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

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

1  Introduction

The evaluation of running safety on bridges has been a 
widely studied topic in the last years [1–3]. In particular, 
the design of high-speed railway bridges must fulfil, among 
others, several safety and serviceability normative criteria 
related to the dynamic behaviour of the structure under rail-
way traffic. Among those criteria, particular attention should 

be given to the one related to the maximum deck accelera-
tions specified in the European norm EN 1990-Annex A2 
[4], since it often conditions the bridge design. This criterion 
stipulates a maximum deck acceleration of 3.5 and 5.0 m/s2 
for bridges with ballasted and non-ballasted tracks, respec-
tively. While the former comes from the test rig experiments 
described in [5, 6], in which it was concluded that for accel-
erations above 0.7g the ballast layer loses its interlocking 
capabilities, leading to the instability of the ballast track 
and consequent higher probability of derailment, the latter 
is related to the fact that for accelerations above 1g there is 
a higher risk of uplift effects of bearings and train wheels. 
Then, according to the recommendation proposed by Ref. 
[7], a safety factor of 2 is applied to these values, leading to 
the above-mentioned limits stipulated by the norm.

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

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

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

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

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

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

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

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

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

It is therefore clear that the answers to the second and 
third questions raised above remain barely explored in the 
literature, which represents a gap of knowledge in this par-
ticular field. Hence, the findings obtained from this study 
aim to contribute to the identification of the main limita-
tions of the current load models used to design high-speed 
railway bridges, as well as to open new research paths to 
improve these models, particularly by proposing a simplified 

methodology that can expedite dynamic calculations on dif-
ferent sets of wavelengths. The article is structured in five 
sections, in which the methodology to compare the HSLM 
effects with those caused by the theoretical trains randomly 
generated through the procedure stipulated in Annex E is 
presented in Sect. 2, while the numerical models used in this 
work are described in Sect. 3. Section 4 is dedicated to the 
results obtained in the preliminary analysis performed with 
the train signature technique and in the complete dynamic 
analysis carried out with the case study bridge. Finally, in 
Sect. 5, the main conclusions from this work are summarized 
and recommendations for future work are proposed.

2 � Methods for dynamic assessment

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

2.1 � Train signatures

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

•	 Inertial interaction is ignored.
•	 Only the first vibration mode is considered.
•	 The response is decomposed into a Fourier series, retain-

ing only the resonance term.
•	 The results are independent of time.

Using this method, the maximum mid-span acceleration ÿ 
can be given as a product of a constant factor C

t
 , a function 

for the influence line A(⋅) and the train spectrum G(⋅):

For a bridge with a first frequency f0 , generalized stiffness 
K, span L and linear mass m, the constant factor is given by

(1)ÿ ≤ CtA
(
L

𝜆

)
G(𝜆).

(2)Ct =
8πf 2

0

K
=

4

mLπ
.
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Given the excitation wavelength � , the influence line func-
tion is taken as

Regarding the train, with N loads Pk at coordinates xk at 
position k, on a bridge with damping ratio � , its spectrum 
is given by

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

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

•	 Values of zero of the influence line.
•	 Overestimation of the response for high damping coef-

ficients.

Nonetheless, the method can also be used to approximate the 
maximum mid-span displacement y, given the first angular 
frequency �0 and the static displacement given by the train 
loads ystat , as

One major aspect of the application of this methodology is 
that it introduces the concept of train signature. Since the 
train spectrum does not allow a separate assessment of the 
train effect from the bridge response, given its dependence 
on the damping coefficient, the train signature S0(�) is the 
result of

and as such

These signatures allow for fast comparisons between the 
different train effects. Knowing the signatures of the trains 
in operation on a given line, a new train can be deemed as 

(3)A
(
L

�

)
=

||||||||

cos

(
πL

�

)

(
2L

�

)2

− 1

||||||||
.
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1
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⎡
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(5)y ≅ ystat +
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𝜔2

0

.

(6)S0(�) = lim
�→0

G(�),

(7)
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either apt or inapt for running on that line, by simply com-
paring the new vehicle signature to the previous ones.

2.2 � Single load linear superposition (SLSS)

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

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

As an example, a simple load model is considered, com-
prising four axle loads of 147.15 kN each, with a regular 
spacing of 3 m, running at a speed of 200 km/h. The overall 
effect is evaluated on the mid-span displacement of a 12 m 
simply supported bridge. Figure 1a depicts the displacement 
caused by a single load, while Fig. 1b illustrates the same 
response, multiplied and offset. The dashed line in Fig. 1c 
represents the sum of these effects and the bold line is the 
response of a separate calculation, on which the entire load 
model was set to run over the bridge model. The dotted line 
illustrates the difference between the two approaches, and 
its maximum absolute value is 3.6312 × 10−6 m.

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

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

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

2.3 � Methodology application

The methodology proposed in this section addresses the 
questions listed in Sect. 1, having the goal of evaluating 
the HSLM-A coverage of trains made possible by Annex 
E of the EN 1991-2 and also of other trains whose proper-
ties fall outside those limits, to account for possible future 
vehicles. This methodology consists firstly in creating two 
sets of randomly generated load model configurations—“set 
A” abiding by the EN 1991-2 limits and “set B” employing 
wider limits—for each of the three train types, as detailed 
in Sect. 3.2 (sets Aa and Ba for articulated trains, Ac and 
Bc for conventional trains and Ar and Br for regular trains). 
Afterwards, the dynamic signatures of all randomly gen-
erated trains and HSLM-A trains can be calculated, using 
Eq.  (7). Then, to validate the conclusions, the dynamic 
response of all random trains is obtained for an example 
bridge. Since the SLLS approach is being used, only one 
dynamic analysis needs to be carried out since all different 
moving loads results can be derived from the single load 
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response. The same procedure is done for the 10 HSLM-
A trains, thus allowing for a comparison to be established, 
using the maximum vertical deck acceleration as a metric. In 
this work, the selected example is the Canelas bridge (pre-
sented in Sect. 3.1), the sample size for the randomly gen-
erated sets is 100,000, the variable distribution is uniform 
and the speed range is from 140 to 420 km/h, with 10 km/h 
intervals (assuming a maximum line speed of 350 km/h, the 

EN 1991-2 defines the maximum design speed as 1.2 times 
that value, which gives 1.2 × 350 = 420 ). The samples for 
the random variables (D, dBA dBS , eC , DIC and DL ) are gener-
ated using a random number suited for uniform distributions, 
scaled to the limits detailed in Sect. 3.2.

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

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

3.1 � Case study railway bridge

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

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

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

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

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

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

The material and geometrical properties used in the model 
are listed in Table 1. In the model, the structural damping 
value is used to set Rayleigh factors (using the frequen-
cies of the first and second vertical vibration modes) and 
the vertical stiffness of the ballast layer Kb is calculated in 
order to incorporate load distribution effects as proposed 
by [27]

12.4
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Fig. 4   Canelas bridge (unit: m): a cross section (adapted from [24]);  b view of the first span

Table 1   Material and geometrical properties of the finite element model

Property name Symbol Value Unit

Reinforced concrete density �C 2.5 t/m3

Concrete elasticity modulus EC 36.1 GPa
Slab thickness tslab 0.7 m
Slab width bslab 4.475 m
Area of the steel profiles As 0.01975 m2

Structural damping � 2% -
Ballast density �b 1.8 t/m3

Ballast elasticity modulus Eb 120 MPa
Ballast height hb 450 mm
Load distribution angle � 25 ◦

Sleeper mass ms 272.5 kg
Rail pad stiffness kp 350 kN/mm
Track shear stiffness kl 2×104 kN/m/m
Neoprene shear modulus Gn 0.975 MPa
Steel elasticity modulus ES 210 GPa
Permanent loads mp 1.4 ton/m
Width of the sleeper underside lb 0.3 m
Half sleeper effective support le 0.95 m
Sleeper spacing ls 0.6 m
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where

and

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

(8)Kb =

⎧
⎪⎪⎪⎨⎪⎪⎪⎩

Kb =
2(le − lb) tan 𝛼

ln

��
le

lb

�
(lb + 2hb tan 𝛼)∕(le + 2hb tan 𝛼)

� if hbtan 𝛼 ≤
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2
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Kb1Kb2
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if hbtan 𝛼 >
ls

2

,

(9)Kb1 =
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ln
[
(lels)∕(lb(le + ls − lb))

]Eb,

(10)Kb2 =
ls(ls − lb + 2le + 2hb tan �) tan �

lb − ls + 2hb tan �
Eb.

each end of the deck, and it was calculated according to 
[28, 29],

where nb is the number of bearings, nl is the number of neo-
prene layers in each bearing, ti is each of the layer thickness, 
a is the smaller dimension (0.15 m), b is the largest dimen-
sion (0.25 m), f1 is a form factor dependent on a and b, and 
f2 is a factor for dynamic loading, which depends on Gn.

(11)
Ks,v =

nb
nl∑
i=1

t3
i

3Gna
3bf1f2

,

(12)
Ks,h =

nbabGn

nl∑
i=1

ti

,
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Fig. 5   Schematic representation of the filler beam bridge finite elements models and their random variables

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

3.2 � Load model configuration

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

•	 P is the individual axle load;
•	 D is the coach length or distance between regularly 

repeating axles;
•	 dBA is the distance between axles of the same bogie;
•	 dBS is the distance between the centres of adjacent vehicle 

bogies;
•	 DIC is the intermediate coach length (regular trains);
•	 ec is the distance between consecutive axles on the cou-

pling of two trainsets (regular trains).

P is limited to 170 kN or, for conventional trains, the lesser 
of 170 kN and the value that comes from Eq. (13), where 

Fig. 7   Train type configurations (adapted from [9]): a articulated train; b conventional train; c regular train

(a) 

(b)

(c)

D

dBA

(P)

D
dBA

(P)

dBA

D
dBA

(P)

DIC D
dBA

eC

Table 2   Random variables—articulated trains

Variable Set A
a

Set B
a

Minimum 
(m)

Maximum 
(m)

Minimum 
(m)

Maximum (m)

D 18 27 15 30
dBA 2.5 3.5 2 4

Table 3   Random variables—conventional trains

Variable Set A
c

Set B
c

Minimum 
(m)

Maximum 
(m)

Minimum 
(m)

Maximum (m)

D 18 27 15 30
dBA 2.5 3.5 2 4
dBS 5.5 8.5 5.5 8.5

Table 4   Random variables—regular trains

Variable Set A
r

Set B
r

Minimum 
(m)

Maximum 
(m)

Minimum 
(m)

Maximum (m)

D 10 14 8 16
dBA 2.5 3.5 2 4
DIC 8 11 6 13
eC 7 10 5 12
dBS 5.5 8.5 5.5 8.5
DL 15.5 18.5 15.5 18.5
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PHSLMA , dHSLMA and DHSLMA are the corresponding proper-
ties of the Universal Trains. This can be a single Universal 
Train if D matches an existing DHSLMA or two Universal 
trains otherwise, selecting the two whose DHSLMA values are 
just greater and just lesser than D. D should be between 18 
and 27 m for articulated and conventional trains or between 
10 and 14 m for regular trains, while DBA lies between 2.5 
and 3.5 m.

While the norm lacks in providing limits for dBS , it 
states that D∕dBA and 

(
dBS − dBA∕dBA

)
 should not approach 

integer values and that dBS must be in accordance with 
Eq. (13). DIC must be between 8 and 11 m and eC between 
7 and 10 m. In addition, there are also limits for total train 
weight (10000 kN), length (400 m) and unsprung axle mass 
(2 tonnes).

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

The variables for conventional trains are presented in 
Table 3. As previously discussed, there are no set limits for 
variable dBS , and for that reason, its values on set A

c
 (which 

stem from the real trains of types A, D and F on [7]) remain 
unaltered on set B

c
 . Since the maximum allowed value of P 

for conventional trains is the lesser of 170 kN and the value 
resulting from Eq. (13), all randomly generated samples 
must undergo that check.

(13)

4P cos

(
πdBS

D

)
cos

(
πdBA

D

)
≤ 2PHSLMA cos

(
πdHSLMA

DHSLMA

)
.

Regarding regular trains, the random variables are item-
ized in Table 4. An additional variable DL is here defined 
to represent the length of the first and last coaches of each 
trainset. Its limits are the same in both set Ar and set Br due 
to the same reason considered for variable dBS (which for 
regular trains represents the distance between the centremost 
bogies of the first and last coache and the closest axle of the 
intermediate coach). In both sets, P has a value of 170 kN.

4 � Results discussion

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

4.1 � Preliminary analysis based on train signatures

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

For conventional trains, the dynamic signatures repre-
sented in Fig. 9 also show a better coverage for set Ac than for 
set Bc . It appears to be, however, a lack of coverage in wave-
lengths up to 12 m, even for set Ac . This finding motivates 

Fig. 8   Dynamic signatures of articulated trains: a set Aa; b set Ba
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looking into the dynamic analyses to understand whether or 
not this is due to the influence of any of the variables.

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

4.2 � Numerical analysis

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

(100.000), number of speed values (29) and number of sets 
of random variables (6 sets: Aa , Ba , Ac , Bc , Ar , Br).

4.2.1 � Articulated trains

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

To better understand the independent influence of each 
variable, Figs. 12 and 13 present selections of results from 
set B

a
 , alternately highlighting a variable’s influence when 

Fig. 9   Dynamic signatures of conventional trains: a set Ac; b set Bc
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Fig. 10   Dynamic signatures of regular trains: a set Ar; b set Br
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it is taken above or below the stated limits of validity while 
selecting the complying values for the other variables. From 
Fig. 12, it can be seen that there is a similar contribution 
from simulated trains whose coach length is inferior to the 
limit and due to those that are above it.

As for the distance between axles (Fig. 13), while its 
lower values lead to higher results, its consequences are not 
as notorious. In fact, as D decreases, resonant effects become 
more noticeable in the bridge taken as the example in this 
study.

Fig. 11   Dynamic response of articulated trains: a set Aa; b set Ba
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Fig. 12   Articulated trains—selected results from set B
a
 highlighting variable D: a 15 m ≤ D ≤ 18 m, 2.5 m ≤ dBA ≤ 3.5 m, b 27 m ≤ D ≤ 30 m; 

2.5 m ≤ dBA ≤ 3.5 m
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Fig. 13   Articulated trains—selected results from set B
a
 highlighting variable d

BA
 . a 18 m ≤ D ≤ 27 m, 2 m ≤ dBA ≤ 2.5 m; b 18 m ≤ D ≤ 27 m, 

3.5 m ≤ dBA ≤ 4 m
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4.2.2 � Conventional trains

The results of the dynamic analyses with conventional trains 
are shown in Fig. 14. In it, it is noted that even set A

c
 , which 

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

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

(14)

�total = � + Δ� = 2% + 0.0187L − 0.00064L2
1 − 0.0441L − 0.0044L2 + 0.000255L3

%

= 2% + 0.476% = 2.476%.

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

As before, it can be seen that the exceedingly higher val-
ues on the highest speeds correspond to the lowest values 
of D (Fig. 16). On the other hand, it is the higher values 
of dBA that result in lower acceleration peaks (Fig. 17). In 
fact, the only scenario where the outlying values between 
280 and 370 km/h tend to disappear is the scenario consid-
ering dBA values above the allowed limit. To better under-
stand this phenomenon, Fig. 18 shows the distribution of 
variable dBS from simulations whose dynamic response is 
superior to that of the HSLM, for two example speed values 
within the 280–370 km/h range. It is visible that the outlying 
simulated trains correspond to increasingly higher values 

Fig. 14   Dynamic response of conventional trains: a set Ac; b set Bc
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Fig. 15   Dynamic response of conventional trains (with additional damping): a set Ac; b set Bc
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Fig. 16   Conventional trains—selected results from set B
c
 highlighting variable D: a 15 m ≤ D ≤ 18 m, 2.5 m ≤ dBA ≤ 3.5 m; b 27 m ≤ D ≤  

30 m, 2.5 m ≤ dBA ≤ 3.5 m
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Fig. 17   Conventional trains—selected results from set B
c
 highlighting variable d

BA
 : a 18 m ≤ D ≤ 27 m, 2 m ≤ dBA ≤ 2.5 m; b 18 m ≤ D ≤  

27 m, 3.5 m ≤ dBA ≤ 4 m
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Fig. 18   Dynamic response of conventional trains—distribution of variable d
BS

 on simulations above the HSLM envelope, from set B
c
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Fig. 19   Dynamic response of conventional trains—distribution of variable d
BA

 on simulations above the HSLM envelope, from set B
c
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Fig. 20   Dynamic response of regular trains: a set Ar; b set Br
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Fig. 21   Regular trains—selected results from set B
r
 highlighting variable D: a 8 m ≤ D ≤ 10 m, 2.5 m ≤ dBA ≤ 3.5 m, 8 m ≤ DIC ≤ 11 m,  

7 m ≤ eC ≤ 10 m; b 14 m ≤ D ≤ 16 m, 2.5 m ≤ dBA ≤ 3.5 m, 8 m ≤ DIC ≤ 11 m,7 m ≤ eC ≤ 10 m
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Fig. 22   Regular trains—selected results from set B
r
 highlighting variable d

BA
 : a 10 m ≤ D ≤ 14 m, 2 m ≤ dBA ≤ 2.5 m, 8 m ≤ DIC ≤ 11 m,  

7 m ≤ eC ≤ 10 m; b 10 m ≤ D ≤ 14 m, 3.5 m ≤ dBA ≤ 4 m, 8 m ≤ DIC ≤ 11 m, 7 m ≤ eC ≤ 10 m

Fig. 23   Regular trains—selected results from B
r
 highlighting variable D

IC
 : a 10 m ≤ D ≤ 14 m, 2.5 m ≤ dBA ≤ 3.5 m, 6 m ≤ DIC ≤ 8 m,  

7 m ≤ eC ≤ 10 m; b 10 m ≤ D ≤ 14 m, 2.5 m ≤ dBA ≤ 3.5 m, 11 m ≤ DIC ≤ 13 m, 7 m ≤ eC ≤ 10 m
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Fig. 24   Regular trains—selected results from set B
r
 highlighting variable e

C
 : a 10 m ≤ D ≤ 14 m, 2.5 m ≤ dBA ≤ 3.5 m, 8 m ≤ DIC ≤ 11 m,  

5 m ≤ eC ≤ 7 m; b 10 m ≤ D ≤ 14 m, 2.5 m ≤ dBA ≤ 3.5 m, 8 m ≤ DIC ≤ 11 m, 10 m ≤ eC ≤ 12 m
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of this variable. This observation underlines the pertinence 
of the third question listed in Sect. 1 since the Eurocode 
could be clearer in defining limits for this distance. When 
looking at the distribution of variable dBA from the same 
samples (illustrated in Fig. 19), a concentration on lower 
values appears. Therefore, it can be concluded that the most 
aggressive scenarios correspond to higher dBS and lower dBA . 
Indeed, as dBS increases (approaching D), the regularity of 
the moving loads grows, contributing to dynamic effects. As 
for dBA , as it decreases, the effect of the pair of moving loads 
approaches that of a single double-load.

4.2.3 � Regular trains

The dynamic responses of sets Ar and Br for regular trains 
are presented in Fig. 20. While both sets contain train load 
configurations that result in acceleration values above the 
HSLM-A’s, set Ar distributions tend to follow the trend 
of the envelope more closely throughout the entire speed 
range. From the individual variable influence, in this case 
there is some variability caused by D (Fig. 21), while vari-
able dBA (Fig. 22) is the less influential. The same can be 
observed for the DIC (Fig. 23) and eC (Fig. 24) variables, 
although it should be highlighted that the former only con-
trols four load distances and the latter a single one.

5 � Conclusion

The conclusions of this study are summarized according 
to the questions listed in Sect. 1 as follows: 

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

2.	 The 10 HSLM-A universal trains do not cover the 
dynamic effects of some theoretical train load models 
that can be constructed abiding by the EN 1991-2 limits 
of validity. This happens in some limit cases of articu-
lated trains, but it is most prevalent in conventional and 
regular trains, although it should be noted that the last 
two train types are lacking in the definition of some vari-
ables. In conventional trains, there is a relation between 
the non-complying trains and the increasing distance 
between centres of adjacent vehicle’s bogies—as this 
variable increases, the effect of consecutive bogies acts 
progressively more as individual loads and less as pairs, 

which in turn leads to higher vertical acceleration levels, 
due to the contribution that the loads repetition has to 
resonant effects.

3.	 The definition of variable dBS in the norm is insufficient 
and this constitutes an obstacle to the evaluation of the 
HSLM’s limits of validity, which is made more appar-
ent when this variable’s importance is noted. There is 
also a challenge in defining the two distances, not men-
tioned in the norm, necessary to characterize regular 
trains.

It is therefore understood that there is some margin for 
improvement in Annex E of the EN 1991-2, not only by 
providing better definitions of some distances but also by 
adjusting the HSLM-A’s universal trains. In this regard, 
future work should focus on parametric studies for the def-
inition of the proposed load models, including equivalent 
train–track–bridge interaction models with replication of 
the HSLM’s effects. The methodology applied in this work 
to assess the dynamic response of the case study bridge 
and the efficiency of the HSLM in covering the effects of 
different trains can be utilized and replicated for a number 
of different high-speed railway bridges. The present study 
draws the conclusion that there are issues with the current 
load model from the analysis of a case study filler beam 
bridge, and therefore, a future publication should include 
integral portal frames, composite concrete-steel structures 
and metallic truss bridges, in different spans lengths. In 
addition, the probability of trains crossing on a bridge and 
the effects of such phenomenon are also considered for 
future work.
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