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2 University of Edinburgh, School of Engineering, AlexanGeaham Bell Building — Edin-
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High-speed rail infrastructure has been developed coratitiein Europe, creating a dense rail
network that links major capital cities. Although it has bebe subject of continuous tech-
nological innovation (comfortable trains, ERTMS, embaekmadaptation,...), high-speed
rail causes elevated ground vibration levels, due to tigelaveight and speed of the mov-
ing load. This paper presents recent vibration measurenoetiected at Belgian sites during
the passing of Thalys, Eurostar and French TGV Réseaudpghd trains. In common with
other engineering disciplines, railway ground vibrati@ns increasingly studied using com-
puter simulation. Despite this, experimental measuresmetimportant for both investigating
ground vibration phenomenon and for the validation of nucaémodels. The proposed study
is in line with the development of high speed rail line in theitdd Kingdom, by focusing on

the parameters and configurations that influence groundairhotion. A detailed analysis
of the selected sites is performed in terms of soil dynamrapaters by using the MASW
method. Three track configurations are investigated by esimg the effect of possible em-
bankment (backfill or excavated) on the ground vibratiorelevith respect to the distance
from the source. It is found that the embankment case caoses peak particle velocities

than the cutting and at-grade cases which present comparddoation levels. Particular at-
tention is paid to the impact of the train and the soil configion, as well as the direction of
measurement, in both the near and far field.

1. Introduction

It is well admitted that the railway networks represent anpging modal transfer of road and
airplane traffic for the short- and mid-distances. Sincell®wBen the French railway operator SNCF
opened the first high-speed line (HSL) between Paris and,ltherhigh-speed network never stopped
to grow and became, at the present time, a large and valuahblies network in the West of Europe
(Figure 1). Nevertheless, some regions lag behind whemiesdo high-speed train (HST) capacities
and this is the case of the United Kingdom. In the last fewg,eseveral impact studies were launched
to analyse the potential of HSL development on the countonemy. One of the concerns is the
environmental impact in terms of vibrations. One problemasue is the so-called supercritical
phenomenon that may appear when the vehicle speed is clake Rayleigh ground wave speed,
which is sufficiently small for soft soil configurations.

This phenomenon has been researched expensively. Thabtd experimental studies of
railway-induced ground-borne vibrations have multipiethe last twenty years, ever since the rapid
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Figure 1. High-speed line in West of Europe (SNCF documentation)

development of HSL networks, especially in Europe. But thterest of scientific and technical
communities was renewed when abnormal high vibration aoges were recently recorded in Swe-
den [1]. Other recorded data was presented afterwards. sLetamtion the works of Degrande and
Schillemans [2], P. Galvin and J. Dominguez [3], or Kowsig et al. [4]. All these results were essen-
tially presented in order to validate numerical modelshwiite assumption of simple soil geometry
configurations. Particular geometries like embankmentg weluntary omitted.

The present paper aims to be complementary to this aforéonedtresearch by analysing the
effect of embankment conditions on the ground vibratiortee purpose is also to collect experimental
results of sufficient interest to validate recent predittitodels based on a finite element approach and
suitable for complex geometries [5, 6]. In situ tests wendgsmed using the multichannel analysis
of surface waves (MASW) method on three different sites, sewkral train passing were recorded.
The role of embankments is finally studied.

2. Selected sites

The measurement location was around Leuze-en-Hainaut,tinedrench border, along the
high-speed line LGV1 between Brussels and Paris/Londome€Tkites, in a stretch éfkm, were
selected according to their track geometrical configuraiogures 2 and 3):
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e with the track in embankment with3®° slope and.5 m high (site 1),
¢ with the track at grade with respect to surrounding lane (&}t

¢ with the track in cutting with a angle @5° and7.2 m depth (site 3).

site 1
site 2

site 3

63 64 65 66 67 68 km

I I I I I |
<:| Brussels Paris|:>

Figure 2. Location of the three selected sites
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(a) Site 1 (backfill embankment) (b) Site 2 (in grade) (c) Site 3 (excavated embankment)

Figure 3. Configuration of the selected sites and location of the vitmssensors

3. In situ soil tests

First introduced by Park et al. [7], the MASW method is onehsd seismic survey methods
used in evaluating the ground stiffness for geotechnicgireering purposes. It can be seen as an
extension of the SASW (spectral analysis of surface wavesjod since it uses the spectral analysis
of ground roll recorded by more than a pair of receivers, aied to overcome the weaknesses of the
SASW method. MASW is based on surface waves generated fraousgeaypes of seismic sources,
more particularly impacts generated by sledge hammer. dlyaas the propagation velocities of
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those surface waves and deduces shear-wave velgcitgriations below the surveyed area. After
a relatively simple procedure inverting a calculated disjo® curve (a plot of phase velocity versus
frequency), finales information is provided in 1D, 2D or 3D formats as a functidntlee depth.

A multichannel shot gather decomposed into a swept—frexyusrmat allows the fast generation
of an accurate dispersion curve. Figure 4 displays the agtdnelastic conditions for the studied
sites using GeoPsy software. It gives an accurate repeggandf the soil configuration by defining
several layers of constant dynamic parameters. It clegbhears that the three sites approximately
present a similar configuration in terms of layer geometiy soil dynamic parameters (sites 1 and 2
are quite similar but site 3 is slightly different for the ead and third layer dynamic properties).

Om Om Om-
=270
} Cp, = 280m/s ) Cp, =270m/s Silt e = 270m/s
Silt Silt s, = 165m/s
T ¢s, = 150m/s T ¢s, = 150m/s T
S5m- S5m—+ Sand Cpy = 550 m/s Sm- Sand Cpy = 410 m/s
= 52 =
sang =% m/s ¢, = 295m/s s, = 222m/s
1 Cs, =290m/s 1 1
10m+ 10m+ Cps = 900m/s 10m+
Cla _
Cla Cps = 940m/s y ¢y, = 480m/s Clay Cpy = 1460m /s
| y ¢y, = 490m/s 1 1 Csy = 780m /s
15m-L /\/ 15m-L /V 15m-L /V
(a) Site 1 (b) Site 2 (c) Site 3

Figure 4. Stiffness map of the selected sites based on the primaryesuthdary wave velocities> andcg

4. Passages of high-speed trains

Several passages of HST were recorded during three daygusAR012, including the passing
of Thalys (Figure 5), Eurostar (Figure 6) and the French TGMyre 7). To reduce any uncertainty
on the parameters used for simulation, soil identificatestg and train passing measurements were
performed on the same day, for each site. The three highdspdecles studied in this work stem
from the same generation, with a geometrical differencéfeEurostar, which has two side carriages
in the centre for safety reasons inherent to the Channektwamfiguration.

The same uniaxial and triaxial geophone sensors (Sensod 8M-frequency) were used as
for the site testing, at distancgg from 9 to 35 m from the edge of closest rail (up to aroug@m for
the vertical direction only). They were placed alongdjrection), perpendicularlyytdirection), and
vertically (z-direction) to the track. The advantage of velocity sensoes seismic accelerometers is
that numerical integration, coupled with a low-pass filteavoid drifting, is not necessary. Moreover
they do not need an amplifier and their cost is low, for the spreeision. Measurements were stored
using a 24-channels Geode seismic recorder equipped wittbd 2/D converter. The sampling rate
was fixed tof, = 1000 Hz, coupled to an anti-aliasing filter.
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Figure 5. Thalys HST dimensions
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Figure 7. French TGV dimensions

Experimental data are also of invaluable help in validaprediction railway-induced ground
vibrations models. The determination of vehicle speed ifopmed using a procedure based on the
dominant frequency method induced by train loads [8].

5. The influence of soil embankment

Figures 8 to 10 present the complete results for the pasdape dhalys HST, the Eurostar
HST and the French TGV at similar speeds (aro@fdkm/h). In order to have an overall view,
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Figure 8. Peak particle velocity calculated for each vehicle pasaimdjeach direction of measurement, as a
function of the site configuration
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Figure 9. Maximum weighted severity calculated for each vehicle jpgsand each direction of measurement,
as a function of the site configuration

three indicators were calculated:
¢ the peak particle velocity
PPV = max|v(t)| , (1)

defined as the maximum instantaneous positive or negatie piethe vibration signal(t)
and used in evaluating the potential of building damage (f1B0 part 3 and SN 640312a
standards),

e the maximum weighted severity, according to the DIN 415Q Rastandards, for evaluating
human response,

KBr(t) = i/t KB2(&) e~ dé (7 =0.125%) )
T Jo

ans based on the weighted velocity sighaB(¢) defined by

1

Hieol )= A Game

3)
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¢ the vibration velocity level, used by the U.S. Departmentm@nsportation and defined as:

Vs = 20 logyg =
0

(4)

whereuw,,,, is the root mean square amplitude andthe reference quantity for a vibration
velocity equal to510~8m/s. This vibration level is used to describe the smoothed titma
amplitude by supposing that the human body responds to aagesgibration amplitude.

The three directions are analysed for each site configuraéi® a function of the distance from the
track (these results correspond to the train passing onghietrack).

It appears clearly that the three motion components haveaime order of magnitude and the
vertical vibrations are not sufficient for a comprehensival@ation. Similar results are obtained
for the French TGV and the Thalys HST with levels comparablerevious studies [4]. Ground
vibration levels generated by the Eurostar are the smattasthe three directions of measurement.
It is interesting to note that, for vertical vibration, thenleankment case causes the least vibration
and the cutting one causes the greatest vibration. For theomdal directions, vibrations vary much
more. This situation can be explained by the nature of embanks, consisting of compacted silt and
clay, originating from neighbourhing soil. The dynamic jpecties are a mix of those obtained from
the MASW test and, with the effect of compaction, the embagkiniormed from a stiffer material
than the underlying first layer reduces the far field vibradicas theoretically explained in [6].
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6. Conclusion

The two purposes of this paper are to evaluate the effect d&aekment conditions on the
ground surface motion and to have a large database to \v@pdediction schemes of railway—induced
ground vibrations. This was successfully achieved by obigiexperimental time histories of pass-
ing Thalys HST, Eurostar HST and French TGV and by analydwegvibration level through key
indicators like peak particle velocity, maximum weighteerity and maximum root mean square
velocity, often used by international standards. MASW4a@sbvide useful results about the soil con-
figuration. The effect of embankment geometry is then coegbaetween the three sites and for the
various analysed vehicles. The presence of embankmertasdie vibration level compared to the
cutting and at-grade cases which present comparable iabratvels. This is linked to the fact that
the embankment may act as a waveguide which traps energiitith
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