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Ard KUIJPERS; Wout SCHWANEN: Chiel ROOVERS
! M+P - Consulting Engineers, Netherlands

%pProRail, Netherlands

ABSTRACT

At the end of 2014, rail roughness control wag figplied on a significant scale on the Dutch cotieaal

rail network. Due to a traffic increase betweenrigen and Leeuwarden, the noise emission was #gec
to exceed the legal limits obliging ProRail to tadainter measures. Traditional noise mitigation suess
(noise barriers) were planned, but it takes some tiefore these are in effect. ProRail decidedsworail
roughness control to bridge this timespan.

The grinding company, the infrastructure manager the monitoring and consultancy company together
shaped a program to control the roughness. Inghjger, we will show the complete process of the
implementation of a rail roughness control prograra real-life situation.

We specified the desired noise reduction, basetth@tfegal requirements and translated this intesireld

rail condition. We then devised and carried outanioring program: a combination of periodic statioy
and dynamic (on-board) measurements. We will descdnow we dealt with real-life situations such as
changes in superstructure, bridges, switches, spagations etc. and how the monitoring results ban
communicated with the authorities, to show thatablkieved rail condition is in compliance with tegal
limits.
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1. INTRODUCTION

Rail roughness control is an effective noise mifigl|m measure that works at the source. By
reducing the rail roughness level, the total meatanexcitation of the wheel and the rail in the
wheel-rail contact area is reduced and hence thiagaoise emission.

The working principle of rail roughness controlusll-known and well-accepted (1). And although
this measure is applied in several countries, titegation method is not (yet) widespread. When the
mitigation method is applied, there are a numbeprattical issues that need to be dealt with, that
uncommon for other noise mitigation methods suchaise barriers or rail dampers. These issues are
technical (How can we specify the desired resulttaWs the accuracy of the monitoring method?) and
non-technical (When and how do | plan the largdesgainding activities? Who pays for the grinding:
the projects or the maintenance department of thieastructure provider?). Many infrastructure
providers have little to no experience dealing wiiese issues. In this paper we will show how we
dealt with these issues and share our experiensieg @ real-life example: grinding control on the
railway line between Groningen and Leeuwarden.

2. THE PLANNING PHASE

2.1 Choice for rail roughness control

The Groningen-Leeuwarden line (see Figure 1) igsaséd in the North of the Netherlands and is
about 53 kilometer in distance and consists ofIsimgnd double track (80 km of single track in tptal
The passenger traffic on this line is operated IRRAVA with Stadler GTW DMUs. There is a very
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small fraction of freight trains. This means thhmhast all vehicles that run on this line are digeded
and hence that wheel- and rail- roughness playgaralepart in the excitation of rolling noise onghi
line.
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Figure 1 — The Groningen-Leeuwarden line. Chainagees start in Leeuwarden at kmp 26.8 and end in
Groningen at kmp 80.1.

For the future, a significant increase in the pagse volume is foreseen. To accommodate this
traffic increase, ProRail was obliged to take nois@igation measures. For the long run, a
combination of noise barriers, and exchange of vemosleepers for concrete sleepers was chosen as a
noise mitigation measure. However, the realizatibthese measures takes time and without measures,
a traffic increase would lead to (temporary) exeeexe of the so-called noise production ceilings.
These ceilings are limit values for the noise instos in order to protect the surroundings of rajwa
infrastructure against the negative noise effeétsadfic growth.

Under the current national legislation, ProRailaet comply with noise production ceilings at all
times. This means that traffic is not allowed towrntil the noise reduction measures are in pl&aoe.
overcome the timespan until the permanent noisgyatibn measures are realized, ProRail decided to
use rail roughness control as a temporary noisgation measure. The considerations for this choice
were the following clear benefits:

« As a temporary measure rail roughness control if-sugted because it is implemented as a
maintenance action. It can be started and stoppedrding to needs, without capital being
wasted;

e The time to implement the measure is very shorahbse:

o rail grinding is already incorporated in the worgiprocess of the infrastructure
provider;
o0 there is no design and construct phase for thissomea
« It can be applied both to great track lengths amwally, whatever is required.
These benefits outweighed the following practicaiuies and skepticism:

< Rail grinding will take away metal and hence decreases the lifetime of therail and increasesthe
life cycle costs: the material removal for acoustic finishing igwemall and insignificant when
the acoustic finishing is combined with regularyaetive and/or corrective grinding. Studies
indicate that regular grinding increases the lifedj

« Rail grinding increases the total maintenance costs:. true, but it also decreases the investments
in other noise mitigation measures. In practicajdrt needs to be transferred from the project
department to the maintenance department.

« Rail grinding interferes with the regular grinding: true, and it is very cost-effective when
acoustic grinding is combined with regular grindinbhe maintenance department has to
integrate the acoustic grinding to its normal mair@nce program (just as they have to change
their maintenance when rail dampers are applied).

« The effect of rail grinding is eliminated by freight trains: true only when the majority of traffic
has only cast-iron block brakebut in case of disc-braked or LL/K-block brakede(ght)
vehicles, the effect is the same as for passemgarst (which are normally disc-braked). The



trend for the future is that more and more cast-ilvaked vehicles are retrofitted with
LL-blocks so the effectiveness of rail grindingagoise reduction measure will increase.

» It onlyworksfor rolling noise: true. In this respect it is similar to wheel-rail dampers. Noise
barriers are also effective for other (low) noiseises (e.g. drive-train, compressor, HVC
noise etc.).

The aim of rail roughness control as a noise rednaneasure was to get a noise reduction of about 1
to 1.5 dB at critical sections on the line. In tiext section we will show how such a requirememt ca
be translated to a roughness parameter.

2.2 Defining the desired result

2.2.1 In terms of noise reduction

The Dutch noise calculation scheme (2) indicatew o express a noise reduction (or more
precisely a change to the noise emission comporang function of rail and wheel roughness. It is
expressed as a coefficient that modifies the neisgssion:Ciougnness,c depending on frequency
(octave band) and vehicle category as:

Croughnessis,c = (Lri IrackactualD Lr,i,vehicle;:) _(Lri IrackreferenceD Lr,i,vehiclec) (l)

With L, yackacua@S the actual track roughness level; oo reference @S the reference rail roughness
level (i.e. the Dutch average roughness dng chqec @S the wheel roughness level. The index
denotes the frequency octave bard,denotes the vehicle category arid denotes energetic
summation. This expression states that the noigecten due to rail grinding depends on the
difference between:

» the combined roughness of wheel and rail of theadtground) section

* compared to the combined roughness of the refersication.

Because frequency and roughness wavelength ardimid with the relationf=v/2, it implicitly
relates the noise reduction to the vehicle speed.

2.2.2 In terms of rail roughness spectrum

Equation (1) shows that if we would like to redube rolling noise in a certain wavelength by a
number of decibels, we have to reduce the combieedhness with the same number of decibels.
Given the vehicle’'s wheel roughness (which is aarage for disc-braked wheels in the case of the
Groningen-Leeuwarden track) we can derive a raigtomess to achieve this.

Since we require a different noise reduction ahegart of the line, we could define a desired rail
roughness for each part of the line. In practide ihdifficult to use . In the Netherlands, weréfere
use a standardized reduced roughness spectrune icathulation scheme. Since the noise reduction
depends on speed, there is a standardized spefirispeeds below and speeds above 200 km/h (see
Figure 1). In this case we use the standardizedtapa for speeds below 200 km/h.

The average and standardized reduced roughnesgaen the calculation scheme are to be
interpreted as a time-average spectra. This mdaaistd achieve a certain average, the roughness
shortly after grinding should be lower than thakmage. Therefore, we also derived a roughness
spectrum specification that should be realized $hafter grinding. This specification is also givin
Figure 1. In the specification, we have taken iatwount that it is difficult to reach much lower
roughness than the specification for the shorterehengths (i.e. below 1 cm), but that for the longe
wavelengths, this can be achieved more easily.
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Figure 2 — Three typical roughness spectra: theageeDutch roughness (NLavg), the standardizedriedve
roughness for speeds below 200 km/h and the spatwifn for the desired result for the
Groningen-Leeuwarden line, which should be achieskexitly after grinding.

If these specifications are realized in practicep#se reduction of 2.9 dB would be achieved skyortl
after grinding and a noise reduction of 2.5 dB wbbk realized on average. This is more than the
required 1 to 1.5 dB, so not strictly necessarywkwer, using this specification provides some margi
to allow further traffic growth or to have a longéme interval between grinding maintenance.

2.3 Monitoring plan

To study the time behavior of the ground track, et®se to monitor the rail roughness on the
complete track using our (indirect) roughness numiiig system ARRoW (3,4). Two measurements
were planned: one after 4 months and one after ddths. In addition, one reference location was
chosen where the rail roughness was monitored tijresing a stationary measurement instrument,
directly after grinding and also after 4 and 11 inan

3. THE PRODUCTION PHASE

3.1 Thegrinding

After specifying the desired result in terms ofoaighness spectrum and contracting the grinding
company, the complete line was reprofiled and anuatic finishing was applied to get the track ia th
desired shape. The track was ground in Decembe6 2lting a series of nightly out-of-service
periods. On average a net production speed of ab&uat/h ground track was achieved (compared to
10 km/h that can be achieved without acoustic fimg).

The grinding was carried out using a grinding maehwith rotating grinding stones. The same
machine was used to perform the reprofiling andat@ustic finishing, albeit that the machine sefsin
and vehicle speed were different in these cases.

3.2 Conformity of production check

The result of the grinding activities was monito@da reference section (close to Leeuwarden at
kmp 31.5). At this location, the roughness of thi &nd right rail was measured using a Miller-BBM
mjrail measurement device and expressed as a resghmavelength spectrum. The results of the
measurement are given in Figure 3. In the sameadigue present the result of the measurement at the
same location, 4 months grinding.

Figure 3 shows that directly after grinding, théd raughness for wavelengths longer than 2 cm is
below the Dutch average and for wavelengths shahtam 2 cm, it is in the same range or above the
Dutch average. However, this is not the final diima A typical phenomenon that is observed for
rotational grinding is that the roughness for shveaivelengths will decrease. The grinding stonedeav
grinding marks in the rail head that manifest thelwas as low wavelength roughness. This roughness
will decrease during a run-in period where typigdll5-1 MGT of traffic has passed (5).

Another typical aspect of rotational grinding isetHistinct peaks for some larger wavelengths.
These are due to oscillations in the grinding staxie. The frequency of this peak can be manipdlate



by changing the vehicle speed, the grinding statational speed or both. The rather high amplitude
of the roughness peak at 10 cm for this case wastdwan (uncommon) instability in the grinding
motor. This problem was only present in the firgsinding shift and did not manifest itself in this

amplitude for the other grinding shifts.
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Figure 3 — Rail roughness spectra at referencéitocalirectly and 4 months after grinding, compbie
Dutch average roughness and standardized lowevgthmess specification.

4. THE MONITORING PHASE

4.1 Monitoring with ARRoW

The monitoring of the rail roughness was carried 4wand 11 months after grinding. For that
purpose, the ARRoW system was installed in an ivise passenger DMU. Installation (mounting
microphones, accelerometers and running cableletoniside of the vehicle) takes about 1 hour and
measurements can be done without disturbing thenabpassengers so the impact on the normal
traffic is minimal.

The drawback of using a vehicle in service is twatdo not know the wheel roughness of the
vehicle so we cannot use equation (1) directly étate noise changes to roughness changes and
vice-versa. However, the direct measurements orrdference site can be used as a calibration to
indirectly determine this relationship (see Figdrand reference (3)).
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Figure 4 — The principle of calibration for inditdRRoW) measurements with stationary measurements

A typical end-result of the monitoring is givenkigure 5: in this case the track condition 4 months
after grinding. The noise emission change (witlpees to standard track with average roughness) as a



function of chainage is displayed. for both sloaffic vehicles and express traffic vehicles, sitoe
effect roughness depends on the vehicle speedu3dx speed profiles are displayed in Figure 6. We
found that the speed had little influence on thegtmess-induced emission change. This is normally
the case when the roughness spectrum has roughlyatime gradient as the reference roughness. We
therefore did not take traffic type into accounsusequent analyses

Overall we found that the grinding did result isignificant decrease of the noise emission and that
rail grinding was thus effective as a noise mitigatmethod.

4.2 Dealing with real-life track

Figure 5 does not only show the emission changetdu®ughness (i.e. th€ougnness but also
changes due to change of superstructure propeatidsdiscontinuities such as switches and joints.
This is because ARRoW uses microphones to meakareotling noise difference and this difference
is influenced by more than roughness alone. Thssthae taken into account when interpreting the
data.

4.2.1 Changes in the superstucture

The influence of the superstructure can be filteoead of the results. For instance, we wanted to
compensate for the influence of the emission chashge to wooden sleepers instead of concrete
sleepers. Track on wooden sleepers has a highese nenission (2 dB according to the Dutch
calculation scheme) and we can compensate forbih&dwering the emission change with 2 dB for
those parts of the track where wooden sleepersnatalled. After compensation, we get the noise
emission change displayed in Figure 7.

Instead of using a known relation between supectire and sound emission, as demonstrated, one
can also compensate for unknown superstructuraeénfte. This can be done by using an additional set
of calibrations on the superstructure of interéstthe ARRoW processing software, one can choose
the calibrations to use, so it is straightforwaoduise the stationary calibration result obtained on
wooden sleeper track, to calibrate all measurememtsack with wooden sleepers. Then the emission
difference with respect to standard track will lmempensated for automatically.
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Figure 5 — Noise emission change measured in babtidns on the line Groningen-Leeuwarden as a
function of chainage.
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Figure 6 — Speed profiles for slow and expres§idriaf both directions on the line Groningen-Leeuden as
a function of chainage.
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Figure 7 — Influence of correction for wooden skxspon emission change.

4.2.2 Speed variations for the measurement vehicle

The measurements were carried out with a traironmal service. This means that the train stops at
a number of stations. The train we used was runaislpw train and express train service and we did
one ARRoW measurement in each service type.

When there is a speed variation in the measurentbigt,will also influence the rolling noise
emission. ARRoW can compensate for this variatiotwio ways. The simple compensation is to apply
a 30lg(v/vier) law to adjust the measured sound levels. Thislil for small speed variations only (in
the order of 5-10 km/h). However, for larger speadations (that we see in the slow traffic seryice
we use a different, two-step, approach. First, wéng a target speed and speed boundaries for a
specific analysis. Then we analyze all sound mesmants that fall within this speed range and apply
the calibration principle using only calibratiorstdts that were obtained within that specific asady
speed range. This principle is in essence simidathe principle of using different calibrations for
different superstructure types. Note that withire tAnalysis speed range, one can still use the
301g(vivier) law to adjust to small speed variations and thetsthe most accurate result. This analysis



is also automated in the ARRoW post-processingasart.

What remains are locations for which the measurémehicle speed was just too low. We can
define a minimum speed in ARRoW and results thatevabtained below that speed in a measurement
run are disregarded. The averaging algorithm in ARRautomatically takes care that only results
obtained at a valid speed are taken into accotintay happen that there are no measurements taken a
a valid speed for a certain part of the track. Ttere is no result to be shown in the end resel¢ the
left out areas in e.g. Figure 5). This happens@ase to train stations where a train in serviveags
needs to approach at low speed. When using a dedicaeasurement vehicle, one normally avoids
these situations.

4.2.3 Impulsive noise due to switches and joints

The measurement microphones also record the suddezase of noise when the wheel passes a
turnout or a rail joint. These peaks are visibleha emission change result (see e.g. Figure 5¢ On
could argue whether these belong to rail roughaesisshould or should not be filtered out of theadat
We choose to leave them in the results and usadlse-event analysis option in ARRoW to locate all
regions with impulsive noise. This helps us toidigtiish regions with high roughness (which does not
lead to impulsive noise) from areas with rail j@irfthat do show up as areas with noise events). For
instance, in Figure 7, the track section km 68 &8deems to be an area with high roughness level.
However, the noise-event analysis revealed this section with a lot of impulsive noise. Zooming in
on the noise level at that section, we found thate were distinct peaks at an interval of 30 mrapa
(Figure 8). We thus found out that there was dllold section of jointed track that had not been
replaced by continuous track yet.

Resuits

sound level [dB(A))

100 ' 195

68 681 682 683 684 685 685 687 683 689 69
chainage [km)

Figure 8 — Noise level at a track section with itspue noise due to jointed track.

4.3 Practical evaluation of the grinding result

In principle, the ARRoW measurement results offeesolution of a few meters. However, it is

impractical to evaluate the grinding result on aenascale because:

« itis difficult to display this level of detail fatrack sections of several decades of kilometers;

» grinding maintenance to bring the track in the de$istate cannot be applied to only a few meters.
The practical approach we applied for this linetassplit-up the complete line in a collection of
verification sections and assess the grinding tessilone average result for the entire verification
section and decide on the follow-up action per figation section. The process of assessment and
verification is given in Figure 9 and will be explad next.

For the verification of the Groningen-Leeuwardarelithe track was split up in sections of 100 m.
For each section, we determine the average speethd average rail roughness spectrum within that
section. With that, we can compute the wavelengtecsum of the actual roughness coefficient
Croughnesssectionv,i USing equation (1). This spectrum is in fact tbése emission change due to grinding.
We can also compute the required roughness coeffticipectrumCroughnessdesiredr,i USIiNg equation (1)
and substituting for instance the standardized tedeoughness spectrum from Figure 2. If the actual
roughness coefficient spectrum is below the desmadyhness coefficient spectrum, then we can
already conclude that the track condition is suéfit to obtain a lower noise emission.

If the actual spectrum is not below the desiredctpen (for all wavelengths) we cannot conclude
the noise reduction is sufficient and we have tlzwdate the actual (time averaged) noise emission
reduction (which is calle@, cin the Dutch calculation scheme and in Figure B)this scenario, the
roughness for some wavelength bands can be hidhar the desired value as long as this is
compensated for by a lower roughness in other veangth bands, such that the total (overall) noise
emission is below the limit value.

A second aspect we have to take into considerasidhe Dutch calculation scheme describes a
time-averaged desired roughness so we also hatmm¢oaverage the sound reduction. So even if the



actual C, .is above the desired value , grinding may not logiired if thetime-averaged Cy, . (denoted
with t) is below the desired value. To be able to completime-average, it is necessary to store the
history of the roughness coefficie@roughnesssectior,i in a database to be able to use it in the future.
When the actual, . is above the desired time-averaged value, thenishan indication that the
track roughness has grown considerably and thatlgrg maintenance needs to be scheduled for the
future. Using the history of actu@l, . values, it is often possible to predict the poimtime when the
average noise reduction will be insufficient. Tineans that the ARRoW results can be used in a
predictive maintenance scheme to plan the maintamanan efficient and cost-effective manner.

Figure 9 — Flow-chart for the assessment and eatitin of the rail roughness condition based on
verification sections.



5. SUMMARY

In this paper, we have shown how rail roughnesdrobis applied in a real-life application case at

the Groningen-Leeuwarden line. From the legislativatext we have derived a desired result in the
form of a desired roughness spectrum. After grigdime were able to assess the condition of thétrac
and the result of the grinding using ARRoW measwei® on an in-service vehicle. We have
presented alternatives for dealing with practicssuies such as change in superstructure, varying
measurement speed, switches and rail joints andshow these issues are dealt with in ARRoW.
Based on these measurements, we have shown howatoate the acoustical performance of the
ground track based on verification sections. Thiscept has been tested and approved by ProRail in
the Netherlands and we believe that it could seva template for other infrastructure provideet th
want to use rail roughness control as a noise atitign measure.
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