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ABSTRACT

This paper outlines experimental investigations undertaken on the Belgian high speed rail
network to facilitate the validation of a finite element model and to investigate the vibration
propagation characteristics of three different earthworks profiles. The sites tested were an
embankment, an at-grade section and a cutting and the soil material properties at each site were
determined using MASW techniques. Once recorded, the results were compared against those from
the numerical model and a high correlation was found.

Regarding the effect of earthworks profiles on vibration levels, vibrations were measured up
to 100m from the track and it was found that cuttings produced elevated vibration levels in
comparison to the at-grade and embankment cases. Furthermore it was shown that the presence of
embankments generated higher frequency content.

BACKGROUND

High speed rail generates elevated levels of ground borne vibration in comparison to
traditional rail. These vibrations can have negative effects on the local environment, particularly in
urban areas. Therefore numerical models have been developed to predict these vibrations before
potential new lines are constructed. Despite this, many of these models have not been properly
validated due to a lack of experimental data (Hung & Yang, 2000). One such model has been
developed at the University of Edinburgh, which had also not been validated. The model is a 3D,
fully coupled, finite element model, for which more details can be found in (Connolly, Giannopoulos,
& Forde, 2013) and (Connolly, Giannopoulos, Fan, Woodward, & Forde, 2013). Therefore the
primary aim of this work was to collect data to validate the model. A secondary aim was to
investigate the effect of earthworks profiles on vibration levels. A NERC Geophysical Equipment
Facility loan consisting of a 24 channel GEODE system and Panasonic Toughbook was secured for this
purpose.

Three tests were performed at three Belgian test sites located near the town of Leuze-en-
Hainaut (Figure 1 and Table 1). Site 1 was an at-grade site, site 2 was a site with a 5.5m high
embankment and site 3 had a 7.2m deep cutting (Figure 2). Three types of high speed locomotive
were found to operate on the line: Thalys, TGV and Eurostar.
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Figure 1 — Survey site location map
Site Number Track type Latitude Longitude
1 At-grade 50.560914 3.624199
2 Embankment 50.557697 3.602763
3 Cutting 50.555495 3.569042

Table 1 — Coordinates of the three test sites

Figure 2 — Top left: site 1 (at-grade). Top right: site 2 (embankment), Bottom left: site 3 (cutting),
Bottom right: site 2 (abutment)

SURVEY PROCEDURE

The survey procedure was composed of 2 parts: railway vibration measurement and MASW testing.
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Railway vibration measurement

Geophones (Low frequency (4.5Hz), SM-6 from www.geophone.com) were placed at
distances from the track as outlined in Table 2, Table 3 and Figure 7. Geophones were preferred to
accelerometers due to their ruggedness and ability to perform in adverse weather conditions. Three
component sensors were used to record vibration levels up to 35m from the track and one
component geophones recoded vibrations levels up to 100m from the track. For each passage 16
seconds of vibration were recorded, each with a 2 second negative delay. The GEODE system and
Panasonic Toughbook were triggered manually when each train was sufficiently close. Train speeds
were determined directly from the geophone response by using signal processing techniques based
on isolating the key vehicle frequencies (i.e. wheel and bogie passages).

MASW

24 one component geophones with 150mm spikes were placed parallel to the track with 1m
spacing (Figure 3). 7 excitations were performed using a 12lb PCB 086D50 impact hammer (on an
impact plate) with on-board accelerometer. At each site the array was placed far enough away from
the track to ensure the results were not contaminated from potential artefacts close to the line, but
close enough to ensure that the soil properties were representative of those beneath the track
(=50m).

Rayleigh damping was required to describe material damping within the FE model, thus
making traditional damping calculation techniques challenging. Therefore a curve fitting approach
was used. To do so a 2D FE soil model was created with soil layering identical to the profiles
described in Figure 5, with receives at identical spacing to those placed during the surface wave
experiments. The model was computed for numerous different Rayleigh damping (B) values until
peak particle velocity values for the string of experimental and numerical receivers had strong

agreement.
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Figure 3 — MASW setup
DATA QUALITY

The collected data quality was high for both the surface wave tests and the railway vibration
tests. For the railway vibration tests the velocity signals were processed by multiplying the low
frequency content by the inverse of the natural characteristics of the geophone. This helped to
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magnify the low frequency content (i.e. <4.5Hz). An example of a velocity time history for both the
surface wave and train passage experiments can be seen in Figure 4.
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Figure 4 — Velocity time histories, Top: Train passage (gain removed), Bottom: Surface impact (gain
not removed)

PROCESSING AND MODELLING

Post-processing was performed using Geopsy (Wathelet, 2008a) and Dinver (Wathelet,
2008b). Geopsy was used to plot the dispersion curves in the frequency-wavenumber domain and
then Dinver was used to perform the inversion. The theoretical and experimental dispersion curves
were found to agree well and the error was low. Furthermore, checks with local borehole
information showed a high correlation with the experimental results. The resulting ground wave
speed profiles are shown in Figure 5. Due to FE modelling constraints, the ground profiles were only
required to a depth of 15m. It can be noticed that all three profiles are relatively similar. This
permitted comparison between vibration records at all three sites. During recording, high gain was
used to prevent clipping of the original signal.

For each train passage record, velocity amplitudes were of key importance so the gain was

removed during post-processing.
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Figure 5 — Soil profiles

INTERPRETATION TO DATE

After the soil properties had been determined, the numerical model was adapted to
replicate the soil profiles. The at-grade site was first recreated and a comparison between
experimental and numerical results is presented in Figure 6. It can be seen that the numerical model
was able to accurately predict the velocity time histories and frequency content. Work is currently
being undertaken to validate embankment and cutting numerical models.
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Figure 6 — Experimental vs. numerical results

PRELIMINARY FINDINGS
In addition to numerical model validation, analysis of the field results revealed that:
1. Vertical component vibration levels are dominant in comparison to horizontal.

2. Cuttings track sections generate greater ground vibration in comparison to fill and at-grade
and embankments.
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3. Tracks on embankment generate higher frequency vibrations in comparison to those at-
grade. Tracks in cutting also generate lower frequency content than embankments but

more higher frequency content than at-grade.

4. The higher frequency vibrations components generated by railway lines are damped faster

than the lower frequency ones.

5. Thalys, TGV and Eurostar trains have similar setup characteristics and thus cause similar

vibration levels.
CONCLUSIONS AND RECOMMENDATIONS

Experimental investigations were performed on an embankment, an at-grade and a cutting
railway line on the Belgian high speed rail network. The investigations consisted of the
measurement of ground borne vibration levels generated during train passage, and multi-channel

analysis of surface wave experiments.

The surface wave data was processed to obtain 1D ground profile information for each site
and all three sites were found to have similar soil properties. The results were used to recreate a
finite element based on the at-grade test site. The model was shown to have high accuracy

prediction capabilities.

Finally, the results were also used to investigate the effect of embankments and cuttings on
vibration characteristics. It was found that embankments generate a greater level of high frequency
content in comparison to at-grade and cutting sections. Furthermore, cuttings generate higher
amplitude vibrations in comparison to embankment and at-grade sections.
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INSTRUMENT DEPLOYMENT DETAILS

3 component measurements

Distance from rail (m) 9 11 15 19 23 27 31 35

H1, H1, H1, H1, H1, H1, H1, HI,
Components measured* | H2, H2, H2, H2, H2, H2, H2, H2,
vi vi v1i Vi Vvi vi1 Vi Vi

*H1=Horizontal component, H2=horizontal component, V1=vertical

component

Table 2 — 3 component geophone layout



NERC Geophysical Equipment Facility - View more reports on our website at https://gef.nerc.ac.uk/reports

1 component measurements

Distance from rail (m) 9 11 13 15 21 25 29 33 37 41 45 49
Component

measured* vi vl V1l Vvl Vi V1 V1l Vi Vi Vvi Vi1 V1
Distance from rail (m) 53 57 61 69 73 77 81 8 89 93 97 100
Component

measured* Vi vl Vvl Vi Vi vi vl V1l Vi vi Vi Vi
*V1=vertical component

Table 3 — 1 component geophone layout
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Figure 7 — Geophone placement, Top: at-grade track, Middle: embankment track, Bottom: Cutting
track
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