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Luas is Dublin’s modern light rail system. Similar to the majority of urban electrical tram-
ways, the system is relatively quiet when compared to diesel locomotives with similar power
output. However, electrical rail systems do produce airborne noise. The principle source is the
interaction of the wheels with the rails; termed “rolling noise”. Rail roughness, including corru-
gation, has a substantial influence on rolling noise. To remove rail roughness the rails are
ground. In 2012, the acoustic benefits of grinding were investigated on a section of the Luas
network. A 10dBA (Laeq1p) reduction was achieved at one location with traditional slab track
and trams passing at 70km/hr. To further investigate grinding on the network pre- and post-rail
grinding, noise measurement surveys were undertaken at eight locations on the network, subject
to an initial rail grinding programme in May 2016. A follow up programme was undertaken in
early December 2016. Noise surveys were undertaken monthly from January/February 2016 to
March 2017 to capture both pre and post-rail grinding noise emissions. Monitoring was under-
taken at different track forms (embedded, grass and traditional slab track) with trams passing at
different speeds (30—70km/hr). A control location, not subject to rail grinding, was also moni-
tored. This paper details the results at two locations. The grinding campaign was successful with
reductions ranging from 4.0dB (Laeqp) at Location 7 and 11.7dB (Laeq1p) at Location 2. In spe-
cific one third octave bands, reductions of up to 18dB were achieved. However, whilst reduc-
tions achieved at Location 7 remain, noise levels at Location 2 are increasing monthly at a rate
of approximately 1dBA. It is hypothesised that the corrugation was not completely removed
during grinding at Location 2 and remaining roughness is contributing to an increase of rough-
ness levels and associated noise levels.
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1. Introduction

Railway transport is purported to be the most sustainable transport mode as it consumes less en-
ergy and produces less carbon dioxide than any other transport mode (de Vos, 2016). Although evi-
dence suggests that railway noise is less annoying than road traffic and aircraft noise (Schrecken-
berg et al., 1999), the Green Paper Future Noise Policy of November 1996 by the European Com-
mission states that the “public’s main criticism of rail transport is the excessive noise level” (Com-
mission of the European Communities, 1996).

Luas is Dublin’s light rail system. Operations commenced in 2004 with the opening of the Luas
Green and Red Lines. The system is serviced by Nr.40 Citadis 401 trams which operate on the Red
Line and Nr.26 Citadis 402 trams operating on the Green Line. Both the Citadis 401 and 402 trams
are four bogied vehicles with three motor bogies and one trailer bogie.

Similar to the majority of urban electrical tramways, Luas is powered the electricity supplied by
an overhead catenary system and is relatively quiet when compared to diesel locomotives with simi-
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lar power output. However, electrical rail systems do produce airborne and/or structure borne noise
and vibration which may require abatement. Sources of noise and vibration in the railway system
include traction noise from auxiliary equipment fitted to the tram vehicles, curve squeal, joint im-
pact noise and warning signals from trams (chimes, etc.).

The main noise source is the interaction of the wheels with the rails termed rolling noise. Ensur-
ing smooth wheels and rails aids minimal noise generation. Hardy and Jones (2004) report that
normally the rail head will exhibit “broadband” surface roughness but at some locations there are
periodic wear patterns, known as corrugations, which can have significantly greater amplitudes than
the general broadband roughness. Rail corrugation is one of the most serious and expensive prob-
lems experienced by transit systems (EU Corrugation Project, 2006). Wheels can also suffer from
corrugation. In relation to rail, once a rail has reached an unacceptable level of roughness, the only
way of removing the existing corrugation from the rail surface is to grind its surface. It is important
to note that grinding is mostly undertaken for reasons of preventing rail defects and fatigue cracks,
and not for acoustic reasons (Thompson, 2009). Grinding should focus only on the areas exhibiting
significant corrugation or high corrugation growth levels as part of a cost effective corrugation
management strategy.

In 2012, the acoustic benefits of rail grinding was investigated on the Luas Red Line at one loca-
tion. The track form at this location was traditional slab track with trams travelling at a speed of
approximately 70 km/hr. The gradient at this location was approximately 4%. A reduction of 10dB
(Laeq,7p) Was achieved following the grinding campaign. Upon review of the measured one third
octave data, reductions of 10-12dB were achieved between 400 Hertz (Hz) to 630Hz. However, this
study was limited and findings were based on only two pre-grinding trackside measurements and
three post-grinding measurements. Between January/February 2016 and March 2017 Transport
Infrastructure Ireland (TII) undertook a more comprehensive investigation into noise reductions
following a rail grinding campaign. The aim of this current study was to determine the acoustic
benefits following a rail grinding campaign on the Luas network at eight locations on the network
with different track form and tram pass-by speeds. The results at two of these locations are present-
ed and discussed in this paper.

2. Methodology

2.1 Corrugation Survey

Prior to every planned rail grinding campaign, the Infrastructure Maintenance Contractor (IMC)
undertakes a corrugation survey of the entire network using a Corrugation Analysis Trolley (CAT).
The CAT is supplied with software that enables interpretation and analysis of the recorded data in
various ways, including analysis of corrugation wavelength and amplitude. Pre-rail grinding corru-
gation amplitudes are included in Table 1.

Table 1: Pre-rail grinding corrugation levels at monitoring locations

Monitoring Location Amplitude
Location 2 198 pum
Location 7 122 pym

2.2 Monitoring Locations

Noise monitoring locations were selected following a desktop review of available historic noise
survey data, an onsite review of track form types on the network and a review of the 2015 corruga-
tion survey undertaken by the IMC. Table 2 provides details of track form, tram pass-by design
speed, distance to the nearest side rail under consideration and whether the inbound or outbound
track was measured at each monitoring location.
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Table 2: Noise monitoring location details

Monitoring Location Track form Tram pass-by Distance from Track side
design speed nearside rail
Location 2 Traditional slab 60 km/hr 3.56m Inbound
Location 7 Embedded 30 km/hr 2.0m Outbound

2.3 Measurement campaign

The acoustic parameters measured during each monitoring event were (i) Laeq,7p (ii) Lae (iil) Larmax
and (iv) linear one third octave frequencies (20Hz — 20kHz). Three tram passes were monitored at
each location. All measurements were attended and undertaken in general accordance with 1SO
3095:2013. In addition, the following supportive information was noted during each tram by pass
(i) tram direction (ii) tram number (iii) estimated tram speed (iv) exposure time and (v) any screech-
ing, braking, acceleration and deceleration characteristics of the tram. During the majority of sur-
veys, a number of events were dismissed due to obvious contamination i.e. either two trams ap-
proaching at the same time, by passing road vehicles or neighbourhood activities e.g. mowing of
lawns. Noise measurements were made using Class 1 data logging integrating sound level metes
fitted with 1:1 and 1:3 Octave Band Filters. A stop watch was used to record the speed of all trams
and an anemometer was utilized to measure wind speeds.

2.4 Method for determining wheel and track contributions

When considering noise mitigation options which affect only the track component of noise i.e.
rail grinding, it is helpful to identify both the track and wheel contribution to rolling noise. By iden-
tifying the relative contribution of each, the acoustic effectiveness of grinding can be better quanti-
fied.

Although more precise methods are currently available to determine contributions, historically
this relationship has been inferred from simple measurements and the calculation as outlined below
has been utilised in this study to determine track and wheel contributions to total rolling noise (I0A,
2010):

e Determine total A-weighted rolling noise (Lita): Total rolling noise is the sum of wheel ra-
diated noise and track radiated noise

e Determine the A-weighted level for the spectrum in the frequency range 100 — 1250Hz. This
Is designated to be the track contribution, Liack, to the total rolling noise; and

e Using the following calculation, the wheel contribution can be determined:

L

total M
L el :10Iog[10 0 101 J (1)

2.5 Rail grinding programme

In May 2016, the IMC undertook a rail grinding campaign on approximately 10.5km of the net-
work. A grinder fitted with six grinding stones was used for the grinding programme. Results of the
pre-grinding corrugation survey were reviewed and locations identified requiring treatment. The
number of passes ranged from 2-16. Location 7 was ground as part of the May 2016 campaign.

Following a review of the grinding campaign and review of the pre-grinding corrugation survey,
a follow up rail grinding programme was undertaken in December 2016 using the same grinder.
Location 2 was ground as part of the December 2016 campaign.

Fig. 1 shows the rail grinder which undertook the December 2016 programme.
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Figure 1: Rail grinder on traditional slab track — December 2016.

3. Results

The monitoring results for Location 2 and Location 7 are detailed in Sections 3.1-3.2 respective-
ly.

3.1 Location 2

The broadband parameters, one third frequency analysis and track-wheel contributions are pre-
sented in Fig. 2-4.

Between January and November 2016, the Lag, Laeq1p and Larmax had logarithmic averages of
92.1dB, 81.7dB and 88.3dB respectively (Fig. 2). Following the December 2016 grinding cam-
paign, reductions of 11.2dB, 11.7dB and 12.8dB were achieved respectively with logarithmic aver-
ages of 80.9dB (Lag), 70.0dB (Laeq,7p) and 75.5dB (Larmax) measured in December 2016. However,
between December 2016 and March 2017, all three parameters experienced an increase of approxi-
mately 3.0dB. Increasing sound levels are clearly visible within Fig. 2 below.
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Figure 2: Pre-grinding (Jan-Nov 2016) and post-grinding (Dec-Mar 2017) measured monthly average broad-
band parameters at Location 2.

The effect of the corrugated track can be clearly seen in Fig. 3 in the form of the broad peak at
the frequencies corresponding to the corrugation wavelength i.e. 400 - 500Hz. Following a review
of the one third octave data, significant reductions were identified in these two bands following the
December 2016 rail grinding campaign when compared against the pre-grinding levels (January-
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November 2016) (Fig. 3). Reductions of approximately 16 — 18dB were achieved at both frequen-
cies. Reductions ranging between 4 — 8dB were also achieved between 630 — 1250Hz. However,
broadband noise levels were found to increase at a monthly rate of approximately 1.0dB from De-
cember 2016 to March 2017. Monthly increases, since December 2016, are clearly visible in 400Hz
and 500Hz bands (Fig. 3). In December 2016 levels of 63.2dB (400Hz) and 64.7dB (500Hz) were
measured. These levels compare with 68.9dB (+5.7dB) in the 400Hz band and 69.2dB (+4.5dB) in
the 500Hz in March 2017.
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Figure 3: Pre-grinding average (Jan-Nov 2016) and monthly post-grinding (Dec 2016-Mar 2017) one third
octave analysis.

Fig. 4 demonstrates that the track noise component dominates the total rolling noise for all
measurement events. Between January 2016 and November 2016 the track noise component ranged
from 8.5dB to 11dB greater than the wheel noise component. In December 2017, following the
grinding campaign, the difference reduced to 2.8dB. However, between January and March 2017
this difference has risen from 4.5dB (January 2017) to 6.2dB (February 2017) to 7.5dB (March
2017).
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Figure 4: Monthly track and wheel noise contribution to total noise.
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3.2 Location 7

The broadband parameters, one third frequency analysis and track-wheel contributions are pre-
sented in Fig. 5-7.
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Figure 5: Pre-grinding (Feb-Apr 2016) and post-grinding (May 2016-Mar 2017) measured monthly average
broadband parameters at Location 2.

Between February and April 2016, the Lag, Laeqtp, and Larmax had logarithmic averages of
93.0dB, 80.1dB and 88.6dB respectively (Fig. 5). Following the May 2016 grinding campaign, av-
erage reductions of 4.9dB, 4.0dB and 2.7dB were achieved respectively with logarithmic averages
of 88.1dB (Lag), 76.1dB (Laeqmp) and 85.9dB (Larmax) measured between May 2016 and March
2017. In March 2017 a clear upward spike is evident for the Larmax. It is hypothesised that this
spike is due to wheel related damage e.g. a wheel flat on one of the monitored trams.
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Figure 6: Pre-grinding average (Jan-Apr 2016) and post-grinding (May-Nov 2017 and Dec-Mar 2017) one
third octave analysis.

Due to the moderate speed of tram pass bys at this location (30 km/hr) the rolling noise caused
by corrugation had a low frequency content i.e. 200Hz. A reduction of approximately 13.5dB was
identified in this 200Hz band following the May 2016 rail grinding campaign (Fig. 6). Reductions
ranging between 2.0 — 5.5dB were also achieved between 315 — 630Hz. Post-grinding levels have
remained relatively constant with no notable increases in any one third octave band.

6 ICSV24, London, 23-27 July 2017



ICSV24, London, 23-27 July 2017

B Total_Noise MW Track_Noise Wheel_Noise
85.0

80.0

75.0
70.0
65.0
60.0
o

Sound pressure level dB re.20pPa

© A A A
N = N 4 > N
\\,}/Q (\’/\9 ‘\’/\/0 Af/‘/ @’},Q *f}/ \,’/\9 ‘\f/‘/0 ‘\,}Q ‘\/./\/0 ‘\/}0 \\/}9 \\,/\/0 \(\’/\9
\ \ N S Q Q e Q C <
\\\'@ @'g& W ® \\\'Q ¥ o@) & L o\\;b «\\;b @,2;&
P Kol S O N AN N
& Q Q (2 &
32 9

Figure 7: Monthly track and wheel noise contribution to total noise.

Similar to Location 2, a review of Fig. 7 identifies that the track noise component dominates the
total rolling noise for all measurement events at Location 7. Between January 2016 and April 2016
the track noise component ranged from 9.9dB to 11.2dB greater than the wheel noise component.
Following the grinding campaign, track noise ranged from 6.7dB to 9.3dB greater than the wheel
component from May 2016 to February 2017. In March 2017, this dominance reduced to 5.3dB due
to the possible wheel flat considered above.

4. Discussion

The results of this study has demonstrated that effective grinding of corrugated rail will result in
significant noise reductions. Following the December 2016 grinding campaign broadband reduc-
tions of 11.2-12.8dB were achieved at Location 2 with even greater reductions achieved in the fre-
quencies corresponding to the corrugation wavelength i.e. 400 - 500Hz. Such reductions equate to
an overall halving of loudness that would be experienced by nearby sensitive receptors. In fact, giv-
en the highly tonal dimension of the noise emissions at this location, reductions perceived by the
effected populations are even greater. At Location 7, reductions of approximately 4.0-4.9dB were
achieved for Lag and Laeg, Tp.

At Location 2, the 2015 pre-rail grinding corrugation study reported a significant amplitude of
198um. As discussed in Section 3.1, noise emissions levels at Location 2 have been found to be
increasing by approximately 1dB per month following the December 2016 grinding campaign. If
noise emissions continue to increase at a similar monthly rate, then the pre-rail grinding noise levels
will have returned within one year. However, rail surface defects develop in a non-linear way (EU
Corrugation Project, 2006). Once a tipping point is reached, rail roughness may develop exponen-
tially and thus, pre-rail grinding noise levels may be experienced in a shorter time frame at Location
2. At Location 7 noise level reductions following the rail grinding campaign have remained rela-
tively constant.

Research reported by the EU Corrugation Project (2006) indicated that existing corrugation is
one of the main contributors to the development of further corrugation and the importance of the
quality of the grinding process cannot be overstated. Insufficient grinding i.e. remaining roughness,
leads to a rapid increase of roughness levels and associated noise levels. It is essential that all corru-
gation is completely removed after grinding. Based on the acoustic evidence presented in this paper
it is hypothesised that all corrugation has not been completely removed at Location 2. Should levels
return to November 2016 levels then a further rail grinding campaign will be required. Grinding of
the rail on an annual basis will have a significant impact on the maintenance effort and reduce rail
lifetime. At Location 7 the 2015 pre-rail grinding corrugation study reported an amplitude of
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122pum. Monitoring results over the past 12 months would indicate that the grinding campaign was
a success at Location 7.

Rolling noise is the predominant railway noise source, and thus, control methods need to be
based on a systems approach (de Vos, 2016). As both track and rolling stock factors contribute to
rolling noise, mitigation may need to address both to be effective (Remington, Kurzwell and Tow-
ers, 1987). However, in order to achieve rolling noise reduction it is critical to know the relative
importance of each factor (Thompson, 2009). For both locations considered within this assessment,
and others monitored as part of the overall study, it is evident that both prior to, and post-rail grind-
ing, the dominant noise source is the rail. In recent times, TII in conjunction with our maintenance
partners have considered the possibility of introducing mitigation measures for tram wheels. One
particular solution considered was the installation of bogie shrouds on the trams. However, this cur-
rent study has demonstrated that for areas of rail such as those considered within this study, such
mitigation measures would result in an imperceptible reduction in noise levels.

5. Recommendations

The results of this study has demonstrated that effective grinding of corrugated rail will result in
significant noise reductions. However, to help ensure that achieved roughness and acoustic reduc-
tions remain for a sustainable time period, it is recommended that TIl, working with our mainte-
nance partners, develop an optimized the rail grinding regime. Such a regime will increase rail life
and reduce costs with the added benefit of improving the noise environs for the local population.
Recent research and development within the area of rail grinding e.g. the EU INNOTRACK project,
should be considered. As part of this optimized regime a comprehensive post-rail grinding corruga-
tion survey should be undertaken within a set timeframe to confirm that grinding has met the de-
sired campaign targets.
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