
Influence of transverse bracing beams on the dynamic be-
haviour of Arroyo Bracea I bridge in Madrid-Sevilla High-
Speed railway line

E. Moliner 1, P. Galvı́n 2, M.D Martı́nez-Rodrigo 1, A. Romero 2

1 Universitat Jaume I, Department of Mechanical Engineering and Construction,
Avda Sos Baynat S/N, 12071, Castellón, Spain
e-mail: molinere@uji.es

2 Universidad de Sevilla, School of Engineering,
Camino de los descubrimientos S/N, 41092, Sevilla, Spain

Abstract
In this contribution the dynamic response of a short simply-supported girder bridge belonging to a High-
Speed railway line is analysed with the aim of evaluating the influence of a proper modelling of decks with a
significant participation of modes different from the longitudinal bending one (torsion, transverse bending)
and also the influence of the transverse beams usually present at the supports position bracing the longitudinal
girders of the deck. The numerical results will be compared with the measurements from an experimental
campaign in terms of frequencies, mode shapes and deck vertical acceleration response. Additionally, a
representative ensemble of girder bridges has been studied to numerically evaluate the influence of the deck
characteristics (deck skewness, span length and flexibility of the neoprene bearings) on the effect of the
bracing beams.

1 Introduction

The increase of the operating train velocity with the advent of the modern railway transport systems can
entail harmful consequences on the railway infrastructures, since the resonance effects caused by the trains
at circulating speeds above 200 km/h can induce inadmissible levels of vertical acceleration on the railway
bridge decks. In this regard short-to-medium span simply supported (SS) bridges are especially critical, due
to their low mass and structural damping [1, 2] and therefore, the Serviceability Limit State of vertical accel-
eration prescribed by The European Standard Eurocode (EC) ([3]), limited to 3.5 m/s2 for ballasted tracks,
is one of the most demanding specification for the design or upgrading of these structures. Therefore the
development of accurate numerical models able to realistically predict the dynamic response of the structure
with a reasonable computational cost becomes crucial.

Traditionally planar numerical SS beam models and other numerical methods based on Bernoulli-beam the-
ory have been quite popular in literature due to their low computational costs, however they are only valid
for bridges with a dynamic response mainly governed by the contribution of longitudinal bending modes
[4, 5, 6], which could not be the case for skewed or double-track bridges [7]. The quick development of the
computational technologies has encouraged the use of more sophisticated three dimensional models, espe-
cially for research purposes [8, 9]. Their application to bridge dynamic analysis in engineering consultancies
is still less frequent unless a singular structure is designed, since they are a tool to guarantee that the prescrip-
tions of the regulations in force at each particular country are met. In these cases, superfluous refinements
are to be avoided.
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According to [10] the dynamic response of short-to-medium-span SS bridges is difficult to predict during
the design or upgrading stages, due to the uncertain influence of several aspects such as super-structure
components (rails, ballast) or the environment. In this context the calibration of numerical models with ex-
perimental measurements becomes an issue and a number of research works on this topic have been presented
[11, 12, 13]. The cited studies, performed on bridges of long spans, are focused on the determination of the
modal parameters of the structure from ambient or train induced vibrations. The documented experimental
campaigns devoted to short SS structures are less common in literature unless a particular behaviour of the
bridge is expected, as is the case of portal frames or soil-steel composite railway bridges [14, 15], where the
soil-structure interaction effects (SSI) can play an important role.

The authors of the present manuscript have performed in a previous work an experimental campaign on a
short SS girder bridge belonging to a High-Speed railway line in Spain (Arroyo Bracea I bridge) [16]. The
bridge was chosen due to the high level of obliquity of the deck, with a skew angle of 45◦, and due to the
main dimensions, with a span length similar to the deck width, which make this structure susceptible of
experiencing a dynamic response with a significant contribution of modes different from the ones of a beam-
like structure. In the work several FE models which adopt common assumptions in engineering practice
are updated with the experimental measurements, showing a reasonable good correspondence in terms of
frequencies and mode shapes, and also in terms of the deck vertical acceleration response under the passage
of High-Speed trains. However, the calibration of the first torsion mode and other modes with transverse
deformation is less accurate. In the authors opinion this could be caused by the presence of transverse beams
bracing the longitudinal girders of the deck at the supports position, which were not included in the numerical
models.

In the present work the effect of the transverse bracing beams on the dynamic response of the deck is analysed
in Arroyo Bracea I bridge. The study is extended to an ensemble of SS girder bridges of short-to-medium
spans, in a view to evaluate how several aspects such as the span length, deck stiffness and flexibility of
the elastomeric bearings at the supports, can influence the effect of the transverse bracing beams on the dy-
namic response, with the main purpose of contributing to the development and validation of safe an accurate
numerical models useful for practical applications.

2 Case studies: SS girder bridges

2.1 Arroyo Bracea I bridge

This bridge belongs to the first High-Speed railway line opened in Spain in 1992, Madrid-Sevilla. The
structure is a double ballasted track railway bridge composed by two identical SS bays with a span length of
15.25 m, and crosses the Bracea stream with a 45◦ skew angle. As can be seen in Figure 1 each deck consists
of a 25 cm thick, 11.6 m width concrete slab resting over five prestressed concrete longitudinal I girders. The
girders rest on the supports through laminated rubber bearings. As per the substructure, the bridge deck is
supported on reinforced concrete abutments in its outermost sections and on a pile foundation in the inner
ones. At the supports position, the ends of the longitudinal girders are tied one another with a cast-in-situ
transverse bracing beam.

As regards the railway track, the rails have a UIC60 cross section and are supported by rail pads and fixed
with clips on monoblock concrete sleepers with a spacing of 0.6 m, The monoblock sleepers are 2.60 m long,
0.30 m wide at the base and 0.24 m high, the total mass being 533 kg/m along each of the two tracks.

On the 22nd and the 23rd of July 2016 the authors performed an experimental campaign on this bridge,
which included a dynamic characterisation of the soil and of the structure. A detailed description of the
experimental tests can be found in [16]. As regards the structure, the acceleration response was measured
at 11 points of the lower flange of the pre-stressed concrete girders (points 1-11 in Figure 2) and at the pile
abutment upper horizontal surface close to the girders support (point 12 in Figure 2), using Endevco model
86 piezoelectric accelerometers. The sensors, with a nominal sensitivity of 1000 mV/g and a low frequency
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Figure 1: Deck cross section of Arroyo Bracea I bridge (Units [m]).

limit of 0.1 Hz, were attached to the lower flange of the girders using circular aluminium plates of 0.09 m
diameter and 0.006 m thickness, glued with epoxy resin.

SEVILLA

Figure 2: Sensor location.

The ambient vibration response was acquired in 4184 s per channel, and the signals were decimated by 16
to carry out data analysis in the frequency range of interest 0-30 Hz. Also two third-order Chebyshev filters
with high-pass and low-pass frequencies of 1 Hz and 30 Hz were applied to the signals. From these data five
modes were identified, which correspond to the first longitudinal bending, first torsion and first transverse
bending mode shapes. Table 2 and Figure 6 show, respectively, the identified frequencies and mode shapes.

2.2 Representative ensemble of girder bridges

Apart from Bracea I bridge, a representative ensemble of girder bridges, covering the range of span lengths
[10 25] m and with slenderness ratio (depth/span) lower than 1/13, has been dimensioned to numerically
evaluate the influence of the span length and other bridge properties on the effect of the transverse bracing
beams. Figure 4 shows a general cross section of the decks, where the main dimensions h, dg and hg and
other mechanical properties are provided in Table 1.

The first row of Table 1 corresponds to the mechanical properties of Bracea I bridge after performing a model
updating in terms of frequencies and mode shapes with the measurements of the experimental setups. For
each span length a different number of longitudinal girders Ng is considered and also several stiffness ratios
L/δ (span length/maximum vertical displacement under static UIC-71 train loading [17]) in the range 2000-
4000, which is the stiffness ratio usually found in girder bridges belonging to conventional and high-speed
lines. Additionally, each deck will be calculated considering rigid supports kv,dyn=rigid and also considering
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Figure 3: Accelerometers setup.

the flexibility of the laminated rubber bearings as a vertical stifness kv,dyn. Furthermore, two different levels
of deck skewness will also be considered, 0◦ and 45◦.

Figure 4: Cross section of the girder bridges of study.

3 Numerical model

A finite element (FE) model which adopts common assumptions in engineering practice has been imple-
mented in the commercial code ANSYS to numerically evaluate the dynamic behaviour of the girder bridges
(see Figure 5). The main features are the following: (i) the upper slab deck behaviour is simulated by means
of and isotropic thin place discretised in shell elements with 6 degrees of freedom (dof) per node; (ii) dif-
ferent mass density elements are defined in order to concentrate the weight of the ballast, sleepers and rails
over the central portion of the plate; (iii) the longitudinal girders and the transverse bracing beams located at
the abutment position are included in the model as beam elements with 6 dof per node; (iv) The longitudinal
girder nodes are connected to the upper plate by means of rigid kinematic constraints that couple the dofs
of the beam nodes to those of the plate nodes right above them, and also the same constraints are used to
link the transverse bracing beams to the upper slab and also to the end nodes of the longitudinal girders;
(v) the laminated rubber bearings of the bridge are introduced in discrete positions by means of longitudinal
springs with vertical stiffness kv,dyn; (vi) a point load model is adopted for the railway excitation, therefore
neglecting vehicle-structure interaction effects; (vii) the dynamic equations of motion are transformed into
modal space and numerically integrated by the Newmark-Linear Acceleration algorithm.
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Bridge
Slab Girders Mass Supports

L/δ
h (m) E (Pa) Ng dg (m) hg (m) Ih(m4) E (Pa) (kg/m) kv,dyn(N/m)

Bracea I 0.27 3.99E10 5 2.275 1.05 0.08802 4.59E10 28355 1.4E9 3847

L=10 m

0.25 3.34E10 5 2.275 0.6 0.01098 3.85E10 19066 rigid, 9.7E8 2049
0.22 3.34E10 6 2.0 0.6 0.01098 3.85E10 18765 rigid, 8.34E8 2119
0.25 3.34E10 5 2.275 0.65 0.02150 3.85E10 21395 rigid, 1.57E9 3320
0.22 3.34E10 6 2.0 0.65 0.02150 3.85E10 21560 rigid, 1.47E9 3740

L=12.5 m
0.25 3.34E10 6 2.0 0.8 0.02278 3.85E10 19995 rigid, 7.56E8 2229
0.22 3.34E10 5 2.275 0.85 0.04446 3.85E10 21542 rigid, 1.60E9 3607
0.22 3.34E10 6 2.0 0.85 0.04339 3.85E10 22100 rigid, 1.31E9 3560

L=15 m

0.22 3.34E10 5 2.275 1.05 0.03703 3.85E10 19485 rigid, 8.93E8 2154
0.25 3.34E10 6 2.0 1.0 0.03961 3.85E10 20355 rigid, 7.44E8 2154
0.25 3.34E10 5 2.275 1.05 0.08258 3.85E10 23221 rigid, 1.54E9 3710
0.25 3.34E10 6 2.0 1.05 0.07423 3.85E10 23510 rigid, 1.26E9 3657

L=17.5 m

0.25 3.34E10 5 2.275 1.2 0.09131 3.85E10 22018 rigid, 9.89E8 2506
0.25 3.34E10 6 2.0 1.2 0.06195 3.85E10 20715 rigid, 6.88E8 2090
0.25 3.34E10 5 2.275 1.25 0.11476 3.85E10 22745 rigid, 1.22E9 3079
0.25 3.34E10 6 2.0 1.25 0.11476 3.85E10 24050 rigid, 1.01E9 3495

L=20 m

0.25 3.34E10 5 2.275 1.4 0.13457 3.85E10 22393 rigid, 9.26E8 2441
0.25 3.34E10 6 2.0 1.4 0.09029 3.85E10 21075 rigid, 6.42E8 2031
0.25 3.34E10 5 2.275 1.45 0.17098 3.85E10 23896 rigid, 1.27E9 3387
0.25 3.34E10 6 2.0 1.45 0.16571 3.85E10 24590 rigid, 1.06E9 3351

L=22.5 m

0.25 3.34E10 5 2.275 1.6 0.18768 3.85E10 24590 rigid, 8.72E8 2383
0.25 3.34E10 6 2.0 1.6 0.18768 3.85E10 24078 rigid, 8.27E8 2717
0.25 3.34E10 5 2.275 1.65 0.23652 3.85E10 24396 rigid, 1.18E9 3387
0.25 3.34E10 6 2.0 1.65 0.22778 3.85E10 25130 rigid, 9.85E8 3223

L=25 m

0.25 3.34E10 5 2.275 1.7 0.21812 3.85E10 22956 rigid, 7.26E8 2037
0.25 3.34E10 6 2.0 1.7 0.21812 3.85E10 24303 rigid, 6.89E8 2320
0.25 3.34E10 5 2.275 1.85 0.131500 3.85E10 24896 rigid, 1.11E9 3126
0.25 3.34E10 6 2.0 1.85 0.16087 3.85E10 25670 rigid, 9.23E8 3106

Table 1: Main properties of the girder bridges of study

4 Results

4.1 Dynamic behaviour of Arroyo Bracea I bridge

In the following subsections the results of the experimental campaign performed on Bracea I bridge and the
comparison with the numerical predictions are shown and discussed.

4.1.1 Natural frequencies and mode shapes

The experimental campaign performed in July 2016 allowed the identification of the modal parameters of the
bridge from ambient vibration by state-space models using MACEC software [18]. Table 2 shows the identi-
fied natural frequencies for the first five modes (fexp), where the lowest ones in frequency order correspond
to the first longitudinal bending, first torsion and first transverse bending mode shapes. The Modal Phase
Collinearity (MPC) provided in Table 2 shows the consistency of the identified structural modal parameters,
with values higher than 0.95.

This table also shows the numerical natural frequencies provided by the updated FE model using two ap-
proaches: neglecting the beam elements used for the transverse bracing beams of the bridge (fnum) and
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Figure 5: FE model.

including them as commented in section 3, (fnum,brace). The Modal Assurance Criterion (MAC), which
is a measure of the level of correspondence between the experimental and numerical mode shape, is also
provided. MAC values vary from 0 to 1, where MAC=1 implies perfect correlation between the compared
mode vectors.

fexp (Hz) MPC (-) fnum (Hz) fnum,brace (Hz) MACexp,num (-) MACexp,brace (-)
1 9.25 0.99 9.13 9.13 0.95 0.96
2 10.63 0.97 9.86 10.17 0.93 0.93
3 12.75 0.99 11.83 12.81 0.95 0.96
4 17.92 0.99 16.71 18.89 0.96 0.95
5 24.57 0.99 24.62 28.12 0.98 0.96

Table 2: Experimental and numerical natural frequencies, AutoMAC and MPC values.

As can be seen the correspondence between the experimental measurements and the numerical predictions is
reasonably accurate with both numerical approaches in terms of frequencies and mode shapes. The presence
of the transverse bracing beams in the numerical model is especially affecting the frequencies of the modes
with significant transverse deformation (all the modes different from the first one), leading to an increment
of them. As a result, the numerical model that neglects the transverse bracings predicts the deck natural
frequencies with errors lower than 8% for the first five modes. However, in the model with transverse beams
the errors are lower than 6% for the first four ones, since the prediction of the second and third frequencies
corresponding to the first torsion and first transverse bending mode are significantly improved. Conversely,
the prediction of the fifth natural frequency worsens with respect to the model without transverse bracings.

The experimental and numerical mode shapes for the first five modes are plotted in Figure 6. In this case
the influence of the transverse bracing beams is almost negligible, as can be derived from the observation of
the MAC values, due to the discrete position of these elements that are only present along the deck edges at
the supports. Both numerical approaches provide MAC values higher than 0.95 for all the modes different
from the first torsion one, in which the MAC value attains 0.93 and is not improved by the presence of the
transverse bracing system in the FE model.
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Figure 6: Experimental (black solid line) vs. numerical with transverse bracing beams (red dotted line) and
numerical without transverse bracing beams (blue dotted line) first five identified mode shapes. Undeformed
shape (dashed grey line).

4.1.2 Bridge response under High-Speed traffic

During the experimental campaign several trains crossed Bracea I bridge with circulating velocities in the
range [100 280] km/h. In what follows the experimental and numerical vertical acceleration response of
the deck due to the circulation of two of these trains, RENFE Class 103 (ICE 3 or S103) and 130 (Talgo
250 or S130), is shown and discussed. S103 and S130 have been chosen in this work due to their speeds
of circulation along the structure. The circulating velocity of S103 is 279 km/h, which is very close to the
theoretical third resonance speed of the fundamental mode (275 km/h); and S130 circulates at 247 km/h,
which is also close to a second resonance speed of one of the modes more affected by the transverse bracing
beams, the second mode (251.4 km/h).

RENFE Class 103 is a train with distributed traction, with powered bogies located in alternate carriages,
being the coach distribution a-6xb-a (eight cars, with an integrated driver and passenger car at each end).
Renfe Class 130 has two power cars, with a coach distribution L-a-9xb-a-L. Figure 7 shows the axle schemes
and coach distribution of both trains.

Figures 8 and 9 show, respectively the vertical acceleration response under the passage of S103 and S130
trains at different points of the deck, corresponding to point 5 (mid-span girder number 1), 6 (mid span girder
number 3) and 10 (second abutment girder number 3). The response is plotted in the time domain (first row
of the figures) and frequency domain (last row of the figures). In all the plots the experimental response is
represented in solid black trace, the predictions without transverse bracing beams in blue, and the numerical
response including the transverse bracing beams in red colour. The measurements and predictions at point 5
are shown in the first column of the figures, the results at point 6 in the second column and the response at
point 10 in the third one.

As expected the dynamic response of the structure is caused by different mode contributions apart from the
longitudinal bending one, due to the length to width aspect ratio of the bridge and the skewness, that make

DYNAMICS OF CIVIL STRUCTURES 1589



Train

d [m] P [kN] d [m] P [kN] d [m] P [kN]

Axle 1 3.51 147.2 Axle 21 4.9 145 Axle 1 4.4 180

Axle 2 2.5 147.2 Axle 22 2.5 145 Axle 2 2.8 180

Axle 3 14.875 141.4 Axle 23 14.875 154.7 Axle 3 7.85 180

Axle 4 2.5 141.4 Axle 24 2.5 154.7 Axle 4 2.8 180

Axle 5 4.9 149.3 Axle 25 4.9 154.3 Axle 5 6.67 156

Axle 6 2.5 149.3 Axle 26 2.5 154.3 Axle 6 8.97 161

Axle 7 14.875 148.5 Axle 27 14.875 154.6 Axle 7 13.14 170

Axle 8 2.5 148.5 Axle 28 2.5 154.6 Axle 8 13.14 167

Axle 9 4.9 149.4 Axle 29 4.9 148.4 Axle 9 13.14 159

Axle 10 2.5 149.4 Axle 30 2.5 148.4 Axle 10 13.14 166

Axle 11 14.875 142.5 Axle 31 14.875 153.1 Axle 11 13.14 166

Axle 12 2.5 142.5 Axle 32 2.5 153.1 Axle 12 13.14 170

Axle 13 4.9 133.5 Axle 13 13.14 166

Axle 14 2.5 133.5 Axle 14 13.14 170

Axle 15 14.875 130.9 Axle 15 13.14 166

Axle 16 2.5 130.9 Axle 16 8.97 163

Axle 17 4.9 128.8 Axle 17 6.67 180

Axle 18 2.5 128.8 Axle 18 2.8 180

Axle 19 14.875 135 Axle 19 7.85 180

Axle 20 2.5 135 Axle 20 2.8 180

Renfe S103 Renfe S130

Renfe Class 130

Renfe Class 103

a bL

ba

Figure 7: Train coach distribution and axle distances

this structure to behave different from that of a beam structure. However, in Figure 8 a predominant mode
contribution of the fundamental frequency is clear from the observation of the frequency domain plots, with a
very poor contribution of other modes. This is caused by the resonance of the fundamental mode induced by
S103 at 279 km/h, which is perceptible in the time-history plot as a progressive increase of the acceleration
amplitude. In this particular case, the bridge behaves as a beam-like structure. The circulation of S130 also
induces a resonance of the torsion mode, which is also perceptible in Figure 9, but its effects in terms of
acceleration amplitudes are less noticeable when compared to the resonance of the fundamental mode. This
can be explained due to the presence of a theoretical cancellation speed in the vicinity of the circulation
speed of S130 [16].

The numerical predictions are reasonably accurate with both approaches, especially for the sensors located
at mid-span (points 5 and 6) and in the frequency range 1-13 Hz, which is the frequency interval of the first
three modes of the structure. The frequency peak associated to the excitation and corresponding to the bogie
passing frequency (4.5 Hz for S103 in Figure 8 and 5.2 Hz for S130 in Figure 9) is present in all the plots and
well predicted by the numerical models. Also the peak corresponding to the contribution of the first mode
of the structure, which is more noticeable in Figure 8, is well predicted by both numerical models, as could
be expected due to the good correspondence in terms of frequency and MAC value with the experimental
measurements. Both models predict the amplitude of this peak with the same level of accuracy, leading to a
certain overestimation with respect to the experimental measurements at points 5 and 6, that is more visible in
the resonant recordings of Figure 8. The contribution of the torsion mode is also visible both experimentally
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and numerically, with the peak amplitude being higher in point 5 of Figure 9. In this recording it can be
observed that the numerical model with transverse bracing beams reproduces the frequency and amplitude
associated to the torsion mode more accurately than the model without them, which is consistent with the
better correspondence in terms of torsion frequency with the experimental measurements.
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Figure 8: Time history and frequency content of the acceleration at point 5 (left), point 6 (centre) and point
10 (right) induced by S103 Renfe class train: experimental (black line), numerical without transverse bracing
beams (blue line) and numerical with transverse bracing beams (red line).
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Figure 9: Time history and frequency content of the acceleration at point 5 (left), point 6 (center) and point
10 (right) induced by S130 Renfe class train: experimental (black line), numerical without transvere bracing
beams (blue line) and numerical with transverse bracing beams (red line).

The difference between the accuracy of the predictions of the two numerical approaches is minor in the
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frequency range 1-13 Hz. The model with bracing beams improves the prediction of the torsion mode
contribution and by contrast, however, the predictions at higher frequencies do not appear better than the
ones of the model without bracing beams: it is noticeable at point 5 the appearance of a peak at a frequency
around 18 Hz predicted by the model with bracing beams that is not present in the experimental response;
and conversely, the peak that appears at point 6 at a frequency around 25 Hz with the model without bracing
beams is not predicted by the other model nor present in the experimental response.

In general, at the points far from the abutments (points 5 and 6) both numerical models tend to overestimate
the dynamic response, as can be derived from the observation of the time-history curves. At the points
close to the abutments (point 10) the acceleration response is, in general, underestimated by the numerical
models with the exception of the results at point 10 shown in Figure 8, where the acceleration predicted
by the model with transverse bracings in the time domain shows a similar amplitude with respect to the
experimental response. It can be concluded that the introduction of the transverse bracing beams in the
numerical model does not appear to significantly improve the prediction of the vertical acceleration levels in
Bracea I bridge.

4.2 Dynamic behaviour of the representative ensemble of girder bridges

In this subsection the dynamic response of the set of girder bridges of Section 2.2 is analysed in a view
to evaluate whether the effect of the transverse bracing beams is influenced by other aspects such as the
deck stiffness, skewness, number of longitudinal girder beams, the span length or the flexibility of the lam-
inated rubber bearings. With this purpose their natural frequencies and mode shapes are calculated with
the numerical model of Figure 5 using also the two approaches already employed with Bracea I: neglecting
the transverse bracing beams and including them in the FE model as seen in Figure 5. Additionally, the
frequencies and modes have been calculated for two skew angles, 0 and 45◦.

Since in this case experimental results are not available to compare with the numerical predictions, the
comparison is only made between the results obtained with the two approaches used in the numerical model.
The attention is focused on the first three frequencies and mode shapes, since the frequencies of the second
and third mode are significantly influenced by the transverse bracing beams.

4.2.1 Natural frequencies and mode shapes

First of all, in Figure 10 the fundamental frequency f1 of all the bridges of study, which corresponds to the
first longitudinal bending mode, is presented as a function of the span length. As can be seen, all the values
are enclosed by the two solid black lines that represent the frequency band of EC, which entails that at speeds
lower than 200 km/h significant vibrations are not expected.

Figures 11 and 12 show the differences in terms of frequency in the prediction of the first three modes of the
bridges, corresponding to the first longitudinal bending, first torsion and first transverse bending mode. This
difference is defined as (Equation (1))

Diff fi(%) =
f inum,brace − f inum

f inum
· 100, (1)

where i is the mode number. In both figures the markers in grey correspond to bridges with a stiffness ratio
L/δ in the range 2000-3000, which is an usual ratio for girder bridges belonging to conventional railway
lines. The results in black correspond to stiffness ratios between 3000-4000, which is more common in high-
speed lines. Bracea I bridge belongs to this category, with L/δ= 3847. Furthermore, the square marker has
been assigned to bridges with Ng= 6 longitudinal girders, whereas the diamonds correspond to bridges with
Ng= 5. For a better visualisation, note that the scale of the vertical axes changes for each mode.
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Figure 10: First natural frequency of the bridges of study versus their span length

Figure 11 shows the results obtained when considering rigid supports (i.e. the flexibility of the laminated
rubber bearing is not included in the numerical model) in the girder bridges. The plots on the top of the figure
correspond to non-skewed decks, while the plots of the bottom to decks with 45◦ skew angle. In Figure 12
the results considering the vertical stiffness of the laminated rubber bearings are shown; a new marker in red
appears that corresponds to the results of Bracea I bridge.

As can be seen from the plots, the presence of transverse bracing beams leads, in general, to an increment of
the natural frequencies of the deck. This increment of the frequencies is more noticeable for the modes with
significant transverse bending, such as the first torsion mode and the first transverse bending mode, where
the differences may attain values up to 15% for the frequency of the third mode. For the fundamental mode
the effect of the transverse bracing beams is less noticeable, with maximum differences lower than 2% and
also some negative differences have been measured specially for the bridges with elastic supports shown in
Figure 12.

Additionally, the results show that effect of the transverse bracing beams on the prediction of the natural
frequencies of the first two modes (longitudinal bending and first torsion) appears to be more significant for
the skewed decks and the shortest spans (L= 10 m). The highest differences in these bridges have been found
for the stiffness ratio L/δ in the range 2000-3000 and with the lower number of longitudinal beams, with
values that attain 1.2% and 5.8% for the frequencies of the first and second mode, respectively. However, as
regards the third mode, this tendency is only observed for the bridges with rigid supports (Figure 11), where
the maximum difference attains 10.8% for the shortest span.

Finally, the influence of the vertical stiffness of the laminated rubber bearings kv,dyn on the differences in the
frequency prediction caused by the transverse bracing beams does not seem an issue. As regards the mode
shapes, no results have been shown since the variation of the mode vectors caused by the introduction of the
transverse bracing beams in the numerical model is almost negligible, as was also seen in the MAC values
of Bracea I bridge shown in Table 2.

5 Conclusions

This work evaluates the influence of the transverse bracing beams, usually present at the supports position
in many girder bridges, on the dynamic response of railway girder bridges of short-to-medium span lengths.
With this purpose a numerical FE model that adopts common assumptions in engineering practice, where
the transverse bracing beams can be introduced, is implemented to predict the dynamic behaviour of several
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Figure 11: Differences in the prediction of the first three natural frequencies caused by the effect of the
transverse bracing beams for the bridges with rigid supports (kv,dyn=rigid): results for deck skewness = 0◦

(top), deck skewness = 45◦ (bottom).
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bridges of study. The numerical results are compared with the measurements from an experimental campaign
performed on a real short simply-supported girder bridge (Arroyo Bracea I bridge) in terms of frequencies,
mode shapes and deck vertical acceleration response. Furthermore, in a view to obtain more general conclu-
sions and to evaluate the potential influence of other aspects such as the deck stiffness, skewness, number of
longitudinal girder beams, the span length or the flexibility of the laminated rubber bearings on the effect of
the transverse bracing beams, the natural frequencies and mode shapes of a representative ensemble of girder
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bridges have also been calculated and compared. The following main conclusions are derived:

• The transverse beams bracing the longitudinal girder along the deck edges at the supports position
lead to an increment of the natural frequencies of the structure, which is more noticeable for the mode
shapes with significant transverse deformation, such as the first torsion mode and the first transverse
bending mode.

• Due to the discrete position of the transverse bracing beams in the bridge deck, their effect on the
predominant mode shapes of the structure in terms of MAC values is almost negligible.

• Among the different girder bridges that have been analysed, the effect of the transverse bracing beams
on the natural frequencies of the first two modes is, in general, more significant for the skewed decks
with the shortest spans (L= 10 m), with a stiffness ratio L/δ in the range 2000-3000 and with the lowest
number of longitudinal beams. However, this tendency is not clear for the frequency of the third mode
since it has only been observed when the flexibility of the laminated rubber bearings is neglected in
the numerical model.

• The comparison of the numerical predictions with the results from an experimental campaign per-
formed on a short SS girder bridge (Arroyo Bracea I) has shown that the introduction of the transverse
bracing beams in the numerical FE models allows a better calibration of the first torsion and first trans-
verse bending mode of the structure in terms of frequency. However, the level of correspondence with
their corresponding experimental mode shapes in terms of the MAC values is almost unaffected. In
terms of deck vertical acceleration response, the introduction of the transverse bracing beams in the
numerical model does not appear to significantly improve the prediction of the maximum dynamic
response when compared to the experimental measurements.
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[14] M. Ülker-Kaustell, R. Karoumi, C. Pacoste, Simplified analysis of the dynamic soilstructure interaction
of a portal frame railway bridge, Engineering Structures, Vol. 32, 11 Elsevier (2010), pp. 3692-3698.

[15] P. Mellat, A. Andersson, L. Pettersson, R. Karoumi, Dynamic behaviour of a short span soil-steel
composite bridge for high-speed railways Field measurements and FE-analysis, Engineering Structures,
Vol. 69, Elsevier (2014), pp. 49-61.

[16] P. Galvı́n, A. Romero, E. Moliner, M.D. Martı́nez-Rodrigo, Two {FE} models to analyse the dynamic
response of short span simply-supported oblique high-speed railway bridges: Comparison and experi-
mental validation, Engineering Structures, Vol. 167, Elsevier (2018), pp. 48-64.

[17] CEN, EN 1991-2, Eurocode 1: Actions on Structures - Part 2: Traffic loads on bridges, European
Committee for Standardization, Brussels (2002).

[18] E. Reynders, System Identification Methods for (Operational) Modal Analysis: Review and Compari-
son, Archives of Computational Methods in Engineering, Vol. 19,1, Springer (2012), pp. 51-124.

1596 PROCEEDINGS OF ISMA2018 AND USD2018


