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Experimental study of ground vibrations induced by Brussels
IC/IR trains in their neighbourhood
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Abstract — In this paper, railway-induced ground vibrations are analysed experimentally with the aim
of addressing questions raising from the planning of a new RER network, available in the near future
in order to alleviate pollution and the traffic jams. Free field ground vibrations are measured during the
passing of InterCity and InterRegion trains. Various sites along the main line L161 Brussels-Luxembourg
are chosen and investigated, with specific differences about the track and soil configurations. In order to
compare these results with numerical ones, a deep dynamic characterisation of the track, the soil and the
train is first performed. The analysis of horizontal and vertical ground vibrations measured during the
passage of domestic trains (AM96, AM86, AM80, AM75, HLE27/M4 or M5) at various speeds (from 40 to
120 km.hfl) is then presented. The results show that the ground vibration amplitude depends on various
factors: soil configuration, train type and speed, direction of measurement, track quality. In a particular
case, a local defect (rail joint) induces large deformations of the soil.
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have been largely encountered during the implementa-

Problems related to vibrations in buildings are a non-
negligible environmental issue in the network design, es-
pecially for nearby structures in dense cities. The growing
traffic volume, the higher population density and the di-
minishing distance between the vehicle and the structure
amplify the overall vibration nuisance. Although most of
general traffic exposure vibrations (smooth surface) are
uncomfortable for people, the passing of heavy vehicles
on road or track with an uneven surface is often pointed
out as the main vibratory nuisance felt by the dwellers.

Brussels, the capital of Belgium and of the Euro-
pean Union, constitutes a heavily urban territory with
a few more than one million of residents. The railway
network in the Brussels Capital Region (160 km?) con-
sists not only of the urban tramway network but also of
the intercity and international train lines, since it rep-
resents a vital link in the HST network in the north-
west of Europe. Although railway transport appears as
the most promising solution to traffic congestion, the
development of new lines is confronted to the availabil-
ity of convenient areas and the mistrust of the dwellers
likely to be submitted to new nuisances. These difficulties

# Corresponding author:
georges .kouroussis@umons.ac.be

tion of the new RER network. According to Alias [1], the
ground vibrations can be categorized in three frequency
bands: the low-frequencies (until 15Hz) due to the ve-
hicle dynamics and well transmitted in the ground, the
mid-frequencies (from 15Hz to 150 Hz), due to the track
flexibility, and the high-frequencies (over 150 Hz), consti-
tuting essentially the rolling noise due to the wheel/rail
sliding (at these frequencies, the soil strongly absorbs the
vibrations). Several attempts have been made to study
and quantify the effects and models are useful to analyse
the traffic-induced ground vibrations and to reduce their
propagation in the soil.

As for other disciplines of engineering, ground vibra-
tions induced by railway traffic are more and more stud-
ied by simulation. However, as validation can only be
performed by measurements, there is still a need in ex-
perimental results. Such results, available in the litera-
ture, are often dedicated to a particular field, for exam-
ple the high-speed case [2-5]. The particularity of these
data is that they correspond to a very good track quality,
mainly focusing on the (quasi-)static deflection. Dynamic
deflection, caused by the track unevenness and the vehi-
cle/track dynamics, can then be neglected. Most of the
prediction models are therefore derived from this hypoth-
esis (see for example [6-8]).
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Fig. 2. Summary of the dynamic and geometrical soil characteristics at site 1 of Watermael.

Before the expansion of the L161 between Watermael
and Ottignies in the Brussels region, in situ measurements
have been performed. Three sites, located in Watermael
(sites 1 and 2) and Ottignies, have been investigated.
Ground surface vibrations have been recorded during the
passage of Intercity (IC) and InterRegion (IR) domestic
trains. The speed vy of the train varied in a large scale,
from 40 to 120 km.h~'. The first intention of these tests
was to determine experimentally the vibratory level de-
pendence on train types, track and soil configuration. The
second purpose was to obtain a large database in order
to validate a prediction scheme, recently developed [9]
and validated in the case of tramway [10] and high-speed
traffic [11].

The objective of this paper is to present a synthesis of
the collected measurements. The train characteristics are
briefly reviewed, focusing especially on the AM96 unit,
largely used by the Belgian Railway Operator SNCB. In
situ soil and track tests are also described, in order to
obtain dynamic parameters of these subsystems. The ex-
perimental results are finally presented. A particular at-
tention is paid to the impact of the train and the soil
configuration, as well as the direction of measurement.

2 The L161 line between Brussels
and Luxembourg

The L161 is the first section of the line Brussels—
Luxembourg (the other being the L162 line). With its
62km and two tracks, it constitutes the main railway line
in Walloon Region. As part of the development of the new
RER network, the L161 line must be expanded with two
supplementary tracks. Presently, the speed is limited to
130 km.h~!. The following descriptions are related to the
investigated line before its modification.

2.1 Domestic trains circulating on the L161

Various trains circulate on the L161 line, the main
ones being:

— the electric multiple unit AM75 acquired at the be-
ginning of 1970 by the SNCB and used for the Inter-
Region connection (maximal speed: 140 km.h~!; axle
loads: 220 tonnes for a quadruple car);

— the AMS80 unit, more recent, developed by the
BN/ACEC consortium and characterized by a max-
imal speed of 160 km.h~! and a load of 170 tonnes for
a three-car configuration;

— the AMS86 unit, performing good acceleration for local
traffic;

— the AM96 unit, the most recent in the carriage stock
and define the major of long-ride trains.

The last unit is essentially reserved to the InterCity con-
nection, due to its excellent passenger comfort. It uses the
latest bogie technology from the high speed sector in or-
der to obtain a smoother ride. The AM96 is suitable for
speeds up to 160 km.h~!. Figure 1 summarizes the geo-
metrical parameters of this vehicle. Other vehicles have
been investigated during the test, as M4 and M5 coaches,
pulled by a HLE27 locomotive.

2.2 Dynamic soil characteristics

A lithological description of the site reveals that the
soil is composed essentially of a layer of sand of Brussels
and a layer of sand and clay of Ypres (Fig. 2), alluvium
and bank material as top layers are close dynamic pa-
rameters of the first layer. Non-destructive in situ tests
have been performed in the three sites in order to de-
termine the dynamic parameters of each soil layer. Mass
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Fig. 3. Finite element model with combined
viscous boundary conditions/infinite elements.
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Fig. 4. Results obtained for the viscous damping evaluation (Watermael site 1).

falling has been performed, each impact being applied on
a square foundation (0.3 m x 0.3 m) from a height of 1 m.
Several seismic sensors (Sensor SM-6 low-frequency and
Geospace GS-20DM geophones mounted on steel) have
been placed at various distances from the impact in order
to measure the first arrival time of body waves. Seismic
refraction test has been conducted in order to calculate
the velocity cp of primary waves and the local geometry
(depth and slope) of each refractor. Associated to other
tests (cone penetration test and panda test), the complete
values are obtained, as presented in Figure 2 for the site
1 of Watermael. In this case, the first layer has a depth
varying from 2 to 3 m on a distance of 30 m.

Due to the inability of the seismic method to deter-
mine the internal damping of the soil, a numerical model
has been used in order to update the soil layer damping
values by minimizing the gap between experimental he(t)
and numerical A™(t) impulse responses. The model con-
sists of a numerical finite/infinite element (FIEM), based
on our recent works [12], which consider efficient non-
reflecting boundaries combining viscous elements and in-
finite elements (Fig. 3). The soil FIEM model takes into
account the complex geometry of the site (bank material,
inclined layers). Figure 4 shows the peak particle velocity
PPV related to the Watermael site 1 for a viscous damp-
ing 4 = 0.0004 s for each identified layer. This approach
gives an interesting alternative to estimate the soil damp-
ing parameters. Similar results have been obtained for the
other sites (Watermael site 2 and Ottignies).

2.3 Dynamic analysis of the track

On each site, the track is classically ballasted, com-
posed of concrete sleepers (Watermael sites) or concrete
bi-bloc (Ottignies site). Typical UIC 60 is used for rails
with a mass m, of 60 kg.m™! and a moment of inertia
I, = 0.03055 cm®. Concrete mono-bloc sleepers have a
mass m of 300 kg (200 kg for bi-bloc configuration) and a
spacing L where the rail is fixed with Pandroll fastening
system. During the test, only the track of the first site
was investigated. Experimental analysis was performed
by measuring the vertical acceleration of the rail and the
sleepers induced by a sledge hammer excitation on the
foot of the rail, on top of the sleeper. Once the mea-
surements are performed, the vertical experimental recep-
tance can be calculated and compared to numerical recep-
tances, calculated from a finite element model of the track
(Fig. 5), according to a three-layer configuration (rail —
railpad — sleeper — ballast — soil). Here, the soil is de-
scribed by a coupled lumped mass (CLM) foundation re-
cently proposed by the authors [13]. This model takes into
account the track/foundation interaction without consid-
ering a whole soil model requiring an excessive calculation
time. From the FIEM model, values of these parameters
are obtained through the comparison between the contin-
uous and discrete model overall impedances [13].

The railpad and ballast stiffness coefficients (k, and
ky) as well as the damping coefficients (d, and dp)
are finally obtained by fitting the model with the
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Fig. 6. Updating of the track finite element model with experimental results.

measurements. Figure 6 represents the best fit curves for
the vertical receptances of the rail. The updating allows
to determine the main resonances of the track vertical
motion. The first two modes are respectively at 288 Hz
(the rail and sleepers vibrating in phase) and at 694 Hz
(rail and sleepers vibrating out of phase). The effect of
soil flexibility is directly observable on these results with
large amplitudes at relatively low frequencies. The third
mode, well known as the pinned-pinned mode, is not ob-
served in the rail response since it is located out of the
frequency range. It can be therefore estimated at 1430 Hz

by the formula
T | E.I,
fP*P - 5 m,,«-L4 (]‘)

obtained from the Euler—Bernoulli formulation of a simply
supported beam (Young’s modulus E,., length L). The
following values are finally derived for the track:

kp = 550 MN.m ™"
dp = 68 kNs.m ™"

ky = 361 MN.m !
dy = 55 kNs.m ™.

3 Passage of IC/IR trains and measured soil

vibrations in the neighbourhood

To be concise, only some results are presented in this
section. Complete results can be found in our web site

where a complementary report can be downloaded. Seis-
mic sensors (Sensor SM-6 low-frequency and Geospace
GS-20DM geophones) are used as for the site testing, at
various distances yr from the external side of the nearest
track (track B, in opposite of track A). Additional geo-
phones, especially dedicated to horizontal motion, have
been used to capture the longitudinal and lateral direc-
tions, respectively along (z-direction) and perpendicu-
larly (y-direction) to the track. To present concordant
results with the soil characteristics, train passing tests
were performed the same day for each site.

Measurements in Watermael (site 1). Seventeen
passages of domestic trains have been recorded. The
particularity of the site 1 of Watermael lies in the ex-
istence of a local discontinuity of the track: a rail joint
resting upon four wooden sleepers with an irregular
spacing. Due to this defect, an important vibration
level has been observed.

Measurements in Watermael (site 2). The second
site of Watermael is located at a few hundred meters
from the first one. There is no local defect and 17 pas-
sages have been recorded. Levels are smaller than the
ones issued from the previous site, essentially due to
the absence of rail joint. Moreover the passing of each
train wheelset is less readily identified than for the
preceding results. Nevertheless the maximum level is
not negligible, presumably explained by the bad qual-
ity of the track at this place.
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Fig. 7. Spectra content related to the passing of an AMT75 at a speed v of 115 km.h™! (L. = 24.4 m; Ly, = 17.3 m; L, = 2.67 m;

Ls = 0.60 m).

Measurements in Ottignies. The last site is located
at 25 km from the previous ones. As for the second site
of Watermael, the rail surface does not present any lo-
cal defect but the soil configuration is different. Two
soil layers have been detected, a loam layer with a
thickness h = 1.5 to 2.5 m, lying on a shale halfspace
with high rigidity. Conclusions similar to the preced-
ing cases can be drawn.

The interested reader can find the entire results
in our web site through a complementary tech-
nical report (http://mecara.fpms.ac.be/ georges/
KOU2012-AVE2012_appendix.pdf).

4 Results and analysis of parameters
influencing the level

Ground vibration is a complex problem that includes
several mechanisms in the generation and the propagation
of vibration waves. The wheel/axle weight is transmitted
to the ground through the sleepers and it is modulated
by the vehicle and the track periodicity. In addition to
axle loads, the wheel roughness and track irregularity in-
tensifies the ground forces. Some of them can be directly
observable in the track deflection. Figure 7 presents the
spectral content of a typical result (passage of an AMT75 at
a speed vg of 115 km.h~1), for which a preliminary anal-
ysis can be made. The frequency spectrum shows some
peaks (the fundamental and some harmonic frequencies),

which can be calculated by

Vo

fi= I, (2)

where L; represents a relevant dimension in the vehicle
(e.g. the carriage spacing L.) or in the track (the sleeper
spacing Ly for fs). Besides, the soil resonance is pointed
up, and is approximately given by

_cra
=" ®)

including the compression waves velocity cp ; of the first
layer and its mean depth h. An amplitude modulation is
also observable, due to the axle passage frequency fa.

Figure 8 presents an overview of some relevant results
in the three sites, based on the peak particle velocity PPV
and the maximum of the time—-average velocity MT AV,
calculated by

MTAV = max(vems(t))

L 2 = _
= max \/;/0 v2(§)e” + d& (1 =0.125s).
(4)

Some general comments can be made on the collected
measurements. Higher levels are generally obtained for
the Watermael site 1, due to the presence of the rail
joint. The amplitude decreases strongly with the distance
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Fig. 8. Vertical peak particle velocity (top) and maximum time-average velocity (bottom) measured in Watermael site 1 (left),
Watermeal site 2 (center) and Ottignies site (right), with respect to the vehicle type

from the track, reaching the value of around PPV =
0.8 mm.s~—! and MTAV = 0.25 mm.s~' for a distance
of 15 m. Through all these results for Watermael site 1,
it is difficult to emphasize any strong correlation between
the level and the train type. For the other sites, no impor-
tant influence is observed between the different vehicles,
apart from vibrations generated by HLE27 locomotives
presenting larger levels especially in Ottignies, and, in a
lesser extent, by the AM96 units. It is also difficult to
establish any tendency with the speed, in the analysed
speed range. Horizontal levels cannot be neglected and
have the same order of magnitude as ones related to the
vertical direction. This observation implies that the eval-
uation of vibratory nuisance (for human exposure and
building damages) has to be done in the three directions.

5 Conclusion

An experimental database as complete as possible has
been presented, in order to analyse the ground vibrations
generated by IC and IR vehicles. These data are interest-
ing, since they are related to domestic trains largely used
in Belgium, and complete, with experimental assessment
of track/soil configuration. The influence of the site and
the track configuration was investigated and some conclu-
sions could be drawn. The paper presents a first step in
the evaluation of the railway-induced ground vibrations.
The soil configuration and the track dynamics have been
analysed so as to obtain relevant parameters to model the

track/soil structure. Associated to in situ methods, this
approach allows to identify all the dynamic parameters
of soils, even for complex geometries. With these infor-
mations, the presented data can be used to validate a
prediction model for train induced vibrations.
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