t − τ)dτ (21) Fig. 2. Wind velocity vectors and aerodynamic forces acting on the 
bridge deck. 
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where τ represents a time lag used to account for the effects caused by 
the instantaneous turbulence and by the turbulence history over that 
time lag. The weighting function is given by 

hF(τ)=
(

2πn′Vr

L

)2

τe− 2πn
′
(Vr/L)τ (22)  

where L is the vehicle length and n
′

is a parameter obtained with wind 
tunnel tests and that can be approximated to (Baker, 2010) 
{

n′

= 2 sinβ
n′

= 2.5 sinβ
; for the drag force
; for the lift force (23)  

where γ may be taken as 2.0 for the drag force coefficient and 2.5 for the 
lift force coefficient. 

The drag Fd,v(t) and lift Fl,v(t) forces acting on the vehicle can be 
computed through Eqs. (19) and (21) considering the appropriate 
aerodynamic coefficients. The same for the overturning moment Mv(t), 
but considering AH instead of A, where H is the reference height. Fig. 3 
illustrates the wind velocity vectors, as well as the wind aerodynamic 
forces acting on the vehicle. 

According to several studies (Suzuki et al., 2003; Bocciolone et al., 
2008; Cheli et al., 2010), for yaw angles lower than 40◦, which is always 
fulfilled in all the analyses considered in this work, the aerodynamic 
properties of the vehicles are not considerably sensitive to the sur-
rounding configuration. This means that, under these circumstances, the 
aerodynamic coefficients when the vehicle is located over a viaduct or 
over flat ground are very similar (Cheli et al., 2010). Therefore, the 
aerodynamic coefficients present in the Annex C of EN 14067–6 (2016) 
relative to a standard ground configuration were adopted in this work. 
This hypothesis was also assumed by Antolín (2013). 

4. Train-track-bridge interaction model 

4.1. Overview 

The dynamic analyses are performed with a TTBI numerical tool 
developed by Montenegro et al. (2015). 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 
a FE package (ANSYS® (2018) in the present work). Then, the external 
excitations are imposed to 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 in three main prob-
lems, namely i) the geometrical, ii) the normal and iii) 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. A brief 
description of the wheel-rail contact model, as well as the governing 

equilibrium equations of the dynamic system is presented below. The 
full mathematical formulation and validation of the TTBI model is pre-
sented in the authors’ previous publications (Neves et al., 2014; 
Montenegro et al., 2015). 

4.2. Wheel-rail contact formulation 

4.2.1. Geometrical contact problem 
The wheel-rail contact formulation relies on a contact finite element 

specially developed for the TTBI numerical tool. This element, imple-
mented in MATLAB® (2018), is firstly used to evaluate the location of 
the contact point between wheel and rail based on the relative move-
ment between the vehicle and the structure. This first step, called 
geometrical contact problem, is accomplished with the parameterization 
of the surfaces of the contacting bodies, namely the wheel and rail. The 
potential contact point position is evaluated through the following 
nonlinear equations: 
{

tr⋅dwr = 0
tw⋅nr = 0 (24)  

where tr and tw are the lateral tangent vectors to the rail and wheel 
surfaces, respectively, at the contact point, nr is the normal vector to the 
rail surface at that same point and dwr is the vector defining the relative 
position between the contact points in the wheel and rail surfaces 
pointing towards the wheel. However, as it can be seen in Fig. 4, the 

Fig. 3. Wind velocity and aerodynamic forces acting on the vehicle: (a) front and (b) top views.  

Fig. 4. Possible scenarios that arise from a valid solution of the nonlinear 
equations for contact search. 
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condition defined by Eq. (24) is necessary but not sufficient to guarantee 
an actual contact. Therefore, the following additional condition is added 
to the formulation to ensure that the two parametric surfaces intersect 
each other: 

dwr ⋅ nr ≤ 0 (25) 

Since dwr points towards the wheel and the normal vector nr points 
outside the rail surface, Eq. (25) represents the situation A illustrated in 
Fig. 4, in which contact occurs when the two vectors point in opposite 
directions. If this condition is not met, although the solution for Eq. (24) 
is valid, no contact occurs, as shown in situation B depicted in Fig. 4. The 
deformation of the contact element, which is used to calculate the 
normal contact force, is given by 

d =dwr (26) 

For a better and faster convergence, the results obtained in the pre-
vious iteration or step are used as initial estimate for the solution of the 
nonlinear problem defined through Eq. (24). Note that the system of 
equation (24) may have multiple solutions if the contact point falls in the 
concave region between the wheel thread and flange. When this hap-
pens, an alternative contact point detection algorithm described in 
detail in Montenegro (2015) is used, however, due to space limitations, 
this part of the algorithm is not addressed in this work. 

4.2.2. Contact force computation 
The forces that arise in the contact interface are evaluated through 

the contact laws implemented in the contact finite element. Regarding 
the normal contact, 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 Fn can thus be 
computed based on the deformation d of the contact element calculated 
in Eq. (26) through the following equation: 

Fn =Kh d
3
2 (27)  

where Kh is a coefficient depending on the Young 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 that arise on the contact interface due to the rolling 
friction contact between the 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 consist of the normalized rela-
tive velocities between the wheel and rail at the contact point. These 
creepages are the main inputs for the tangential contact forces that play 
a major role in the vehicle’s stability. In this model, the USETAB algo-
rithm proposed by Kalker (1996) is adopted. 

4.3. Governing equilibrium equations 

The coupling between the vehicle and the bridge is accomplished 
through the Lagrange multipliers method, in which the governing 
equilibrium equation of motion are complemented with constraint 
equations that connect the two 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 
[

K D
H 0

][
Δai+1

ΔXi+1

]

=

[
ψ
(
at+Δt,i,Xt+Δt,i)

r

]

(28a)  

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 Δa and 
contact forces ΔX has been implemented, in which ψ 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. Superscript t+Δt in-
dicates the current time step, while i and i+1 refers to the previous and 
current iteration. 

5. Description of the case study: Arroyo de las Piedras Viaduct 

5.1. Viaduct 

5.1.1. Engineering background 
The Arroyo de Las Piedras viaduct (see Fig. 5) is a double track bridge 

located in Spain in the Córdoba-Málaga HS line, formed by a steel- 
concrete double composite action deck composed by 19 continuous 
spans of 50.4 + 17 × 63.5 + 44 + 35 m (see Figure A1 from Appendix A). 
The 6.00 m wide cross-section is composed by two 3.85 m high steel 
girders and a top reinforced concrete slab with thickness ranging from 
0.41 m in the centre to 0.22 m in the extremities (see Figure A2 from 
Appendix A). Truss “K-shape” diaphragms are introduced every 8 m to 
control the distortion of the deck. The Saint Andrew’s cross, typically 
used to connect the bottom flanges of the girders to close the torsional 
flow, were replaced in this viaduct by 0.14 m thick prefabricated slabs. 
These slabs are longitudinally connected only in bottom corners of the 
cross-section through two continuous longitudinal cast-in-place con-
crete strips. Above the columns, in the negative moment zones, a bottom 
cast-in-place concrete slab with thickness ranging from 0.50 m to 0.25 m 
is added over the prefabricated slabs to increase the bending and 
torsional stiffness of these zones (see Figure A2 from Appendix A). The 
compression stresses in the bottom side of the cross-section that arise 
from the negative bending moments in these zones keep the bottom slab 
uncracked, which contributes to a significant improvement in the dy-
namic response of the viaduct, especially against the eccentric traffic 
loads caused by the trains running on a single track. Moreover, the 
contribution of the compressed concrete allows a significant decrease in 
the amount of steel in the bottom flanges, with maximum plate thick-
nesses of 40 mm in the whole viaduct. The structural drawings of the 
viaduct’s deck, including elevation (Figure A1), typical cross-sections 
(Figure A2) and plates’ dimension distribution along the deck 
(Figure A3), are given in Appendix A. 

The deck is supported by very high and slender piers, some of them 
over 93 m, through pot bearing devices. Except for piers P8 to P11 
located in the centre of the viaduct, all the bearing supports allow free 
movement in the longitudinal direction to accommodate the longitudi-
nal movements and deformations of deck. The cross-sections of the piers 
are hollow rectangles with dimensions at the top of 2.50 m and 6.70 m in 
the longitudinal and transversal directions, respectively. While the latter 
is kept constant throughout the whole height of the pier, the former 
follows a linear descending increment of 0.033 m for each meter. The 
thickness of the pier walls is 30 cm in the top 30 m, increases to 40 cm in 
the next 30 m and increases again to its final value of 50 cm in the 
remaining height. Diaphragms are introduced over the piers inside the 
deck’s cross-section to transfer the weight to the piers. Structural 
drawings of the piers can be seen in Figure A4 from Appendix A, while a 
more detailed description of the engineering background involved in the 
design and construction phase of the viaduct can be found in Millanes 
et al. (2007). 

Finally, based on the procedure described in Section 3.2 and 
considering the width over height ratio of the Arroyo de Las Piedras deck 
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equal to 14/4.2 = 3.33 (see Figure A2), the drag and lift bridge aero-
dynamic coefficients adopted in this work were 1.497 and 0.773, 
respectively. 

5.1.2. FE numerical model of the superstructure 
The numerical model of the viaduct has been developed in the FE 

package ANSYS® (2018) using mainly beam finite elements. The cross- 
section properties of the deck have been homogenized in steel to allow 
modelling it with beam elements and keep the bending and torsional 
properties intact. Given the variation of the steel plates thicknesses 
along the deck, as well as the bottom concrete slab, a total of 26 different 
cross-sections have been considered in the model. The mass of the pier 
diaphragms, equal to 5000 kg, has been considered with mass point 
elements, while the mass of the “K-shape” diaphragms has been added to 
the deck beam as a linear mass of 260 kg/m. The columns have been also 
modelled with beam elements with variable dimensions along their 
lengths according to the description presented in the previous section. 
Additional masses from the non-structural elements were included in the 
track model connected to the deck through rigid links. Since the dy-
namic analyses are solved through direct integration, the damping has 
been considered through the Rayleigh proportional matrix. Thus, a 
target damping ratio of 0.5% (value defined by EN 1991–2 (2003) for 
composite bridges with spans larger than 20 m) has been set for the first 
lateral mode (f1L = 0.282 Hz) and third vertical mode (f3V = 1.120 Hz) to 
ensure that the main global modes of both the bridge and the vehicle’s 
carbody (below 1 Hz) are not overdamped. The four first lateral global 
modes of vibration, and the corresponding frequencies, obtained with 
the numerical model described above are presented in Appendix A in 
Figure A5. 

5.1.3. Parametrization of the viaduct’s lateral flexibility 
The analysis of the importance of the bridge lateral vibration in the 

train running safety against crosswinds is a pertinent topic since it can 
give hints to designers and researchers regarding the type of models that 
should be used to study the train stability under these circumstances. On 
one hand, if flexibility plays an important role in train safety, it would be 
always necessary to perform TTBI analysis with rigorous numerical 
models from the bridge to obtain accurate results. However, on the other 
hand, if the bridge’s lateral vibration would not affect the train’s 

stability, simplified models of bridges, such as those considering rigid 
platforms, could be sufficient to guarantee appropriate results. Given 
this context and taking into consideration the limited information 
available in the literature regarding this topic, the first main objective of 
the present work consists of comprehensively address the influence of 
the lateral flexibility of bridges in the train’s running safety. Therefore, a 
parameterization of the original Arroyo viaduct has been made to 
simulate different bridges flexibilities without losing the realistic char-
acteristics of a HS railway bridge. 

The Arroyo viaduct has considerably high and slender piers, which 
makes it significantly flexible when compared to other HS railway 
structures. Hence, by adopting the original viaduct as the base scenario 
to represent structures with high flexibility, three more scenarios have 
been defined, namely two with lower flexibilities and one with higher. 
The definition of flexibility is introduced here for the sole purpose of 
ranking the different structural models in terms of their deformability 
against lateral loads. Thus, for a certain scenario i, the relative flexibility 
Δδi of the corresponding model is defined in relation to the flexibility of 
the original structure through 

Δδi =
δi

δ0
(28b)  

where δi and δ0 are the lateral flexibilities of the structural models from 
scenario i and original viaduct, i.e. the displacements caused by a unit 
lateral load at a certain location of the deck. Since the maximum wind 
gust imposed to the train occurs when it crosses the wind generation 
point located at the middle of the bridge, the flexibility is defined based 
on the lateral displacement at the deck’s midpoint caused by the 
application of the unit load in that same point. Therefore, three 

Fig. 5. The Arroyo de Las Piedras viaduct: (a) elevation view, (b) diaphragms and bottom slab in the back and (c) closer view of the piers during construction.  

Table 2 
Studied scenarios based on the lateral flexibility of the corresponding structural 
model.  

Scenario i Description Relative flexibility Δδi(%)

S1 Rigid viaduct 0 
S2 Medium flexibility 50 
S3 Original viaduct (high flexibility) 100 
S4 Very high flexibility 150  
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additional viaduct models have been developed with different pier 
properties to simulate the lateral flexibility scenarios described in 
Table 2. While scenario S1 is characterized by a purely rigid structure 
(only the track flexibility is considered), scenarios S2 and S4 are ana-
lysed using two models with higher and lower piers’ stiffness, respec-
tively, in comparison with that used in the original viaduct described in 
Section 5.1.1 relative to scenario S3. The stiffness, controlled through 
the piers’ height while keeping the same cross-section configuration, has 
been iteratively updated until reaching the relative flexibilities 
expressed in Table 2. The first lateral modes of vibration, as well as the 
corresponding natural frequencies are presented in Appendix A in 
Figure A6. 

5.2. Track 

The track over the Arroyo de las Piedras viaduct is ballasted and it 
has been incorporated in the viaduct model to guarantee a smoother and 
more realistic load transfer between the train and the bridge. The track is 
connected to the deck elements through rigid links to simulate the dis-
tances between the centre of gravity of the deck and the location of the 
track elements. The rails and sleepers are modelled with beam elements, 
while the behaviour of the ballast and pads/fasteners is simulated 
through spring-dashpot with appropriate characteristics (the track 
properties adopted in this work can be consulted in Montenegro et al. 
(2020a,b)). An extension of the track has been considered on both ex-
tremities of the viaduct to simulate the transition zones and avoid nu-
merical problems caused by unrealistic exaggerated sudden changes in 
the track stiffness. The mass of the track (13500 kg/m), mostly due to 
the ballast, has been added to the model using mass point elements 
located between the deck and the sleepers. 

The track irregularity profiles, which are incorporated in the dy-
namic system of equations described before, have been artificially 
generated according to the procedure described by Claus and Schiehlen 
(1998). According to this work, the stochastic irregularity profile ri(x) is 

given by 

ri(x)=
̅̅̅
2

√ ∑N− 1

n=0
An cos(Ωnx+φn) (29)  

where φn are the random phase angles uniformly distributed between 
0 and 2π, Ωn are a series of N spatial discrete frequencies defined in the 
interval [Ω0, Ωup] with increments ΔΩ, in which Ω0 and Ωup are the 
minimum and maximum frequencies considered, x is the longitudinal 
distance and An are factors that depend on the Power Spectral Density 
(PSD) functions S of each type of irregularity and on the scale factors 
described in detail in Claus and Schiehlen (1998). The subscript i in-
dicates the type of irregularity, which can be elevation (V), alignment 
(A), cross level (C) or gauge (G). The rail deviations to be imposed in the 
train-structure interaction dynamic analyses in each rail are calculated 
considering the following combination of irregularities: 

rlft
y (x)= rA(x) +

1
2
rG(x) (30)  

rrht
y (x)= rA(x) −

1
2

rG(x) (31)  

rlft
z (x)= rV(x) +

1
2
rC(x) (32)  

rrht
z (x)= rV(x) −

1
2
rC(x) (33)  

where the subscripts y and z indicate lateral and vertical deviations, and 
the superscripts lft and rht indicate left and right rail, respectively. 

According to Claus and Schiehlen (1998), the low, medium and high 
levels of irregularities accepted in normal operational conditions in the 
HS railways network in Germany are characterized by scale factors of 
0.592× 10− 6rad/m, 1.089 × 10− 6rad/m and 1.586× 10− 6rad/m, 
respectively. Therefore, three different profiles have been generated 

Fig. 6. Track irregularity over the bridge (left rail): (a) vertical and (b) lateral profiles; comparison between target spectra and the spectra from the generated (c) 
vertical and (d) lateral high irregularity profiles. 
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based on these scale factors (see Fig. 6) to address the second main 
objective of this work, i.e., the analysis of the influence of the track 
maintenance condition on the train’s running safety. For all levels of 
track irregularity, the profiles have been generated with N = 2000 
discrete frequencies with wavelengths ranging between 3 m and 25 m 
(interval D1 according to EN 13848–5 (2005)). Fig. 6 also compares the 
target spectrum with the generated one, showing a good agreement 
between them (spectrum validation shown for the high irregularity level 
for exemplification purposes). 

5.3. Trains 

The present work also aims to meet a third objective which consists 
of discussing the influence of the type of train on its stability against 
crosswinds. Most of the works in this field take into consideration only 
one specific train and thus do not correlate the safety indexes with the 
train characteristics. Therefore, to fill this gap, the present work con-
siders not only the HS train that actually crosses the case study viaduct, 
the AVE-S103, but also other trains with different axle loads, in such a 
way that part of the most common HS trains currently in operation 
become covered. 

The trains considered in the study are the Shinkansen (Japan), the 
CRH380 (China), the Siemens Velaro AVE-S103 (Spain, similar to the 
German ICE3) and the TGV (France) with axle loads of approximately 
11.1 t, 14.0 t, 15.5 t and 17.0 t, respectively. The numerical model of the 
vehicles has been developed in ANSYS® (2018). The carbody, bogies 
and wheelsets are modelled as rigid bodies through rigid beam elements 
connected to each other through the primary and secondary suspensions 
defined with spring dashpot elements in the three directions. A mass 
point element is located at the gravity centre of each rigid body to model 
its mass and inertia. A representation of the AVE-S103 ANSYS® model is 
depicted in Appendix B for exemplification purposes, as well as the 
mechanical and geometrical properties of all the trains used in this work. 

Finally, the wind aerodynamic coefficients given in the Annex C of 
EN 14067–6 (2016) relative to the ICE3 and TGV trains are adopted in 
this work to compute the aerodynamic wind forces acting on the AVE- 
S103 and TGV, respectively. Given the lack of data for the Shinkansen 
and CRH380, the coefficients from the ICE3 were also adopted to 
describe the aerodynamic characteristics of these two trains. All the 
coefficients given by the norm consider a reference area A and height H 
equal to 10 m2 and 3 m, respectively. 

6. Running safety analysis: results and discussion 

6.1. Overview of the analyses 

The TTBI dynamic analyses have been carried out for a wide range of 
train speeds and wind velocities. Regarding the former, speeds between 
140 km/h up to 420 km/h with 20 km/h steps were considered in the 
study, while the wind velocity fields were generated considering mean 
wind speeds ranging from 20 m/s to 30 m/s with 1 m/s steps. The main 
characteristics used in the stochastic generation process of the wind 
fields are presented in Table 3, which are based on typically values 
adopted by other authors from the field (Cao et al., 2000; Olmos and 

Astiz, 2018; Xu and Zhai, 2019). A constant height above the ground of 
55 m, equivalent to the mean height of the piers of the original viaduct, 
has been considered to simulate the wind velocity time-series from all 
the wind generation points on the deck (generation points equally 
spaced by 16 m). Considering a terrain category II defined by EN 
1991-1-4 (2010), which better represents the area around the Arroyo de 
Las Piedras viaduct characterized by few obstacles and buildings, one 
obtains a turbulence intensity Iu of 14.3% at the deck location. Fig. 7 
illustrates, for exemplification purposes, three simulated lateral wind 
velocity time-histories corresponding to the generation point located at 
the middle of the bridge (generation point j = 44), as well as the lateral 
wind velocity profile that acts on the vehicle when it is running at 300 
km/h obtained from the spatial and temporal interpolation of the wind 
velocity field acting on the bridge (term U + u(t) from Eq. (17)). Finally, 
the figure also shows the validation in terms of spectrum, where it is 
possible to observe a good agreement between the target spectrum and 
those obtained from the generated lateral wind profiles, and in terms of 
coherence. As expected, the greater the distance and the frequency, the 
lower is the coherence. 

As mentioned before, the analyses are carried ensuring that the train 
crosses the wind generation point located at the middle of the bridge’s 
deck at the precise instant where the peak wind velocity (maximum 
gust) from that specific wind time-series occurs. The derailment is 
evaluated based on the three running safety criteria presented before 
and the situation is considered unsafe if at least one of the criteria does 
not comply with the limits specified in that same section. The results are 
analysed for all the running gears, namely wheels, wheelsets and wheels 
from the same bogie sides, depending on if it is the Nadal, Prud’homme 
or unloading criterion, respectively. 

The present section, which addresses the main results obtained in 
this work, is divided as follows. In the first stage, the evaluation of the 
AVE-S103 stability in the presence of lateral winds when it crosses the 
actual viaduct de Arroyo de Las Piedras is carried out to serve as the base 
scenario for the remaining analyses. Then, the three main objectives of 
this paper described in the Introduction are addressed in the subsequent 
sections. 

6.2. Analysis of the actual Arroyo de Las Piedras viaduct 

6.2.1. Bridge response 
The lateral response in terms of displacements and accelerations at 

the midspan of span 10 (middle span) of the Arroyo de Las Piedras 
viaduct for three different wind cases (mean wind velocities of 20 m/s, 
25 m/s and 30 m/s) are plotted in Fig. 9. Since different train speeds do 
not significantly influence the lateral responses of the bridges, the sit-
uations plotted here are referred only to a typical operating speed in HS 
railways of 300 km/h. It is clear that an increase in the wind velocity 
leads to significant increases in the bridge response, especially in terms 
of displacements. Moreover, it is clear that the bridge response is mainly 
controlled by the first mode of vibration (f1 = 0.282 Hz, see Figure A4), 
since the natural period of the response (≈3.5 s) matches the natural 
period of this mode (1/0.282 = 3.55 s). 

6.2.2. Running safety analysis 
To evaluate the risk of derailment associated with the intensity of the 

wind, the maximum values of the three safety indexes for each combi-
nation of train speed and wind velocity are assessed. Fig. 9 shows these 
indicators in 3D and isoline map formats, in which the isolines corre-
sponding to the safety allowances are highlighted with a thicker and 
continuous line. All the results are referred to the AVE-S103 HS train and 
to the high level of irregularities. It is clear that both the wind velocity 
and train speed strongly influences the risk of derailment. This is 
particularly evident for higher train speeds, for which the Prud’homme 
criterion becomes the most conditioning one. Such result may be due to 
the fact that, for higher speeds, the high frequency impacts between 

Table 3 
General properties adopted for the stochastic generation of the wind fields.  

Property Description Value Unit 

z0 Roughness length 0.05 M 
Δ Distance between wind generation points 16 M 
λ Davenport’s decay coefficient 10 – 
Δf Frequency increment 0.002 Hz 
fup Maximum wind frequency considered 6 Hz 
N Number of discrete frequencies 3000 – 
Δt Time increment for the wind simulation 0.05 S 
tdur Time duration of the generated wind field 10 min  
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wheel and rail due to the track irregularities become more pronounced, 
leading to higher lateral contact forces, while the unloading phenome-
non continues to be mostly controlled by the wind and associated to 
lower frequency movements of the carbody. 

To better understand the conclusions discussed above, the safety 
boundaries defined by each criterion are plotted in a single graphic in 
Fig. 10a. It is clear that the safety boundary is defined by the unloading 
criterion for train speeds up to 220–230 km/h. Above these speeds, the 

Fig. 7. Simulated wind velocity field: (a) lateral wind profile of the generation point located at the middle of the bridge, (b) lateral wind profile acting on the vehicle, 
(c) comparison between Kaimal’s spectrum and the spectra generated from synthetic wind velocity fields and (d) coherence between generation points. 

Fig. 8. Lateral response of the viaduct at the midspan of span 10 for three different wind velocities: (a) displacements and (b) accelerations.  
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Prud’homme criterion becomes the most conditioning index for the 
reasons stated above. Moreover, when the trains cross the Arroyo de Las 
Piedras Viaduct at the operating speed of 350 km/h, the mean wind 
speed should not exceed 20 m/s. Considering the turbulence intensity of 
14.3% defined above and the normalized gust amplitude of 2.84 stipu-
lated by the norm EN 14067–6 (2016), this wind field may contain gusts 
of approximately 28.3 m/s (>100 km/h). The time-histories of the three 
indexes for this safety limit scenario (Vv = 350 km/h and U = 20 m/s) 
and for a more extreme event (Vv = 350 km/h and U = 30 m/s) are also 
presented in Fig. 10 (the results correspond to the most critical wheel, 
wheelset or bogie, depending on the index). For the safety limit scenario, 
the Prud’homme criterion is the most conditioning index, since it nearly 
reaches the allowance of 1.0, while the others are still far from their 

limits. However, when looking at the extreme event, all the safety limits 
are largely exceeded, representing a threatening situation to the train’s 
stability. Under this circumstance, the windward wheels eventually 
detach from the rail, as it can be observed when the train is subjected to 
the maximum gust at the middle of the bridge (between 7 s and 8 s), 
where the unloading factor reaches 1.0. 

6.3. Vehicle’s stability depending on the lateral flexibility of the viaduct 

Before analysing the running safety, it is important to analyse the 
influence of the lateral flexibility of the viaducts in its response. Hence, 
Fig. 11 compares the time-histories of the lateral displacements and 
accelerations at the midspan of span 10 (middle span) obtained for the 

Fig. 9. Maximum values of the running safety criteria: 3D plots of the (a) Nadal, (c) Prud’homme and (e) unloading indexes and isoline maps of the (b) Nadal, (d) 
Prud’homme and (f) unloading indexes. 
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four scenarios previously presented, when the Siemens Velaro AVE-S103 
HS train crosses the viaduct at 300 km/h subjected to a wind load cor-
responding to a mean wind velocity of 25 m/s. As it can be observed, 
different lateral flexibilities lead to different amplitudes of lateral re-
sponses against crosswinds, especially in terms of displacements (the 

differences in the periods are related to the different natural frequencies 
of the parametrized viaducts due to changes in the properties of the 
piers). However, there are no studies available in the literature that 
explicitly defines if these different conditions also affect the train 
running safety. Hence, this study aims to help researchers to understand 

Fig. 10. Running safety boundary in the Arroyo de Las Piedras viaduct: (a) safety boundary and time-histories of the (b) Nadal, (c) Prud’homme and (d) unloading 
indexes for two scenarios. 

Fig. 11. Lateral response of the viaduct at the midspan of span 10 for the four flexibility scenarios and a wind field characterized by U = 25 m/s: (a) displacements 
and (b) accelerations). 
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the extent to which it is absolutely necessary to develop fully deformable 
and complex FEM bridge models to obtain acceptable results in terms of 
running safety or whether the development of simpler models, such as 
considering the bridge as rigid, may be sufficient. 

Knowing that different levels of lateral flexibility may lead to 
considerably different lateral responses of the superstructure, it is 
crucial to understand if these different behaviours also affect the train’s 
stability. To help answering this question (Objective 1), Fig. 12 depicts 
the critical train speeds according to each safety criteria for the four 
scenarios defined in Table 2 (results refer to the Siemens Velaro AVE- 
S103 train and to the high level of irregularities). Fig. 12 d also shows 
the intersection of all curves to obtain the safety boundary for each 
scenario (continuous and dashed lines represent the critical speeds 
conditioned by the unloading and Prud’homme factors, respectively). 

The first conclusion is that the influence of the viaduct’s flexibility in 
the train running safety is very low, since the critical train speeds ob-
tained with all the models do not significantly vary (see the grey area in 
Fig. 12d). The maximum differences occur for train speeds around 200 
km/h~220 km/h, where the maximum allowed mean wind velocity that 
does not jeopardize the train’s safety varies between 27 m/s and 28 m/s. 
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 model when the sole objective of the analysis is to study 
the train running safety against crosswinds. The second conclusion is 

related to the most critical safety factors used to analyse the train’s 
stability. As observed for the particular case of the original viaduct 
(scenario S3), and in previous studies found in the literature (Guo et al., 
2015; Montenegro et al., 2020a,b), the Nadal criterion is not determi-
nant for the critical train speeds against crosswinds, while the unloading 
and Prud’homme criteria defined the safety boundary for lower and 
higher train speeds, respectively. 

6.4. Vehicle’s stability depending on the track maintenance condition 

To help understand the influence of the track quality in the train’s 
stability (Objective 2), the results obtained in the base scenario (original 
viaduct, AVE-S103 HS train and high level of irregularities) are 
compared with those obtained with lower irregularity levels. The safety 
boundaries defined by each safety criteria, and by their intersections 
considering the four track condition scenarios described above are 
plotted in Fig. 13. The results allow to conclude that the critical speeds 
determined by the unloading factor are not significantly dependent on 
the track condition, since this criterion is majorly governed by low 
frequency overturning movements of the carbody caused by the lateral 
wind loads. However, the safety boundaries defined by the other two 
criteria have a strong correlation with the magnitude of the irregular-
ities, since the contact force peaks are highly dependent on the impacts 
between wheel and rail that become more pronounced in poorer track 
conditions. Note that the unloading index is always determinant for the 
train safety in a perfect track scenario and for speeds up to 320 km/h 
when the track quality is very good (low level of irregularities), while for 
the medium and high levels of irregularities this index is critical only for 
speeds up to 220–260 km/h (the Nadal criterion, once again, is not 

Fig. 12. Running safety boundaries for the four flexibility scenarios relative to the (a) Nadal, (b) Prud’homme and (c) unloading indexes and to the (d) intersection 
between them. 
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determinant). Thus, the correct consideration of the track condition is 
essential to assess the maximum allowed train speeds (see the grey area 
in Fig. 13d). 

6.5. Vehicle’s stability depending on the type of train 

With the HS networks becoming increasingly interoperable and 
accessible to different types of trains, it important to study how different 
is their performance in the presence of winds (Objective 3). Thus, this 
work considers four different HS trains with distinct axle weights to 
understand if this property, which is usually addressed only in terms of 
vertical dynamics to evaluate resonance effects on railway bridges, has a 
significant influence on the running safety against crosswinds. The 
trains, whose properties are presented in detail in Appendix B, are: i) the 
Japanese Shinkansen (axle load of 11.1 t); ii) the Chinese CRH380 (axle 
load of 14.0 t); iii) the Spanish/German AVE-S103 (axle load of 15.5 t), 
considered here as the base scenario; and iv) the power car of the French 
TGV (axle load of 17.0 t). These trains were chosen in order to cover a 
wide range of axle loads from the HS trains that are currently in 
operation. 

Fig. 14 presents the safety boundaries obtained by the three safety 
indexes, as well as the final boundary composed by the intersections 
between them (the Nadal criterion is never determinant). As expected, 
the Shinkansen is the most susceptible to derailment due to crosswinds, 
given its very low weight. On the other extreme, the TGV power car is 
the most stable train, proving the importance of the weight in the sta-
bilization of the vehicle against lateral loads (critical wind velocities up 
to 20% higher than those obtained with the Shinkansen). Regarding the 

Prud’homme index, although the lateral contact forces do not change 
significantly with the train type, it still contributes to lower critical 
speeds in the lighter trains than in the heavier ones. This is due to the 
fact this index depends not only on the lateral contact forces, but also on 
the static axle weight that is present in the denominator of the expres-
sion that defines it (see Table 1). For the Nadal the conclusion is similar, 
i.e., similar lateral loads but lower vertical forces lead to higher values of 
this index (see Table 1). Therefore, the large grey area presented in 
Fig. 14 (differences in the critical speeds obtained with the different 
trains) emphasizes the relevance of having the correct knowledge of the 
mechanical properties of the train, especially its weight, when assessing 
its response against crosswinds. Finally, note that this problem is likely 
to become more and more important as manufacturers want to develop 
increasingly lighter trains for energy efficiency purposes. 

7. Conclusions 

The present paper presents a study to evaluate how different factors 
related to the bridge, track and vehicle may influence the train running 
safety on bridges subjected to strong lateral winds. The running safety 
evaluation is carried out through three safety indexes (Nadal, Prud’-
homme and unloading) obtained with dynamic analyses performed with 
an in-house TTBI model. To obtain generic conclusions regarding the 
train stability under crosswinds, and not only based on a single case 
study, this work set three main goals, namely the study of the influence 
of the bridge lateral behaviour (Objective 1), of the track condition 
(Objective 2) and of the train characteristics (Objective 3) in the risk of 
derailment. Such procedure aims to give hints to researchers and 

Fig. 13. Running safety boundaries for the four track condition scenarios relative to the (a) Nadal, (b) Prud’homme and (c) unloading indexes and to the (d) 
intersection between them. 
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designers regarding the factors that should be taken into special 
consideration when performing this kind of analysis. Hence, the 
following conclusions are draw:  

• The maximum operating speed of 350 km/h established for the 
Arroyo de Las Piedras viaduct can be maintained only for mean wind 
speeds up to 20 m/s. The unloading criterion proved to be the 
determinant index to define the wind critical velocities for train 
speeds up to 220–230 km/h, while the Prud’homme criterion be-
comes the most conditioning one when the train crosses the bridge at 
higher speeds. This is due to the fact that, for this speed range, the 
wheel-rail impacts become more pronounced due to the presence of 
track irregularities, which leads to higher lateral contact forces.  

• Regarding Objective 1, the results shown that the risk of derailment 
is practically not affected by the lateral flexibility of the viaduct. 
Thus, simplifications on the structural model of the bridge are 
acceptable when the sole objective of the analysis is to study the train 
running safety against crosswinds.  

• Regarding Objective 2, the outcomes of this work shown that the 
unloading criterion is not influenced by the track quality, since it is 
mainly governed by low frequency overturning movements of the 
carbody caused by the lateral wind loads. However, the remaining 
two indexes are strongly related to the level of the irregularities due 
to the higher contact forces that arise from the impacts between the 
wheels and rail in poorer track conditions.  

• Regarding Objective 3, the heavier vehicle, the TGV power car, 
proved to be the most stable one, with critical wind velocities around 
20% higher than those obtained with the lighter train, the 

Shinkansen. This conclusion was expected, however, this part of the 
work had as main intention to emphasize two issues: i) the current 
trend followed by train manufactures to build increasingly lighter 
trains due to energy efficiency purposes should be carefully analysed 
under the context of crosswinds; and ii) to accurately evaluate the 
train running safety on bridges, it is crucial to know in advance the 
exact type trains that will actually cross them. 

The analysis of the passenger riding comfort and its relationship with 
the factors discussed here related to the train-track-bridge system is 
discussed in the Part II of the paper (Montenegro et al., 2022). 
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Appendix A. - Structural drawings and vibration modes of the Arroyo de Las Piedras viaduct 

Figures A1 and A2 illustrates, respectively, the elevation of the viaduct and two typical cross-sections, namely one at the midspan with a “K-shape” 
diaphragm and without bottom cast-in-place concrete slab and one over a pier with double composite-action and with a diaphragm for transferring the 
loads to the piers and. Moreover, the plates’ dimension distribution along the deck in a typical 65 m long span is presented in Figure A3, while the 
piers’ geometry is depicted in Figure A4. Finally, the main lateral modes of vibration and respective frequencies from the Arroyo de Las Piedras viaduct 
are presented in Figure A5 (Scenario S3, original viaduct), while Figure A6 depicts the first mode of the models that represent the additional flexibility 
scenarios, namely S2 (medium flexibility) and S4 (very high flexibility). Scenario S1 is not shown because the structure is rigid, therefore without 
vibration modes.

Fig. A1. Elevation of the viaduct (dimensions in m).  

Fig. A2. Typical cross-sections of the viaduct: (a) midspan and (b) over the pier (dimensions in m). 
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Fig. A3. Distribution of the deck plates’ dimensions (in mm) in a typical 65 m span (distances in m).  

Fig. A.4. Pier geometry (dimensions in m).   
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Fig. A5. Global lateral vibration modes of the Arroyo de Las Piedras viaduct (Scenario S3): (a) f1L = 0.282 Hz, (b) f2L = 0.361 Hz, (c) f3L = 0.436 Hz and (d) f4L =

0.495 Hz. 

Fig. A6. Global lateral vibration modes of the models representing the additional flexibility scenarios: (a) f1L,S2 = 0.409 Hz and (b) f1L,S4 = 0.199 Hz.  

Appendix B. - Mechanical and geometrical properties of the high-speed trains 

Figure B1 shows the numerical model of the AVE-S103 vehicle developed in ANSYS® (2018), while Figure B2 schematizes the general configu-
ration of the vehicle dynamic models adopted in this work, where it is possible to observe the location of the centre of gravity of each of the 
component, as well as the suspensions. The variables m, I, k and c, whose values for each train are presented in Table B1, stand for mass, inertia, 
stiffness and damping, while the subscripts cb, b and w indicate carbody, bogie and wheelsets. The remaining subscripts represent the type of sus-
pension (1 for primary and 2 for secondary) and their directions (x, y and z for longitudinal, lateral and vertical, respectively). 
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Fig. B1. Numerical model of the railway vehicle: (a) lateral and (b) front view.  

Fig. B2. Dynamic model of the railway vehicle: (a) lateral and (b) front view.   

Table B1 
Mechanical and geometrical properties of the high-speed trains.  

Parameter Shinkansen (He et al., 
2011) 

CRH380 (Zhai et al., 2015; Xin 
et al., 2019) 

AVE-S103 (Goicolea, 
2014) 

TGV Power car (Lee and Kim, 
2010) 

Car body mass, mcb (kg) 32783 40000 47800 54916 
Car body roll moment of inertia, Icb,x (kg.m2) 49200 128304 119328 59400 
Car body pitch moment of inertia, Icb,y (kg.m2) 2512600 1840000 1957888 1131900 
Car body yaw moment of inertia, Icb,z (kg.m2) 2512600 1920000 1957888 1112000 
Bogie mass, mb (kg) 2640 3200 3500 2446 
Bogie roll moment of inertia, Ib,x (kg.m2) 2900 3200 2835 1645 
Bogie pitch moment of inertia, Ib,y (kg.m2) 4100 6800 1715 2593 
Bogie yaw moment of inertia, Ib,z (kg.m2) 4100 7300 4235 3068 
Wheelset mass, mw (kg) 1794 2400 1800 2048 
Wheelset roll moment of inertia, Iw,x (kg.m2) 1210 1210 1000 1030 
Wheelset yaw moment of inertia, Iw,z (kg.m2) 1210 1210 1000 1030 
Stiffness of the primary longitudinal suspension, k1,x 

(kN/m) 
17500 10680 12500 9000 

Stiffness of the primary transversal suspension, k1,y 
(kN/m) 

4704 3000 120000 40000 

(continued on next page) 
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Table B1 (continued ) 

Parameter Shinkansen (He et al., 
2011) 

CRH380 (Zhai et al., 2015; Xin 
et al., 2019) 

AVE-S103 (Goicolea, 
2014) 

TGV Power car (Lee and Kim, 
2010) 

Stiffness of the primary vertical suspension, k1,z (kN/ 
m) 

1210 1040 1200 1225 

Damping of the primary longitudinal suspension, c1,x 
(kN.s/m) 

0 0 9 22 

Damping of the primary transversal suspension, c1,y 
(kN.s/m) 

0 0 27.9 10 

Damping of the primary vertical suspension, c1,z (kN. 
s/m) 

19.6 5 10 10 

Stiffness of the secondary longitudinal suspension, 
k2,x (kN/m) 

500 189 240 302 

Stiffness of the secondary transversal suspension, k2, 

y (kN/m) 
176.4 240 240 302 

Stiffness of the secondary vertical suspension, k2,z 
(kN/m) 

443 400 350 1268 

Damping of the secondary longitudinal suspension, 
c2,x (kN.s/m) 

0 0 30 0 

Damping of the secondary transversal suspension, c2, 

y (kN.s/m) 
39.6 30 30 30 

Damping of the secondary vertical suspension, c2,z 
(kN.s/m) 

21.6 6 20 20 

The static load transmitted by each wheelset (t) 11.1 14.0 15.5 17.0 
Longitudinal distance between bogies, db (m) 17.50 17.375 17.375 14.00 
Longitudinal distance between wheelsets, dw (m) 2.50 2.50 2.50 3.00 
Height of the carbody center of gravity, hcb 1.500 1.530 1.500 1.720 
Height of the bogie center of gravity, hb 0.530 0.530 0.530 0.560 
Nominal rolling radius, R0 (m) 0.43 0.43 0.43 0.430  
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