EURODYN 2020

Xl International Conference on Structural Dynamics

PROCEEDINGS

Volume |
M. Papadrakakis, M. Fragiadakis, C. Papadimitriou (Eds.)
=

EASD
European Association
for Structural Dynamics






EURODYN 2020

Proceedings of the Xl International Conference on Structural Dynamics
Streamed from Athens, Greece
23-26 November 2020

Edited by:

M. Papadrakakis
National Technical University of Athens, Greece

M. Fragiadakis
National Technical University of Athens, Greece

C. Papadimitriou
University of Thessaly, Greece

A publication of:

Institute of Structural Analysis and Antiseismic Research
School of Civil Engineering

National Technical University of Athens (NTUA)

Greece



EURODYN 2020
Xl International Conference on Structural Dynamics
M. Papadrakakis, M. Fragiadakis, C. Papadimitriou (Eds.)

First Edition, September 2020

© The authors

ISBN (set): 978-618-85072-2-7
ISBN (vol I): 978-618-85072-0-3



EURODYN 2020

XI International Conference on Structural Dynamics

M. Papadrakakis, M. Fragiadakis, C. Papadimitriou (eds.)
Athens, Greece, 23-26 November 2020

RAIL-BRIDGE INTERACTION EFFECTS IN SINGLE-TRACK MULTI-
SPAN BRIDGES. EXPERIMENTAL RESULTS VERSUS NUMERICAL
PREDICTIONS UNDER OPERATING CONDITIONS

M.D. Martinez-Rodrigo!, P. Galvin?, E. Moliner' and A. Romero®

!'Universitat Jaume I, Mechanical Engineering and Construction Department
Avda. Sos Baynat s/n, 12071 Castellon, Spain
e-mail: {mrodrigo, molinere}@uji.es

? Universidad de Sevilla, Escuela Técnica Superior de Ingenieria
Camino de los Descubrimientos s/n, 41092 Sevilla, Spain
{pedrogalvin, aro} @us.es

Keywords: Railway bridges, rail-bridge interaction, experimental measurements

Abstract. This paper is devoted to the analysis of rail-bridge interaction effects in railway
bridges under the circulation of moving trains. In a first approach, a bidimensional Finite El-
ement model is implemented. The rail and the bridge are represented as Bernouilli-Euler beams,
and a three-layer discrete track model accounting for the damping and flexibility of rail pads,
ballast and subgrade is considered. In the model, several elastically supported spans are in-
cluded, coupled by the presence of the track. First a sensitivity analysis is performed on the
track parameters. A numerical receptance test is simulated on the rails showing that the track
damping parameters influence the response only in the vicinity of the track natural frequencies,
which are much higher than the bridge’s. Then, the maximum acceleration of the bridge is
evaluated under equidistant trains and consistent conclusions are extracted regarding the track
parameters. Last, the number of spans included in the model is evaluated showing that limiting
the model to one span does not necessarily lead to the highest response in terms of the bridge
acceleration. Finally, the response of an existing two-span single-track bridge belonging to a
conventional Spanish line is evaluated under the circulation of the Altaria Talgo train. Numer-
ical predictions are compared to experimental results obtained in a recent campaign. The pre-
diction of the vertical acceleration at the sensors located along the longitudinal symmetry axis
is adequate. From the experimental results the coupling effect between the adjacent decks in
each span is evident suggesting the need of analyzing this phenomenon with more sophisticated
models.
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1 INTRODUCTION

Railway induced vibrations are a matter of concern for engineers and authorities in recent
societies. In many countries, nowadays High-Speed services allow intense mobility between
distant highly populated urban areas. The crescent density of traffic and the train operational
speeds require, nonetheless, an outstanding response of railway infrastructures in order to en-
sure traffic safety, passenger comfort and adequate environmental conditions in the surrounding
areas.

Comprising an important proportion of the railway infrastructure, railway bridges have re-
ceived considerable attention in the last years and, to ensure traffic safety and passenger comfort,
their design must accomplish strict requirements [1]. In particular, short-to-medium span
simply-supported (SS) bridges with ballasted tracks are prone to experience high deck vertical
accelerations which may lead to ballast deconsolidation, rail misalignment and other related
problems [2]-[11]. In this context, a deep understanding of train-track-bridge interaction mech-
anisms is essential in order to be able to predict and assess the dynamic response of such struc-
tures. A state-of-the-art review on the evolution of numerical models and experimental tests
focusing on validation, safety assessment and long-term performance investigation of train-
track-bridge systems was recently presented by Zhai et al. [5].

Railway axle loads and bridges interact through the track infrastructure. The track distributes
the axle loads and may exert a restraining effect on the bridges’ boundary conditions [6] and a
coupling effect among consecutive spans of the same viaduct [7], or between adjacent single-
track decks [8]. Nevertheless, in many publications these effects are disregarded and the influ-
ence of the super-structure composed by the rails, sleepers and ballast, in ballasted tracks, is
still not well known.

In this contribution, the dynamic behavior of multi-span single-track bridges is investigated
with the aim of evaluating the effect of the continuity of the track on the bridge vertical response.
In section 2 an existing bridge object of study is described, along with the numerical model. In
section 3, the results of a preliminary sensitivity analysis on a few track parameters is presented.
In section 4, the results of an experimental campaign recently performed on the bridge are com-
pared with numerical predictions. Finally, some conclusions are extracted regarding the effect
of the track super-structure on the bridge acceleration response.

2 BRIDGE DESCRIPTION AND NUMERICAL MODEL

2.1 Bridge description

The bridge under study is a bridge crossing the Old Guadiana River in the conventional
railway line Madrid-Alcazar de San Juan-Jaén in the Alcazar de San Juan-Manzanares section
(see Fig. 1). It is a double track concrete bridge composed by two identical SS bays. In each
span, the horizontal structure is formed by two structurally independent decks, one for each
track. Each deck is composed by a concrete slab resting on five pre-stressed concrete rectangu-
lar girders with no transverse stiffening elements (see Fig. 2). The longitudinal girders rest on
the two abutments and on a central support through neoprene bearings. Each deck accommo-
dates a ballasted track with Iberian gauge UIC60 rails and mono-block concrete sleepers with
a spacing of 0.60 m.

2.2 Numerical model

In a first approach, the numerical model described in what follows is used. Only one single-
track deck is represented in both bays as two successive Bernoulli-Euler (B-E) beams resting
on elastic supports, accounting for the neoprene bearings elastic vertical stiffness. The two rails
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are treated as an equivalent single B-E beam as well. A three layer discrete track model (see
Fig. 3) as the one proposed by Zhai [9] is implemented, where the damping and stiffness of rail
pads, ballast and subgrade are included at the sleepers positions.

Figure 1: Old Guadiana Bridge photographs.
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Figure 3: Numerical track-bridge interaction model.

In order to simulate the axle vertical forces, a constant moving load model is selected, there-
fore neglecting vehicle-structure interaction effects. The model, as described above, is gener-
ated using Finite Elements in Ansys software. Then, the equations of motion of the complete
system are integrated in the time domain applying Newmark-Betta constant acceleration algo-
rithm programmed in Matlab.

1654



M.D. Martinez-Rodrigo, P. Galvin, E. Moliner and A. Romero

2.3 Parameter selection and model updating

In the last years, different authors have proposed discrete track models for the analysis of
railway induced vibrations. Fig. 4 shows the evident dispersity in the values of four parameters
admitted in previous publications: the rail pads and ballast vertical stiffness and damping Kp,
Cp, Kb and Cy. First, a set of nominal or reference values for all the track parameters is selected
on the basis of the literature review. Then, the bridge parameters, assumed identical in both
bays, (Modulus of Elasticity Ebi, moment of inertia Izi and linear mass mbi) are adjusted in order
to reproduce static and dynamic tests performed on the structure right before its opening [23].
In Table 1 the bridge and track reference parameters are included. These will be the ones used
in the experimental validation (section 4). The fundamental frequency of the track-bridge sys-
tem for these parameters equals 10.07 Hz. A damping ratio of 1.565% is assigned to any mode
as per [24] for pre-stressed concrete bridges of the particular span length.
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Figure 4: Rail pad and ballast layer stiffness and damping values admitted by different authors in the past for
comparable ballast layers thicknesses and sleepers distances [6],[9]-[20].

Rail and bridge parameters Track parameters per rail seat
Ar (m?) 76.86E-4 Kp (N/m) 1E8
E: (Pa) 2.1E11 Cp (Ns/m) 7.5E4
lzr (m*) 3055E-8 Msi (kg) 300
pr (m?) 7850 Kb (N/m) 1.933E8
Dsl (m) 0.60 Cb (Ns/m) 5.88E4
Lbi (m), Nsp 11.93, 2 spans Mo (kg) 317.91
(I-E)bi (Nm?) 7.09E9 Kr (N/m) 7.3987E7
mbi (kg/m) 8727 Ct (Ns/m) 3.115E4
Cpi (%) 1.565 Kw (N/m) 7.84E7
Knbi (N/m) stdyn 11.165E8 /22.33E8 Cw (Ns/m) 8E4

Table 1: Bridge-track reference parameters
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As per the subgrade stiffness and damping coefficients inside the bridge, 100 Kr and 0 Ns/m
have been assigned as it is assumed that the ballast layer rests directly on the concrete slab.

A track length of 20 m is included before and after the two-span bridge, equivalent to more
than 30 times the sleeper distance, which is considered adequate attending to previous publica-
tions [21], [22]. A convergence analysis is performed on this length ensuring the adequacy of
this value.

3 SENSITIVITY ANALYSIS

3.1 Track receptance

Fist, the track dynamic response is evaluated numerically. To this end a harmonic test is
performed on approximately 50 m of track (in the absence of bridge). A vertical harmonic load
of 210 kN is applied at the central section of the double rail and the vertical displacement am-
plitude is determined in the same location. The forcing frequency varies between 1 and 2000
Hz in increments of 0.5 Hz. Fig. 5 shows the results for individual variations of Cp, Cp, Ct and
Cw with respect to the reference values included in Table 1.

Two resonance frequencies are clearly detected in the proximities of 170 and 1350 Hz. The
variations in the damping parameters affect the response only close to resonance. As the maxi-
mum frequency of interest in the bridge acceleration response is 60 Hz, the effect of these pa-
rameters on the bridge response should be very small. In the following section this particular
issue is checked.
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Figure 5: Receptance numerical test performed on the track model for independent variations of Cp, Cp, C¢ and
Cuw.

1656



M.D. Martinez-Rodrigo, P. Galvin, E. Moliner and A. Romero

3.2 Bridge maximum acceleration under train of equidistant loads

Second, the effect of the variations on four track parameters: the stiffness and damping co-
efficients of the rail pads, Kp and Cp, and of the ballast, Ko and Cp on the bridge maximum
acceleration response is investigated. To this end, the response of the bridge is obtained under
the circulation of an artificial train of 20 equidistant loads of 210 kN separated 18 m, with the
aim of inducing two clear resonances on the structure. The bridge time-history response in terms
of displacements and accelerations is obtained for 60 velocities of circulation in the range
[40,100] m/s. A Chebyshev order 3 filter is applied to the acceleration response filtering con-
tributions below 1 Hz and above 60 Hz. After filtering, maximum response envelopes are ob-
tained for values of the track parameters:

[0.5,1,2,4]'Kp  [0,0.5,1,2]-Cp [0.5,1,2,4]-Kb  [0,0.5,1,2]-Cb (1)

where the values of Kp, Cp, Kb and Cp are those in Table 1. Fig. 6 shows the evolution of the
maximum acceleration, which always takes place in the center of the second span, in absolute
value in terms of the velocity for individual variations of each track parameter.
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Figure 6: Maximum acceleration vs. velocity for individual variations of Kp, Kp, Cp, and Ch.

In all the plots shown in Fig. 6 three resonant peaks can be detected, corresponding to second,
third and fourth resonances of the fundamental mode of the bridge, which in the reference case
presents a frequency fi = 10.07 Hz. These theoretical resonant speeds can be calculated as:

Vi = M6 = 32627 VI = 2175 0y < 163150 @

The individual variations considered in the track do not affect significantly the reference
fundamental frequency. From the observation of Fig. 6 (c¢)-(d) it may be concluded that the

1657



M.D. Martinez-Rodrigo, P. Galvin, E. Moliner and A. Romero

influence of the variations in the rail pads and ballast damping constants is negligible on the
maximum acceleration response of the bridge for the reference values of the remaining param-
eters, as expected from the results of the receptance study. The parameter that seems to affect
the most the acceleration envelope at the most critical section is the rail pad stiffness Kp, leading
to a decrease in the maximum acceleration at resonance as Kp reduces (for more flexible rail
pads). This effect is more visible for higher resonance orders. The same tendencies, although
in a less pronounced manner, are observed in terms of the variations considered in the ballast
stiffness Kb.

3.3 Influence of the number of spans

Last in the sensitivity analysis, the effect of including a different number of spans in the
numerical model on the maximum bridge response is investigated. Due to the longitudinal cou-
pling exerted by the track on the structurally independent decks, the maximum response could
differ depending on the number of spans. The analysis is performed in two cases: including and
neglecting the decks neoprene bearings. In Fig. 7 the maximum acceleration at mid-span is
represented for the same train of equidistant loads used in the previous subsection. All the
bridge and track parameters adopt the reference values. Fig. 7(a) corresponds to the simply-
supported (SS) case, i.e. no neoprene bearings , while Fig. 7(b) represents the elastically sup-
ported case, i.e. considering the neoprene bearings vertical flexibility. Colors red, black and
grey are selected to represent results computed with one, two and three spans, respectively.
Then, solid, dashed and dotted lines correspond to the response at mid-span of the first, second
and third spans, respectively.

8.0 8.0
@ = ®
6.0 ’ 6.0
G
E 40 40 -
%
e
(oo
20 A ¢ 20 -
0.0 0.0

100 150 200 250 300 350 400 100 150 200 250 300 350 400
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Figure 7: Maximum acceleration vs. velocity for models with one, two and three spans. (a) Simply-supported
and (b) elastically-supported decks.

From the analysis of Fig. 7 one may conclude that: (i) the model leading to the maximum
predicted acceleration and the most critical section depend on the maximum velocity considered;
(11) the difference between the three models is more relevant at resonance; (iii) in the particular
case under study considering just one span does not predict the maximum response at any res-
onant peak. From the previously said, if the rail is included in the model and computational
time is not an issue, including all the spans in the model may be on the safety side when it
comes to predicting the maximum vertical acceleration response.
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4 EXPERIMENTAL VALIDATION

4.1 Description of experimental campaign

In May 2019 the authors performed an experimental campaign on Old Guadiana Bridge with
the purpose of characterizing the structure and soil dynamic properties along with the bridge
dynamic response under railway traffic (see Fig. 8). As per the acquisition equipment, a portable
acquisition system LAN-XI of Briiel & Kjaer was used. The acquisition system fed the sensors
(accelerometers) and an instrumented impact hammer in the case of the soil tests. It also per-
formed the Analog/Digital conversion (A/D). The A/D was carried out at a high sampling fre-
quency that avoided aliasing effects using a low-pass filter with a constant cut-off frequency.
The sampling frequency was fs = 4096 Hz. The acquisition equipment was connected to a laptop
for data storage. Endevco model 86 piezoelectric accelerometers were used with a nominal
sensitivity of 10 V/g and a lower frequency limit of approximately 0.1 Hz. The acquisition
system was configured to avoid the sensors’ overload.

Figure 8: Experimental campaign photographs.

From the dynamic characterization of the soil, which was carried out by the by Spectral
Analysis of Surface Waves test a rather stiff soil was identified with a shear wave velocity
higher than 250 m/s in the upper soil layer. The bridge response depends on soil-structure in-
teraction (SSI) and soil stratigraphy. However, due to the high soil stiffness identified, in a first
approach these effects are disregarded.

As per the bridge structure, eighteen accelerometers were connected to the lower horizontal
surface of the decks longitudinal girders in the locations indicated in Fig. 9.
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Figure 9: Sensors placement in experimental campaign.
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4.2 Numerical predictions vs. experimental measurements

During the campaign the response of the structure was recorded under the circulation of
different trains. Two of these circulations are included in this section. Both correspond to the
medium distance Renfe Altaria Talgo VI train travelling along tracks 2 and 1 (see Fig. 9) in the
directions South-North (Manzanares-Alcazar de San Juan) and North-South, respectively. Fig.
10 and Fig. 11 show photographs of the trains and a scheme of the axles distances. Also, Table
2 includes the train axles arrangement and loads.

First, the speeds were identified from the frequency associated to the bogie distance leading
to approximately 155 km/h in both cases. Then, the response of the bridge was calculated using
the numerical model described in section 2.2 with the properties included in Table 1, with the
exception of structural damping which was assumed as 3.1% for the fundamental frequency,
10.065 Hz, and 1.56% for 90 Hz (Eurocode value). The first value was identified during the
proof load test. The numerical response, integrated in the time domain using the full FE model,
is also filtered between 1 and 30 Hz, applying the same procedure as with the experimental
records. Given the bidimensional nature of the numerical model, only the response at sensors
installed underneath beams 3 and 8 is compared with the numerical predictions.

Figure 10: Renfe Altaria Talgo VI trains crossing Old Guadiana Bridge.

It has been verified that the bridge maximum acceleration did not exceed the limit estab-
lished by the Serviceability Limit State for traffic safety in the case of ballasted tracks [1] ac-
cording to the measurements in all the sensors.

RENFE Altaria Talgo V1
d ) Nxd ) d ,
| | | |

¢ ¢ 4xPy ¢ ¢ ¢P2 Py P Py Py P2¢

| II(ET 7 (Efll leT M

Figure 11: Renfe medium distance Altaria Talgo VI train axle scheme.

Train N d(m) di (m) l1 (m) lo(m) Pi(kN) P2(kN) Ps(kN)
Altaria 7 13.14 -- 3.44 3.3 225 70 140

Table 2: RENFE Altaria Talgo VI features

Fig. 12 shows an experimental vs. numerical comparison of the vertical acceleration at sen-
sors 5 and 6 under the circulation of the northbound train, in the time (a)-(b) and frequency (c)-
(d) domains. The Talgo passenger coaches present a distance between shared axles of 13.14 m.
The theoretical resonant speed associated to this length for the third resonance of the
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fundamental mode is approximately 159 km/h, which is close to the real speed. This can be
detected in the time-history plots where two oscillations of decreasing amplitude take place
between the passage of consecutive axles.
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Figure 12: (a)-(b) Time history and (c)-(d) frequency content of the acceleration response at sensors 5 and 6 in-
duced by Altaria Talgo VI train. Numerical prediction (black trace) vs. experimental measurements (red trace).
Northbound train (track #2).

The accuracy of the numerical model is found reasonable up to 30 Hz, both at L/2 and 3L/4
of the first span, although the numerical model overpredicts the acceleration for contributions
close to the bridge fundamental frequency. This can be associated to vehicle-structure interac-
tion which is not taken into account and can be of importance, specially at resonance; or to
other energy dissipation mechanisms amplitude dependent such as the interaction between the
adjacent decks, etc.

Fig. 13 shows the same type of comparative for the southbound train. In this case the accel-
eration is compared at sensors 13 and 17, located at mid-span of the second and first spans,
respectively. Again, the time-history response is well reproduced, especially after the passage
of the locomotive. In the frequency domain again, a predominant peak is detected showing the
important contribution of the fundamental mode with a certain overprediction of the accelera-
tion in the numerical case.

4.3 Coupling effect between adjoining decks

Finally, the coupling effect between the adjacent decks in each span is evaluated in forced
vibration. Figs. 14(a)-(c) represent for the northbound train travelling along track #2 the exper-
imental response measured at sensor 5 (at mid-span under the loaded track) and, simultaneously,
at sensor 17 (at mid-span under the adjacent unloaded track).
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Figure 14: (a)-(b) Time history and (c)-(d) frequency content of the acceleration response at sensors 5 and 17
induced by the northbound train, and at sensors 13 and 12 induced by the southbound train.
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The transmission of vibrations between the two decks is evident, even though these are only
connected by the continuous ballast layer. At the unloaded sensor the frequency peaks associ-
ated to the excitation (e.g. bogie distance) which are visible in the low frequency range in the
loaded sensor, are almost not perceptible; but the acceleration at the fundamental frequency
reaches 60.6% de value in the loaded sensor. The same effect may be observed under the cir-
culation of the southbound train when one compares the response between sensors 13 (under
loaded track) and 12 (adjacent deck at symmetrical position). In this case the maximum accel-
eration in the unloaded sensor at the fundamental frequency in the frequency domain attains
48.5% the same maximum measured at sensor 13. This vibration transmission can be caused
both by the continuous ballast layer and by the common foundations shared by the decks. In the
opinion of the authors this phenomenon deserves further investigation. Implementing a 3D
model of the bridge-track system would permit to evaluate the vibration transmitted between
the decks close to the shared border in the frequency range of interest.

S CONCLUSIONS

The present article constitutes a preliminary analysis on the longitudinal and transverse cou-
pling effects exerted by the track on simply-supported bridges with independent single-track
decks. From this study, the following can be concluded:

e There is a very high dispersion in the track parameters admitted by different authors for
similar track infrastructures. The rail pad stiffness seems to affect the most the bridge max-
imum acceleration specially at high-order resonances, leading to lower amplitudes for
higher flexibilities of this parameter. The ballast stiffness affects in a similar way, although
to a lower extent. The damping parameters of the track do not seem to affect the bridge
maximum response below 60 Hz. These parameters do affect the track response but at
much higher frequencies.

e Considering one span in multi-span bridges may not lead to the maximum predicted accel-
eration when the track is included in the numerical model. The effect of the number of
spans gains importance at resonance. The model leading to the maximum dynamic re-
sponse as well as the most critical section depend on the maximum velocity of interest.

e The experimental vs. numerical predictions in the case of Old Guadiana bridge are reason-
able in the sensors located along the longitudinal axis of the decks, as there is no contribu-
tion of the torsion mode at those locations. The numerical model tends to overestimate the
real response close to the bridge natural frequency.

e The transmission of vibrations from the loaded deck to the unloaded deck is relevant. This
may be caused by the continuous ballast layer but also by the shared foundations of the
two decks. In the authors’ opinion this effect is not well known and should be investigated
using a 3D model of the complete bridge.
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