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ABSTRACT: Train induced vibrations are a major environmental concern both in
Europe and China. Besides the effect of vibrations due to passenger or freight trains
and at relatively low speed, the study of the vibrational impact of high speed trains is
an important issue. In Belgium, for example, new high speed train lines connect
Brussels with Paris and London, while extensions to Amsterdam and Cologne are
presently under construction. In China, this problem will become equally important
in the near future, as a high speed train connection is planned between Beijing and
Shanghai.
The partners in this research project are involved in the development of numerical
models to predict traffic induced vibrations. These models should be validated by in
situ vibration measurements. Two measurement campaigns were undertaken on a
high speed train bridge in Antoing to get more insight in the train-bridge interaction
effects.

1 INTRODUCTION

The construction under consideration is a railway bridge for the high speed train
between Paris and Brussels (Figure 1). The bridge is situated near the Belgian
village Antoing, close to the Belgian-French border. The total bridge consists of
successively five prestressed concrete bridges of each 50m span, a mixed steel-
concrete bowstring bridge, which is built over a river, and a last 50m span concrete
bridge. The bridge tests and simulations are performed in the framework a bilateral
research program (BIL98/09) between the Belgian universities K.U. Leuven and
V.U.Brussel, and the Northern Jiaotong University, Beijing, China. Aim of the
program is to study the train-structure interaction and the vibrations induced in the
environment.

2 MEASUREMENT CAMPAIGNS

During a first campaign in June 2000, accelerations, strains and mid deflection were
measured on the bridge.
The bridge span was divided in 12 equidistant zones. A total of 29 vertical, 4
transversal and 2 longitudinal accelerations, 18 strains and 1 vertical deflection were
measured.



At the bottom side of the girder, at the mid-section, two rosettes of resistance strain
gauges were glued, at the center and at the axis of one of the railway tracks, in order
to investigate the strains due train passages. At the same location of one of the strain
rosettes, the vertical deflection was measured with a LVDT. This location coincided
with the position of one of the accelerometers.

Figure 1 Elevation cross section and view of Antoing Bridge

In order to measure the train induced interaction forces, strain gauges were glued to
both vertical sides of two rails of one track, again in rosette configuration.
The sensor locations are indicated in Figure 2. Each sensor location has a unique
number, A denotes acceleration measurement, S strain gauge measurement and D
deflection measurement. A measurement direction is indicated by x, y or z (x
longitudinal, y transverse, z vertical). Three reference accelerometers were used
(A3z, A4z, A4y).

Figure 2 Sensor locations campaign 1



For each set-up, three train passages were measured at sampling frequency 5000 Hz,
240k samples (49sec). Reference A3z was used as trigger, with pretrigger of 6sec.
Measurement acquisition hardware equipment (portable PC, KEMO anti aliasing
filter, amplifier, DAT recorder, FFT analyzer) is installed at the transverse
maintenance tunnel between the 1st and 2nd span.
The LVDT at the girder was installed on a stiff cable stayed pylon construction.
The second campaign in December 2000 focused on strain gauge and LVDT
sensors. The sensor locations are indicated on Figure 3. On two stiff, cable stayed
pylons, displacements of the girder at the same location as A4z and A11z were
measured (D40xyz and D41z).

Figure 3 Sensor locations campaign 2

To study the rigid body movement and relative movement of the girder with respect
to the piers the relative displacement at the neoprene bearing was measured (D15xyz
and D16z) as well as the absolute acceleration at the pier top (A15xyz). Besides
reference accelerations also one soil acceleration just besides a pier was included in
the measurements. Six strains on both sides of one rail track and a longitudinal strain
at S4x are measured.

From the response measurements some general conclusions can be drawn:
•  The maximum vertical (z-) acceleration of the bridge is about 0.6 m/s2. This

result is somewhat dependent on the sampling frequency of the acquisition and
the applied filtering afterwards. This remarks applies to all acceleration
measurements.

•  The horizontal accelerations in the transversal (y-) direction are very small. In
the longitudinal (x-) direction the maximum acceleration is about 0.2 m/ s2.

•  Besides the pier foots, about 8 m from the bridge axis, a maximum acceleration
of 0.1 m/ s2 was measured.

•  Over the neoprene bearings, maximum relative displacements of 0.03 mm (z),
0.30 mm (y) and 0.10 (x) were measured.



•  In the mid section, the maximum displacements ranges from 1.8 mm (side of
train passage) to 0.8 mm (other side).

•  Measured strains at the bottom side of the bridge are less then 10 µstrain.
These observations are made for a double Thalys train. They remain more or less
valid for a single Thalys train.

3 VALIDATION PROCEDURE

The vibration measurements are used to update a Finite Element model of the bridge
and afterwards to validate train-bridge interaction models.

Table 1  Steps of validation procedure



4 TRAIN AND TRACK PROPERTIES

4.1 Train properties
Figure 4 shows the symmetric half of the Thalys train: the locomotive is followed by
a transition carriage and 3 normal carriages.  A train consists of 13 bogies in total.
The position of the 26 axles, their loads (expressed in mass units) and the masses are
resumed in Table 2. Up to now no information is available from the manufacturer
about suspension characteristics.

Figure 4 Thalys train composition

Table 2  Axle loads and non-suspended masses

Distance (mm) Mass (kg) Non-susp.mass (kg)
0 17,000 1,732

3,000 17,000 1,732
14,000 17,000 1,732
17,000 17,000 1,732
20,267 14,500 1,826
23,267 14,500 1,826
38,967 14,500 1,826
41,967 17,000 1,830
57,667 17,000 1,830
60,667 17,000 1,830
76,367 17,000 1,830
79,367 17,000 1,830
95,067 17,000 1,830
98,067 17,000 1,830

113,767 17,000 1,830
116,767 17,000 1,830
132,475 17,000 1,830
135,475 17,000 1,830
151,175 17,000 1,830
154,175 14,500 1,826
169,875 14,500 1,826
172,875 14,500 1,826
176,142 17,000 1,732
179,142 17,000 1,732
190,142 17,000 1,732
193,142 17,000 1,732



4.2 Track properties
There are no direct data about the stiffness and damping features of the ballast. The
rail pads have a static stiffness of 120 kN/mm in the load interval between 15 and 90
kN. Their dynamic stiffness is about 250 kN/mm for frequencies lower than 5 Hz.
The rails are UIC60 profiles: A = 0.785 x 10-2m2,  I = 0.310 x 10-4m4. As sleepers,
concrete bi-blocks are used.
The rail geometry and irregularities are measured, about every 5 months. Based on
the interpretation of such a report, it could be concluded that, in the range of
wavelengths from 1 to 31.5 cm, the rail quality can be classified as very good,
following the criteria given by Braun and Hellenbroich [3].
To control the overall comfort quality of the high speed track, a measurement
carriage, equiped with accelerometers on the vehicle body and on the bogies, is
coupled to a normal Thalys train, called ‘Melusine’, running at a constant speed of
300 km/h.

5. TRAIN-BRIDGE INTERACTION MODELS

A first model developed by Xia He is described in [2]. The bridge structure is
modelled by its lowest modes. Each carriage of the train is modelled as a
threedimensional rigid body with 5 DOFs connected to, supported by the wheels by
springs and dampers. Each wheel has 3 DOFs. In this way a 6-axle locomotive has
in total 23 DOFs.
The movement of the wheel-sets can be expressed by a linear composition of the
generalized bridge modal coordinates. The dimension of the resulting system of
coupled differential equations is equal to the number of bridge modes plus 5 times
the number of vehicles. Although the model assumes a ‘beam type’ bridge girder
and does not include ballast, sleepers, rail pads and rails, it can easily be extended by
adopting from a FE model the mode shapes evaluated at the rail positions. A second
extension, which is needed for the Thalys train (Figure 4), would be the adaptation
for the specific bogie system. In literature one can found analogous models ([4], [5],
[6]).

Another alternative is the use of standard FE programs, e.g. ANSYS [7]. ANSYS
can model moving vehicles by using special contact elements. Other specific
features like ballast, rail pads, flexible vehicle bodies, suspension systems … can be
modelled as well. Because time integration is used for the solution of the system of
coupled differential equations, non-linear properties might be considered.
However the complete solution is very time consuming, certainly when a complete
train passage has to be simulated.
The lack of data about the track system and the vehicle response is the main reason
to focus on the comparison between measurements and simulations of the bridge
response: in this case, a more simple model can be adapted. First of all a FE model,
which incorporates the railway track as a supplementary mass, is tuned to the results
obtained from applying system identification (program MACEC) to the
accelerations, measured during passages of Thalys trains (Table 1). By the tuning
procedure the neoprene stiffness and the Young modulus of concrete are modified to
minimize the difference between eigenfrequencies. Table 3 compares the modal
results from the system identification [1] with those from the tuned FE model. The



first three modes are rigid body modes of the bridge on its neoprene supports.
Symmetry (or antisymmetry) refers to the longitudinal (x-) direction. This FE model
is used to calculate the bridge response for a moving unit load on one of the two
tracks.
Either direct time integration or modal superposition are used. The latter is by far
more efficient: the response is dominated by the modes B1, T1 and S1.

Table 3  Comparison of eigenfrequencies

EXPERIMENT ANSYS MODE TYPE
Mode f (Hz) [ (%) f (Hz) B = bending

T = torsion
S = section deformation

1
2
3
4
5
6
7
8
9

1.16
-
-

3.19
3.87
6.84
8.77

10.56
12.46

5.0
-
-

0.6
3.0
2.7
2.2
1.8
1.5

1.00
1.00
1.98
3.19
3.95
6.70
9.20

10.39
12.33

Transversal (y)
Longitudinal (x)
Rotation (z)
B1  (symmetric)
T1  (symmetric)
S1  (symmetric)
B2  (antisymmetric)
T2  (antisymmetric)
S2  (antisymmetric)

Figure 5 shows for a unit load running at 300 km/h the displacements in the mid
section as a function of time in seconds.

Figure 5 Displacements in mid section for moving unit load.



The nodal positions are marked in Figure 6.

Figure 6 Nodal positions

Afterwards this result is used to calculate the total response for a convoy of loads,
corresponding to the Thalys composition (Table 2). The passenger load is not taken
into account, because unknown.

6 COMPARISON BETWEEN MEASUREMENTS AND SIMULATION
RESULTS

6.1 Bridge displacements at mid span
The time behaviour of the displacements in the mid section, at either side of the
bridge, are compared with the measurements.
Figure 7 shows the measured vertical displacement, coded D41z, and the calculated
displacement at the same location, mode 3029 (Figure 6).
The (single) Thalys train is passing along the railway track at the opposite side of
the bridge. The only parameter tuned in the simulation program is the train speed,
which is approximately 300 km/h: the best correspondence has been achieved for a
velocity of 297 km/h.

Figure 7 Displacement at mid section, single Thalys, opposite side
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The maximum displacement is about 0.7 mm. In Figure 8 the displacement D41z is
compared with the simulated result for a double Thalys train running at the same
track.  The maximum displacement is only slightly higher as in case of a single
Thalys train: about 0.85 mm.

Figure 8 Displacement at mid section, double Thalys, opposite side

For a double Thalys train, the maximum displacement at the side of train passage is
about 1.75 mm: Figure 9 compares the measured displacement D40z with the
calculated value at the corresponding node 3063.

Figure 9 Displacement at mid sections, double Thalys, side of passage

In all cases the correspondence between measurements and simulations is very good.
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6.2 Bridge strains
The calculated longitudinal strain for node 361 in the mid section, at the bottom
side, is shown in Figure 10, for a double Thalys train.

Figure 10 Longitudinal strain at the bottom of the mid section

The maximum strain is about 10 x 10-6, which corresponds to a very low stress of
0.4 N/mm2. The strains measured during the first measurement campaign are quite
comparable to these calculated values [1].

6.3 Relative displacements at the supports
The relative displacements are due to the deformations of the neoprene bearings.
Figure 11 presents the calculated vertical displacement for a double Thalys train.

Figure 11 Relative displacement at neoprene support

The maximum displacement is about 0.2 mm.
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7 CONCLUSIONS

There is a very good correspondence between measured and calculated bridge
response. This also means that calculated reaction forces at the supports are reliable
and can be used, e.g. to study the vibrations induced in the built environment.
It is clear that the Antoing bridge is very stiff: for a double Thalys passage the
maximum dynamic displacement is less then 2 mm for a span of about 50 m! The
strains and stresses attain only very low values. This high stiffness explains why a
FE model which considers only a moving convoy of constant loads gives already
excellent results.
Because of the very small bridge displacements (and bridge accelerations: below
1 m/s2) the inertia effect of the non-suspended wheel mass can apparently be
neglected. The same remark applies to possible interaction effects of the suspended
car bodies. The railsurface is also very smooth, another reason why wheel mass
effects don’t play an important role.
So, as far as bridge response is concerned, there is no need for a complete train-
vehicle interaction model. Study of passenger comfort and vehicle response asks for
an interaction model: the most versatile one is based on a modal representation of
the bridge including the track.  A FE model can offer the mode shapes at the
railsurface. For validation, a lot of data should be available or measured (Table 1).
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