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Abstract. Vibrations propagated from railways can distudezal residents.

Within this context, this paper presents a monii@rexercise involving diverse
track typologies, ranging from tram slab trackshigh-speed ballasted tracks.
The results show a slightly better performancealfalsted tracks when dealing
with low frequency vibrations, and an overall semiblleviation pattern for the
whole bandwidth. Other issues such as vehicle enite and vibration of

sleepers are discussed.
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1. Introduction

Railways pose a number of environmental challengekiding those associated with
noise and vibration. Vibrations transmitted throubh track into the ground can affect
the foundations of nearby buildings and annoy iithats, not only as vibratioper se
but as a source of structural noise. Additionalijpration within the track can increase
wear on such things as sleepers, pads, and fagsenin

Here we examine vibrations associated with varimask typologies, ranging from

slab to ballasted tracks and from trams and metdsigh-speed trains. We examine
vibration levels of different elements of each kathis is used to determine vibration
trends and to assess the performance of each typailoterms of vibration generation,
transmission and alleviation.

Vibrations are a form of energy transmission, atmeaal wave travelling through a
physical medium. Sound is a particular case of subnation; a wave transmitted
through air with frequencies within the range o&teg. In the case of railways, sound
propagation has been extensively studied but wdrdtansmitted through the track and
the ground less so and usually as a secondary ptesram. Piezoelectric sensors are
used, because they provide a consistent and destieé monitoring solution, to look at
the latter.

2. Methodology
Up to six sections of track were monitored, inchglballasted and slab tracks, trams,

metros and high-speed lines. Most of them correggonthe tram and metro network

OCorresponding author: rinsa@tra.upv.es



operated by FGV in Valencia (Spain), including pzfrthe surface lines that provides a
commuter service between Valencia and its metrtgohrea.

The first section (A) is a tram slab track with ¢yPhoenix RI-60 rails embedded
in elastomer. The slab is 26 cm thick and madesiofforced concrete, supported by a 25
cm layer of gravel. Over the slab is a 12 cm layfgpaving stone. This track typology is
found in the tram network of Valencia used by ligbties 3800 (SIEMENS) and 4200
(BOMBARDIER) rolling stock of seven to ten tonnesr @xis and with an average speed
of 30 to 40 km/h. Section (B) is a metro slab trémknd on Line 1 of the Valencia metro
network. It is a STEDEF slab track made of UIC5ilsreesting over pads and concrete
plugs with elastomeric soles resting directly oa #labs. The rolling stock consists of
series 4300 (VOSSLOH) with an average weight oftdines/axis, traveling at an
average speed of 30 km/h.

Sections C1, C2 and C3 are Metro ballasted trackpeising UIC54 rails over
pre-stressed concrete, monobloc, sleepers, a clipniagtesystem and a 70 cm ballast
layer. The rolling stock is the same as for SecBoffhree sections were monitored after
initial measurements showed peaks of acceleratoaegling expectation; two additional
sections were monitored together with the origtnatheck the reliability of the data. The
average speed for sections C1 and C2 is betwe&® &@/h and 30 km/h for C3.

The fourth section (D) is a high-speed ballastadkrfrom the Madrid-Valencia
High Speed line, operated by RENFE. It consistsUUC60 rails over pre-stressed
concrete monobloc sleepers, clip fastening systesinaa75 cm ballast layer. The track is
1435 mm (international) gauge and the rolling staeoksists of AVE series 112 and
ALVIA series 130 trains, with the former running3f0 km/h and the latter at 250 km/h.

The sections were monitored using uniaxial piezgteaccelerometers to record
the vertical vibration generated by the passingraihs and its transmission through the
infrastructure into the ground. Accelerometers wattached to the surface of rails,
sleepers, etc., and connected to a four-channablsigpnditioner, which in turn was
connected to a laptop to store the data. In evaliadied track section, accelerometers
were placed in sleeper, ballast and ground (theerldly means of a buried pick).
Additionally, rail vibration was also measured etsons C1, C2 and C3. For slab tracks,
accelerometers were placed at distances from theasavell as in the sleeper in section
B. An outline of the accelerometers placing is shawFigure 1.

Once the accelerometers were installed, each sewtas monitored during a
single day, recording between eight and 20 traMsasuremerst were made at a
sampling frequency of 2048Hz and a high pass fofed.7Hz. Additionally, velocity of
the trains was also measured, either directly bgpnaeof a GPS system on board or
estimated by measuring the time of passing betweertatenary pylorls

! Raw data were converted to UFF format and loadedNlathematica 7.0 (Wolfram Research, Inc.) for
post-processing. By means of a discrete Fouriesfoamation, acceleration spectra were obtaine@dch



Two models are used to assess the typologies.ifdtasfa 2D analytical model
based on the wave equation.
{i"‘ ﬂ}?xz{?xz{u}} + ﬁ?;"{z{u} =p E;::‘: (1)
Where {u} is the displacement vectax,is the horizontal dimension (parallel to the
track), z is the vertical dimension (positive downwards)represents time ang

represents density. Operatdrandii are defined as:
i=a+n s (2)

A=u+us )
Where j, ) are the Lamé parameters which represent theielbshaviour of the
materials, whilgA[] u0) are damping coefficients for the viscous behaviour.

The track is modelled as a three layered, 2D spiee,lower layer being a
Boussinesq half-space, i.e. a layer which has m@rddimit but extends infinitely, thus
making sure that waves traveling down the groumdattenuated and not reflected back
to the track.

Each layer corresponds to a different track compbi@&eeper, ballast, ground,
etc.) the vibration of which is determined by equatl. The rail is modelled as a
Timoshenko beam allowing both bending and sheasrdeftion to be considered. The
load applied is obtained from an auxiliary quadar model (Melis 2008) moving along a
deformed rail. This takes into account both thdist@mad (the train weight) and the
dynamic components (load variations due to ragigularities).

To solve equation 1, a Fourier transformation igliag to shift from the time and
space domain to that of frequency and wave number.
fk, 2o 0) = [T [ fx, z, )l (<010 gt (4)

where (k,w) are wave number and frequency. Therefore equatisecomes a system of
two ordinary differential equations.

o (5)

where R and R are the longitudinal and transversal wave spemudg and ¢ are a
scalar and vector functions of (x, z, t), knowntlas Lamé potentials. The solution for
equation 5 is shifted back to the time domain byamse of an inverse Fourier
transformation, hence yielding horizontal and waitidisplacements. The displacement-
based equations are then differentiated twice taiolacceleration.

This model was implemented in Mathematica 7.0 (Vdoif Research, Inc.) and
provides a fast, first estimation of vibration l&/at locations beyond the limits of the
data gathered (see, Salvadbal, 2011; Reaét al, 2011).

data set. A 1Hz high-pass filter was applied taobtleaner accelerographs and 1/3-octave spextra f
each data set. Average spectra were calculateghfdr sensor/location in every section.



The second model used is a 3D finite elements m@EM) of each track
typology, implemented in ANSYS 13.0 (Ansys Inc.helTpurpose of this model is to
provide a deeper and more reliable insight of thieration of the infrastructure,
particularly of those elements that are beyondstiope of the analytical model. For each
track typology a mesh of hexahedra elements waslolgsd, representing the layers and
elements. Each hexahedron has 20 nodes of catmulglymmetry conditions were
considered so as to reduce the model size and eedalculation time. The track
longitudinal axis was taken as axis of symmetrydeemodelling only half of the track
(one rail, half sleeper, etc.). Boundary conditionsre applied according to the
recommendations issued by the Spanish Ministry abli® Works (1999): All
displacements perpendicular to each boundary plene restrained.

Regarding the model loads, they are applied astpgoads moving along the
track, with each load representing a half axle tlmesymmetry. For each step of
calculation, the load was distributed to the twarest nodes proportionally to the
distance to each. Simulations are conducted fdn &ack typology with different loads
and train speeds producing acceleration levelayatiasired location.

Measured accelerographs were compared to modeilesi wsing part of the available
data set, fitting acceleration peaks and averageldeso as to calibrate the models’
damping coefficients A\JandpuOfor the analytical model and Rayleigh8 for the
numerical model). Calibrated models are then coethbdo additional data sets for
validation. The analytical model showed a good egent with measurements both for
peak values and secondary vibration caused byrraegularities. The numerical model
did not offer such a good fit with the data becaits@oes not take into account rail
defects, but it predicted vibration peaks and tHestribution accurately.

3. Results
Firstly, calculating the average 1/3-octave forhesensor/location within the track allows

assessment of vibration alleviation of each sectiteiximum acceleration peaks are also
compared.

Starting with Section A, sensors were placed ingaeing at 15 (S1) and 75 cm
(S2) from the rail. The mean maximum values of Eregion are 23.22 nflsand 2.16
m/<’, hence giving a tenfold reduction after just 60 ofnconcrete and paving stone.
Moreover, the analytical model gives a peak of &in/the elastomer right under the rail
and only 0.73 mfsin the concrete slab beneath the elastomer, wyiells a 24%
reduction below the track thanks only to the etasthbedment.
Figure 2 shows the average spectra at both losatiofigure 2 top refers to S1 and
bottom to S2. The spectrum closer to the rail uFeég top - shows a clear peak around
the 125Hz band and noticeable amplitude in thegasfg63 to 400Hz. There is also a
small peak at 1.25Hz. As the wave moves away frioenréil through the slab, higher
frequencies are clearly alleviated, thus explairiiregnet reduction of acceleration peaks.
Particularly the bands of 100, 125 and 160Hz haenlgreatly reduced between S1 and



S2. Lower frequencies, on the other hand, stillaienthe same or have even increased
slightly. These are of particular interest as lowqgtiency vibrations are the more
disturbing for people.

Section B was monitored at the sleeper (S1) as agelht two locations of the
concrete slab (S2 and S3). The mean maximum peaksded were 29.31, 1.43, and
0.76m/$. This yields an even higher mitigation than theserved in Section A as the
wave moves away from the track, which may be duthdoelastic sole of the concrete
plugs.

When looking at the spectra (Figure 3), that of sleeper (top), S1, shows two
distinctive vibration patterns; one at low frequgiit.25Hz band) and another at between
40 a 500Hz with clear peaks in the 160 to 200Hzdbafhat second pattern almost
disappears when looking at the two spectra in ldie svhile the peaks at low frequency
remain and even increase as observed in Sectidh skems that these low frequency
components are affected neither by the elastic soteby a rather stiff material such as
concrete.

Section C was monitored in the rail, sleeper anth&taat three locations along
the same line; C1 and C2 are straight stretchesC&nid in the middle of a bridge span
(Table 1.)

Table 1. Average maximum acceleration peaks in sections’(m/

Section Rail Sleeper Ballast
C1 104.47 34.6¢
c2 168.02 32.38 3.44
C3 48.40 20.02 3.36

Some measurements were initially taken in a sleepsr close to that of section
C1 and peaks up to 60 rhisere recorded. These results, together with taé&gpalready
measured at the high speed lines (which showe@nratmall levels of vibration at the
sleeper) encouraged the decision of monitor additicections for this typology. As
shown in Table 1, levels at the sleeper are agtwbut 30 m/sand thus that initial
value was thought to be due to a damaged or baglyosted sleeper.

In any case, the mitigation pattern from rail tdldst is somehow irregular for
this typology. In the first section (C1) there i§@% reduction from rail (S1) to sleeper
(S2). In C2 the peak in the rail is the highesbrded during the survey, but the level in
the sleeper is similar to that in C1 (i.e. an 8@duction). Finally, the levels in C3 are
clearly lower due to the reduced speed of the gratrthat section compared to C1 and C2
(60 km/h vs. 30 km/h on average). These heterogmneesults suggest that the
behaviour of a ballasted track compared to a siatktis much more unpredictable in
terms of vibration transmission, although the degrEmaintenance of each of the lines
surveyed might be also a factor to be taken intoaiat.



When looking at the rail spectrum from section (Figure 4 top, the main peaks
appear at the 315-1000Hz band, reaching the maximu®00Hz. Lower frequency
peaks are comparatively low, although they reaseléesimilar to those observed at
section B. The sleeper spectrum - Figure 4 middleat refers to §2shows an overall
mitigation in the whole bandwidth. The main pealB@80Hz has been greatly reduced,
while the band at 630Hz is less affected. The p&akke low frequency band show a
twofold reduction.

The spectra in section C2 (Figure 5) present dairpattern in the rail - Figure 5
top - and the sleeper - Figure 5 bottom. Howevethis case the maximum peak appears
around 400Hz and yields amplitudes three times drigifhe whole bandwidth is
alleviated in the sleeper, and further mitigatisnobserved in the ballast - Figure-5
bottom. However, in this last step both peaks alot@OHz and low frequency peaks are
greatly reduced, whereas a band between 31.5 dtd Stbws a lower decrease.

Section C3 spectra (Figure 6) show an overall lovesel of amplitude as
expected due to lower average speed. There ardistinctive peaks, one around 63Hz
and the other around 800Hz. The amplitude at l@guency (1.25Hz band) is very low.
In the sleeper Figure 6 middle - the 800Hz bangtéstly reduced while the 63Hz band
is much less alleviated. In the ballast - Figureoiom- the levels are quite low in the
whole bandwidth (and similar to those observed 2nb@llast) although the clearer peaks
are still at the 63-160Hz band.

Overall the patterns of vibration mitigation obssihvfor each of the C-sections
remain irregular. This track, when compared to stabks, performs slightly better when
alleviating low frequency bands of the spectrumm@aratively, higher frequency bands
are similarly reduced in both slab and ballast@blygies.

Section D was monitored in the sleeper (S1), ba({d8) and ground (S3). The
mean peaks were 18.6, 2.6, and 0.42nA(dditionally, a peak of 160.1nf/svas obtained
from the FEM model in the rail. This yields a rougifold alleviation pattern from rail
to sleeper, ballast and ground.

The spectrum at the sleeper - Figure 7 top - showse components when
compared to those of the previous sections. Tleeedistinctive peak at the 1.25-1.6Hz
band and another at the 31.5Hz band, but thereadieeable level of amplitude right up
to the 800Hz. The whole spectrum is greatly redunedallast - Figure 7 middle. The
peak at 31.5Hz is fully mitigated, and the amplgud greatly decreased in the 8-50Hz
band as well as over 200Hz. There is a lesser-eetlband between 63 and 160Hz, and
the low frequency components are only slightly gaited when compared to those of the
sleeper.

The average spectrum measured at the ground -&-Ryuoottom - follows the
same pattern of mitigation. Those frequencies be&y@0d0Hz have been reduced almost
entirely, and the 63-160Hz band is now almost atsédime level as the 8-50Hz band. The
peak at 1.25Hz, although being the only clear peataining, has been severely reduced,



thus supporting the suggestion of ballasted traekrming better with lower frequency
vibrations.

In terms of vibration assessment for the sectionritored, we look at the influence
of the rolling stock in the vibration spectrum geated because there are different train
types passing over each of the typologies stu@essidering section A, Figure 8 shows
the mean spectrum for each tram model measuré@ gpbt closest to the rail (S1). Both
spectra show almost the same pattern of vibratad,the only apparent difference is a
slightly higher peak at 125Hz for the 3800 series.

The same comparison is made in Figure 9 for the-Bmeed trains in section D (S1).
Differences appear because AVE trains create highmalitudes of vibration around the
31.5Hz band while ALVIA trains’ higher peaks arecdted in the lowest frequency
bands. This variance may be due to the diversesaixisture and damping system of each
train type, as well as the dissimilar speed. In @se is a difference noticeable enough to
be taken into account when assessing the vibrattuced in the track.

In terms of the level of vibration in the sleepethe ballasted tracks, as the D section
corresponds to a High-Speed line, one would expestall higher values of acceleration
than those measured in a metro line because tlmgretock is heavier and faster than in
C1, C2 and C3. However, while acceleration levelshie rail and the ballast are quite
similar, sleepers in C-sections show greater peélecceleration. These results may be
due to softer pads in the High-Speed section, @settend to isolate the sleeper from the
rail (hence reducing vibration in the former andr@asing it in the latter (Thompson,
2009). However, as vibration levels in the rail gtete similar, other factors should be
considered. One of them is maintenance, as thecfieecorresponds to a much newer
and more maintained line. Therefore, sections C pragent a poorer sleeper support
which could increase local vibration.

4. Conclusions
When comparing the performance of slab and badastpologies for metro lines, it

seems that both of them alleviate acceleration pestk roughly the same pattern.
However, after analysing the spectra, ballastedksraends to perform slightly better

when dealing with the lowest frequency bands. T relevance because, according to
the 1ISO standards regarding human exposure to tmhralower frequencies disturb

people most. A ballasted track may thus be a belteice for vibration alleviation than

the slab typology, although the latter has otheraathges for urban use, especially if
their low frequency vibrations are contained byiaddal alleviation measures.

There is no noticeable difference in vibration @ats between vehicles in the
metro lines. This is not the case with high-speed, lalthough the differences between
the ALVIA and AVE trains are relatively small, afikely caused by factors such as axis
structure and damping, although because trainsimgnon the same line tend to be



similar in weight and structure, it can be argusat speed is the main factor to be taken
into account, as demonstrated in the AVE/ALVIA case

Finally, higher levels of vibrations are found ianemuter sleepers compared to
those used for high-speed lines. This suggestdhbatibration of a particular element of
the track may be quite unpredictable even if theral pattern from rail to ground nearby
is known. It emerges that there are factors sugradsstiffness, sleeper support and track
maintenance which can have a great influence invitwation of sleepers, and thus in
their long term durability.
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Figure 2. Average 1/3 Octave spectrum in section A; (toptdbfrom rail (S1).
(bottom) 75 cm from rail (S2).
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Figure 7. Average 1/3 Octave spectrum in section D; (topgste (S1), (middle) ballast
(S2), and (bottom) ground (S3).
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Figure 8. Average 1/3 Octave spectrum in section A (S1);)(BgD0 series, and (bottom)
4200 series.
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