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Executive Summary

This report is produced within Work Package 4 of QuieterRail, ih&ly OS Ny a a ¢ NI O1 2 LJG A YA
GAONI GA2Y | YR fATS (Delddrable DM2Dathiesprojdct. Thi GerdllBimmIaf MB4 i 2 NI &
to develop a wekbased tool to support the whole system optimisation of railway tracks in terms of noise,
vibration and life cycle costs. To support the development of this #dgnsivecalculations are carried

out in WP4 of noise and vibration reductions associated with a range of abatemethiods and for

different combinations of track components, which will be stored in a database to be used by the tool. The
calculationsare performed using complementary physibased models available to the project partners.

This reportsummarises theénput parameters andalculationresults of noise and vibration source levels
accounting for mitigation measures.

Aset of Use Cases for track system optimisaiszaported in Deliverable D4.TheseUse Cases are limited
to the most common situation of straight, plain track, with trains passing at constant sgepital
parameter valuesssociated witlthem aredefinedhere for the calculation of noise and vibration levels
CGorresponding calculation results atteen presentedfor both noise and vibratiarThe results for noise are
determined in terms obne-third octave band spectra afound power levels for a unit roughnesghich
can then be combined with roughness spectra taking account of thie sgeed.Similarly, the resultfor
ground vibration are expressed as etiérd octave band spectra of force density for a unit unevennbss
addition, vibration spectra on the ground surface at different distances from the fiack unit unevenness
are also produced-or both noise and vibrationxample results are presented in white results are
combined with exampleoughnessiinevenness spectr@ illustrate the trends

The results allow the effect of various mitigation measures to be quantifiednoise these include rail
dampers, rail shieldgptimised rail pads andcousticrail grinding Forvibration they include measures at
the track such as undesleeper padsunderballast matsand track maintenance to improve track
unevennessand measures in the transmission path including heavy masses next to thesuagkade
stiffening and stiff or soft wave barriersAn assessment of the uncertainty in the various predictiohs
noise and vibratiomas also been carried out.

A benchmark study has been performed comparing the results of the TWINS and ToPNoise mireelks for
dynamics and radiationfhe effect of various track configurations on the stresses in the ballasilbas
been calculated and can be used to give an indication of the effect on track settlement.
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Abbreviations and acronyms

Abbreviation / Acronym Description

BEM BoundaryElement Method

EMPA Swiss Federal Laboratories for Materials Science and Technology
(Eidgendssische Materialprifurgsd Forschungsanstalt)

ERJU 9dzNRB LISQa wlkAf W2Ayd | YRSNIF{AyYy3

FEM FiniteElement Method

HESSO University of Applied Sciences and Arts Western Switzerland (Haute €
spécialisée de Suisse occidentale)

ISVR Institute of Sound and Vibration Research (University of Southampton

LCC Lifecycle costs

MAWP Multi-Annual Work Programme

TDR TrackDecay Rate

TNE Train Noise Expert (prediction software developed by ISVR fottyaasd
stationary noise)

ToPNoise Tool for the Prediction of Noise (prediction software developed by EM
andHESSO)

TWINS TrackWheel Interaction Noise Software (prediction model for rolling
noise)

UBM Underballast mats

uiC International Union of Railways (Union Internationale des Chemins de

USP Undersleeper pads

WP Work Package
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1.Introduction

1.1 Background

The present document constitutédeliverable D4.Z2 b 2 A &S I YR @A oilthe(frangeworkd R dzO i A
the Exploratory Project 1011768@5QuieterRailc HORIZONUER202301 as described in the ERAIL

al!2t® LG A& LINPRAZOSR Ay (G(KS O2yGSEG 2F 22N tlh+ Ol
fATS O0eOf S Odndfsveads t¢ defelo® adv&idbided tbol to support the whole system
optimisation of railway tracks in terms of noise, vibration and life cycle costs {MB@)is led by ISVR,
collaboration with EMPA, HEEX) KU Leuveand UIC.

Noise and vibration abatement methods often introduce additional costs to the railway, due to their
installation costs and potentially increased maintenance costs, as well as due to effects on other parts of
the system. It is therefore essential to demorade whether the benefits of these abatement methods
outweigh these additional costs and to integrate noise and vibration abatement methods into asset
management plans. Aside from traditional methods to reduce noise of the track (e.g. rail dampers),
different components of the track (e.g. rail pads, sleepers) are considered as well.

To support the development of this tool, calculations are carried out in Tagkto quantify noise and
vibration reductions associated with a range of abatement methods and for different combinations of track
components. The results of these calculations will be stored in a database to be used by the tool. The
calculations in Taskt.2are performed using complementary physibased models available to the project
partnersiISVR, EMPA, HE® and KU Leuven

Theweb-basedtool itself will be developed in Ta3k.4, due to commence ikonth 19 April 2026, which
includes afirstsuldl &1 G5SOSN¥YAYS BDLEACGRTAQRGIEEXEZDY & KRANIGASE A
the data repository as well as the menu structure. These aspects are therefore not described here.

1.2 Objectives

The purpose of this document is tiescribe the calculations of noise and vibratswurce levels tde

included in the database for the weiased tool for track optimisatiorResults for aangeof abatement
methodsare also specified. These parameters and abatement methodslageed withthe work of Task
T4.1, whichhasdefined a set of Use Cas@sDeliverable D4.11].
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2.Calculation parameters

In defining he Use Casdwar WP4in Deliverable D4.11], it has been decided to concentrate owlling

noise and rollingnduced vibratioron straight track. Theerepresent the most common situation arade
identified as the primary sources due to the high availability of data, mature models, and strong influence
from track design parameter$hey wiltherefore form the core of theveb-basedtool. Other sources can

be included passiveln the toolby means of usedefined datasets, but these are not discussed further
here.

The parameters required to calculate rolling noise and graomiche vibration are summarised in the
following sections. The purpose is to define a typical range of parameters rather than to cover every
eventuality occurring in practice.

2.1 Track parameters
2.1.1 Rail

Two common types of rail are considered: 60 kg/m and 54 kg/m. The main parameters used for the rail are
listed inTablel. It is expected that changes to the rail type (especially for nominally similar masses) will
have only marginal effects on noise and vibration.

Tablel. Rail parameters

wkAf GeLls CnoH pnowm
al da RSy®AGEe o613kY TYyphn TYyphn
al da LISNJ dzyAld fSy3adk cn®dum pnoTT
{ SO2YyR Y2YSyid 27F | Nb onoy ®o HOOT @
{ SO2YyR Y2YSyid 27F | NB pPMHPT nmopdPH
{ KSIFNJ O268FFAOASY iU 0 non non
5FYLAY3I f2@&@ FI OG2NJ nonH nonH

2.1.2 Rail pads

Example values for rail pad properties are provide@id][ Based on this, five typical stiffnesses of rail pad
are considered for ballasted track, which will be identified as: very soft, soft, medium, stiff and very stiff.
The corresponding parameters used for the rail pad are listdcbie2.

Table2. Rail pad parameters

wkAf LIR GeLS + SNE {2F0 aSRA( {GA7F +£SNR
+SNIAOFE adlFrdA0 ai 50 100 150 250 700
+SNIADNB I B g Oe aiA 60 120 200 350 1000
+SNIAOFE | 02dzadG A0 100 200 400 1000 2000
[ FGSNIt | O2dzaGA 0O a on np cn MH MT P

+SNIOAOIT RI YLAE f nompg noémpg ndémg ndmpg N POMmy
[ FGSNYt RIYLAYWE 2 nodmp nompg nodémg nodmpg ndwmy

Here a distinction is made between the static stiffness (which is only included for reference), the loaded
low-frequency dynamic stiffness (relevant to groudbdrne vibration) and the unloaded highequency
REYIYAO atATFySaa oty llhgazioise).6f6rmation briflatey/ab stifingss idBss S y
commonly available, but it is less critical to the calculated noise levels. Typically, the lateral stiffness is a
factor of between 3 and 10 smaller than the vertical stiffness. In principleydade pads with higher
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damping, the damping loss factor associated with the acoustic stiffness can be raised to 0.3 or 0.6. However,

it should be noted that the stiffness will become more strongly frequency dependent, and consequently

the ratio of acoustic stiffnessto loequSy O Reyl YA O altAFFySaa oAff AyON

F2NJ GAONI GA2Yy YI& 06S02YS || WYSRAdzYQ 2yS FT2NJ y2A4S
2.1.3

Three types of concrete sleeper are considered for ballasted track: a lighter monobloc (B91) and a typical

heavier monobloc as well as a bibloc sleeper. The parameters used for the concrete sleepers are listed in

Table3. The bibloc sleeper is represented only by its mass, whereas other sleeper types include their
flexural properties.

Sleepers

Table3. Parameters for concrete sleepers

{ £t SSLISNJ G @& LIS Monobloc (B91)| Monobloc (heavy) Bibloc
alaa RSy®mAle (¢ HMoCc HMmoc YK I
¢2aGFf YlFaa o173 HYy N oon M H
[ SYy3aadK oY0 HdcC HdcC noyn
Il SAIKG Fd NI A nodHmMn ndHop YK I
I SAIAKG G OSyd noemMT p NAOH M YK I
2 ARGK 2F (2L 1 nomcn nomMc ™ noHM
2 ARGK 2F (2L 1 nomMT 0 nompn YK I
2 ARUK 2F ol as NOHT M noHynn noHp
2 ARGK 2F ol as nOHHA Nn®OHHA YK I
,2dzy3Qa Y2RdzZ d nc oo nc oo YK I
oDt v

,2dzy3Qa Y2RdzZ d Hndn Hn®n YK I
oDt v

¢20Ff  &adzLILI®NI nocy noc g nofH
t 2Aaa2yW0a NI GA noH noH YK I
5FYLAY3 t2&a 1 nonmc ndénmc YK I
{ £ SSLISNJ & LI OAy noc noc naoc

In addition, wood, steel and composite sleepers are considered, as listedhied. The steel sleepers have

a hollow profile so details of the profile will be added to a model, not the dimensiofislite4. For
composite sleepers, parameters are availalae ISVRfor three types (Sicut, KLP and FFU); the
corresponding values are listedTiable4. A single value of sleeper spacing is considered for each sleeper
type as its influence on noise and vibration is expected to be small. Note that not all rail pad stiffness values
will apply for wood, steel or composite sleepers.

1 Half sleeper
2 Full sleeper
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Table4. Sleeper parameters

{ £ SSLISNJ (&L)S | Wood | Steel | Composite 1| Composite 2| Composite 3
(recycled (steel (fibre-
plastic) reinforced reinforced

polymer) foamed

urethane)

al da RSy®AGE ynn Typ)| Y HDP MA AN TNT
¢c24FLf Yraa 61| 7TT® Tnod cp®n hp Py TCdy

[ SYy3aadK oY0 H®Pp HON HdcC Hdc H®p

| SAIKG Fd NIYA{ ndm| nowm noMH nomny nomc

| SAIKG Fd OSy| nom| nowm noMH nomny nomc

2 ARGK 2F G2LI | ndH| N DM noHpn nouny NOHPT

2ARUK 2F G2L) | nOH| ndM( noHpn nouny NOHPT

2ARUK 2F 0l &S nou| noH noHpn”n nouny NOHPT
2ARUK 2F 0l aS nou| noH( noHpn nouny NOHPT

,2dzy3Qa Y2RdzZE| Mmp® HMA H®C ndcp M H

6f 2y IAGdZRA Y €

{ KSY2NR dzf dzA O DY c ®H| yn dT M®nn noHcC nono

¢20G1Ff &dzLILINI| ndc| ndc nodcc nocp nocn

t2Aaaz2yQa NI G| ndH ndo nubp VK| VK I

5FYLAYy3 f 2d&a non ykl n aap ndéncn nonH(d

{ £ SSLISNJ aLJ} OA| ndc ndc noc noc noc

wlk A OSSR OF € & pnnl mnn| b2yS$S b2y S b2y S

0abkYo

wkAf LIR tFGS MTT| MHR b2y S b2yS b2yS

0abkYo

wkAfSNII ROBE R| ndp nodm b2y S b2yS b2yS

Tl OG2NJ

WrAflF S NG &t RF| nopg nowm b2y3 b2y 3 b2y 3

Fl OG2NJ

For concrete monobloc sleepers, optionally undexeper pads (USP) can be included. Properties of three
examples are listed ifableb.

Table5. Undersleeper pad parameters

"t Ge L5 (270] adRAd] {GAT

¢ e LIS {[bHHy {[.HH|} &SR 2

tKAOlYySaa Hn YY| mMn YY yodp Y

.SRRAY3 Y2RdzA dza x ndnH n®HH n®cH

+SNIADNE Il 0By oe 4 M MPp N nHDAN

0abkYo

5FYLAY3I ft2@&@ Tl O nom noH noHp
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2.1.4 Ballast

For ballasted track, the parameters used for the ballast are list&dlite6 [5-7]. Here a distinction is made
between the loaded lowrequency dynamic stiffness of the ballast layer (relevant to grelumche
vibration models) and the overall foundation stiffness, including the ground (relevant to rolling noise
models). To avoid havirigo many combinations, only the usual nominal thickness of ballast is considered
for the vibration calculationg variations in the ballast thickness are expected to have negligible efffect.
noise a softer variant is also considered. For the steel, wooden and composite s|ekfiersnt values of
acoustichallast stiffness and damping are used.

Underballast mats (UBM) can be added beneath the ballast. The stiffness of UBM is usually expressed as a
bedding modulus (stiffness per unit area). Example values are listeabla7 for a soft UBM (for vibration
protection) and one with a moderate stiffnes§.[

Table6. Ballast parameters

Zurope’s

t I NI YSGSNEDARN BNRYHzy R2
¢tKAOlySaa oSySIakK at n®o
+ SNIA®NBj 08 gO0e alATT pnan
LISNJ af SSLISNJ 6abk Yo
SHEfEFAad Yl aa LISNI dzy A 1485
2 ARGK Fd GKS (2L 6Y0 o ®dn
2 ARGOK +Fd GKS o0200G2Y o dc
510 YLIAY3 t2&@&@ Tl OG2NJ nowmp
t I N} YSGSNE F2NJ y2AasS Y b2NyY| {2F( {(iS§ 222R
at SS| 02YLR
at SsSu
+SNIAOIE adAFTFySaa 2 HNnN M MANT @ M N
0abkYo
+SNIAOIE @Aa02dza RIFY| oHnN M o H M P MM
0l bakyYo
[ FGSNYt aGdATFySaa 27 op H M Tnodn MY N
0abkYo
[FGSNYf @Aaaoz2dza RIYL] cnn ocn oM®H Myn
0l bakyYo
Table7. Underballast mat parameterg8]
{2F0 !| aSRAdzy
¢ & LIS /| bHHD 5¢cmMmp
+SNIAOIf AGFGAO WOSRRAYT Mp oM
+SNIA®DNE | B9 O8 0SRRAY 3 °0Y HT Dy
5+ YLAY3 f 2a0a T3 0dz2NR ko6 G| nowm nowm
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2.1.5 Slab track

For slab track, the parameters used for the slab are listd@bie8 [9, 10]. A single design (based on Rheda
2000) is included as slab parameters are not expected to affect vibration significantly. This consists of a
concrete slab of thickness 0.24 m on a hydraulically bonded layer (HBL) of thicknesS Be3noise from

the shb itself will be neglected, as it has been found to be insignificant above 10A0Hz [

Table8. Slab track parameters9] 10]

{fro LINELISNIASA Slab HBL | Combined
CKA O10/S(A & ndun ndo nopn
2AROK 0YO H®y odn T
5SyaAirid®w® o613IkY Hpnna HAAN T
al 3a LISNJ dzyAd €Sy3adK 6131 Mcyn HANA OTHN
,2dzy3Qa Y2Rdz dz& oDt | 0 O H M T T
+SNIAOIE O0SYRNWY3I alGATTY i T o n
5FYLAY3 t28d& Tl OG2NI k G| ndnm nodam ndnwm

The full range of rail pad stiffnesses listed above for ballasted track does not apply to slab track. As listed in
Table9, two values of rail fastener stiffness are considered, which represent the combined stiffness of rail
pads and lower pads. No separate sleepers are included. For reliable noise predictions, measkred
decay ratesTDR should be used.

Table9. Rail fastener properties for slab traci (]

wkAf FFradSySN LINRLISNI A Sa b 2 NXY I {2F0
hdSNFtf GSNIAOIFE adlFdAOo ada HpP M N
hOSNI tf ORI HOY Dt AaATTYySaa p N M p
+SNIAOIE | O02daAGAO auAFTFySaa TP Hp
[FGSNIt F02daGA0 AaGAFTFYSaa op M p
+SNIAOI ¢ RFEYLAWE f2aa FI O02 n ®H noH
.haSLIXtlrasS vyraa 6130 cdn p ®n
+SNIAOIE | O02daAGAO auAFTFySaa HANn HANn
[FGSNYE | O2daAaGA0 alATFySaa MPp N MPp N
+SNIAOI ¢ RFEYLAWE f2aa FI O02 n ®H noH
CraidSySNI aLI OAy3 o0Y0D nocp nocp

2.1.6

To calculate grounttorne vibration some example soil models are required. In SILVARS[TAR [
homogeneous halfspace ground models were includdekse parameters are listed Trable10, whered

is the shear wave velocity) the dilatational wave velocity;, the density, and I the material
damping ratios in shear and dilatational deformation. Since the source levels for ground vibration will be
determined in terms of force density levels, it is expected that they will not vary significantly between

Ground properties
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different soil conditions. It is therefore expected to be unnecessary to consider many complicated sets of
ground conditions in determining the source levels.

Table10. Dynamic soil characteristics used for homogeneous halfspace grouslds [

6 (m/s) 6 (m/s) Q) O] " (kg/m’)
Soft 100 200 0.025 0.025 1800
Moderately soft 140 280 0.025 0.025 1800
Medium 200 400 0.025 0.025 1800
Moderately stiff 280 560 0.025 0.025 1800
Stiff 400 800 0.025 0.025 1800

2.2 Vehicle parameters

This section lists parameters defining the vehicle required to calculate rolling noise and -gpaued
vibration. As the track optimisation tool is focused on track properties and costs, results will be included
for only a few representative train typeln the following, parameters are specified for one passenger and
one freight train.

2.2.1 Train parameters for grourddorne vibration models

A set of values for the train parameters required for grodmmtne vibration models is listed ifablell,
based loosely org| 11].
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Tablell. Train parameters for groundborne vibration models
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2.2.2 Wheel parameters for noise models

The main property affecting wheel noise is its cresstion shape. Fowheel designs are considered, as

shown inFigurel. The two for passenger rolling stock are characterised by different diameters, while for
freight the conventional design is used with cAsN2 y 06 NJ 1 S 0 f 2 Gi (aNBsakaNSGg KaS SifK S
with K-blocks. Axisymmetric finite element models are proéd of these wheels, with the results stored

in a list of modal parameters (natural frequencies, mode shapes and damping ratios). The main wheel
parameters required for the noise models are listed ablel2. Those for Intercity passenger correspond

to the unpowered vehicle imablell and those for the regional passenger correspond to the multiple unit

in Tablell. The properties for the freight wheels correspond to the loaded freight wagdattell. The

vehicle length, bogie spacing and axle spacing are as listeablall.
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Figurel. Wheel designs: (a) Intercity passenger (type Ba93), (b) suburban passenger (VB2N), (c)
conventional freight (Ba02), (d) lowstress freight wheel (Ba319).

Table12. Wheel parameters for rolling noise models
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2.3 Unevenness spectra

The noise and vibration source data will be provided in the tool in terms of a unit roughness/unevenness
input. A set of predefined roughness/unevenness spectra will be provided in theasldted here. The

user will also be able to input their own roughness/unevenness spectra if dedinegtlenness spectra are
defined in onethird octave bands separately covering laand highfrequency regions.

For rolling noise calculations, a range of rail roughness spectra is provided from the sonRail default spectra
[12], listed inTablel3. They are also plotted figure2. Additionally, the limit spectrum from 1SO 30953]

is included, which has been extrapolated to longer and shorter wavelengths (values in taks® spectra

can be augmented latewith information on the effect of different rail grinding strategies on average
roughness.
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Wheel roughness spectrissed for the noise calculatiorsse provided separately, sekable14. They are
defined depending on the braking system type as (i) cast iron tread brakes, (ii) composite brake blocks and
(iii) disc brakes, for consistency with CNOSEO 4] (although the data are not those from the CNOSSOS

EU database). They were derived8hldy applying smoothing to measured spectra presentedh [They

are also plotted irFigure3.

In combination with these roughness spectra, a contact fik@pplied.For this,the following analytical
filter is used for simplicity, sed9):
Sl (1)

| >

R0_s p

where _ is the roughness wavelengtimd ¢ is the contact patch length in the rolling directiowhich
depends on the wheel radius and normal lo@tie filter effectin decibelds given by 1 | CSO_'s .

For the lowfrequency region required for ground vibration, to cover a frequency region from 1 Hz 4250

and train speeds from 36 km/h to 360 km/h, a wavelength range between 0.04 m and 100 m is required
[6]. From 0.04 m to about 1.0 m this overlaps with the acoustic roughness range. However, it is proposed
to allow them to be selected independently for vibration and noise to allow flexibility.

The predefined spectra for ground vibration calculations are taken from the SILVARSTAR dé}aase [
are listed inTablel5 for ballasted tracks an@lablel6 for slab tracks. They are also plottedrigure4 and
Figureb. Depending on the type, rail corrugation typically affects wavelengths shorter than 0.2 m and may
influence grouneborne noise but is less likely to influence feelable vibration.

Thewheelroughness spectra used fground vibration calculations atisted inTablel7. These arbased
on those used for noise, but with the addition ofpgeak due to wheel eccentricityoccurring at the
wavelength corresponding to the wheel circumferenthis can vary considerablyg] but here it has been
allocated a value of 45 dB ramn (0.5 mm peaidto-trough) for the casiron brake blocks at a wavelength
of 3.15 m. For the other brake types, a value of 37 dBmen1(0.1 mm pealto-trough) is used, which is
divided between the 2.5 m and 3.15 m band@ke levels in the bandg wavelengths 0.8 m and above are
adjusted correspondingly.
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Tablel3. Rail roughness spectifar noise calculationsgB ref. 16° m [12]
Wavelength,| Smooth Average Rough ISO 3095
m limit [13]
0.63 2.3 7.0 14.3 21.1
0.5 1.1 6.5 13.8 19.1
0.4 0.6 6.0 13.3 17.1
0.31 0.1 5.5 12.8 15.0
0.25 -0.4 5.0 12.3 13.0
0.2 -0.9 4.5 11.8 11.0
0.16 -1.3 3.9 10.9 9.0
0.12 -1.5 3.6 10.1 7.0
0.1 -1.6 2.7 9.5 4.9
0.08 -2.3 2.1 9.1 2.9
0.063 -3.0 15 8.9 0.9
0.05 -4.4 1.0 8.5 -1.1
0.04 -6.4 -0.4 7.8 -3.2
0.0315 -7.8 -1.5 6.5 -5.0
0.025 9.4 -3.0 4.9 -5.6
0.02 -11.2 -4.5 2.7 -6.2
0.016 -13.6 -7.5 -1.3 -6.8
0.012 -15.2 -10.1 -3.7 -7.4
0.01 -16.1 -11.8 -5.3 -8.0
0.008 -16.5 -13.0 -7.3 -8.6
0.0063 -17.0 -13.9 -8.3 -9.2
0.005 -17.3 -14.9 -9.3 -9.8
0.004 -17.5 -15.4 -10.3 -10.4
0.00315 -17.9 -16.1 -11.3 -11.0
0.0025 -18.5 -16.9 -12.3 -11.6
0.002 -19.5 -17.9 -13.3 -12.2
0.0016 -20.5 -18.9 -14.3 -12.8
0.00125 -21.5 -19.9 -15.3 -13.6
0.001 -22.5 -20.9 -16.3 -14.2
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Table14. Wheel roughness spectif@r noise calculationsdB ref. 1 m [6]

Wavelength, Disc Castiron K-block
m braked block
0.8 2.8 7.4 -3.4
0.63 2.4 6.6 -5.3
0.5 1.9 5.8 -6.7
0.4 15 5.1 -7.7
0.31 0.9 4.3 -8.4
0.25 0.0 3.5 -8.9
0.2 -0.9 2.7 -9.2
0.16 -2.0 3.1 -9.3
0.12 -3.2 4.6 -9.4
0.1 -4.2 6.2 -9.4
0.08 -5.3 7.8 -9.4
0.063 -6.3 9.2 -9.4
0.05 -7.2 10.0 -9.4
0.04 -8.0 10.3 -9.5
0.0315 -8.7 10.0 -9.7
0.025 -9.3 9.2 -10.0
0.02 -9.8 8.0 -10.4
0.016 -10.1 6.4 -10.9
0.012 -10.5 4.5 -11.6
0.01 -10.7 2.6 -12.4
0.008 -11.1 0.6 -13.5
0.0063 -11.5 -1.6 -14.9
0.005 -12.1 -4.0 -16.5
0.004 -13.0 -6.5 -18.4
0.00315 -14.3 -9.9 -20.8
0.0025 -16.1 -14.1 -23.6
0.002 -18.4 -19.6 -26.8
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Figure2. Acoustic rail roughness spectra
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Figure3. Acoustic wheel roughness spectra.
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Tablel5. Ballasted track unevenness specti@ ground vibration calculationsgB ref. 1 m [6]

Normally Not well
Wavelength| HS or well| Normally | Notwell | Freight | maintained | maintained
m maintained| maintained| maintained| line and and
corrugated | corrugated
100 53.2 59.4 66.4 70.6 59.4 66.5
80 52.9 59.2 66.0 70.2 59.2 66.1
63 52.6 58.9 65.7 69.9 58.9 65.7
50 52.2 58.7 65.3 69.5 58.7 65.3
40 51.9 58.5 65.0 69.2 58.5 65.0
315 51.5 58.0 64.6 68.8 58.0 64.6
25 51.3 57.3 64.1 68.4 57.3 64.1
20 50.7 56.4 63.9 67.7 56.4 63.8
16 49.9 55.4 63.4 66.6 55.4 63.2
12.5 48.6 53.9 62.3 65.1 53.9 62.0
10 47.1 52.5 61.1 63.5 52.5 60.7
8 45.5 50.8 59.6 61.6 50.8 59.1
6.3 43.4 48.9 57.6 59.4 48.9 57.1
5 41.2 46.9 55.5 57.0 46.9 54.9
4 38.9 44.8 53.2 54.5 44.8 52.7
3.15 36.3 42.4 50.6 51.6 42.4 50.0
2.5 33.6 40.0 47.8 48.7 40.0 47.4
2 30.9 37.6 45.0 45.8 37.6 44.7
1.6 28.1 35.1 42.1 42.8 35.1 41.9
1.25 24.9 32.2 38.8 39.4 32.2 38.9
1 22 29.6 35.7 36.3 29.6 36.1
0.8 19 26.9 32.6 33.1 26.9 33.3
0.63 15.9 23.9 29.3 29.7 23.9 30.4
0.5 12.8 21.1 26.0 26.5 21.0 27.6
0.4 9.9 18.3 22.9 23.4 18.9 25.1
0.315 6.8 15.3 19.7 20.1 16.9 22.6
0.25 3.9 12.4 16.6 17.0 15.2 20.3
0.2 1.3 9.6 13.8 14.2 13.7 18.3
0.16 -1.3 6.9 11.0 11.4 12.5 16.5
0.125 -3.9 3.9 8.2 8.6 11.5 14.8
0.1 -6.2 1.2 5.8 6.2 10.9 13.6
0.08 -8.2 -1.4 3.6 3.9 10.7 12.7
0.063 -10.2 -4.0 1.6 1.8 10.8 12.2
0.05 -11.9 -6.5 -0.2 0.0 11.3 12.0
0.04 -13.2 -8.8 -1.6 -1.5 12.2 12.3
0.0315 -14.4 -11.2 -2.8 -2.8 13.7 13.7
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Tablel6. Slab track unevenness specti@r ground vibration calculationsgB ref. 1 m [6]

Normally Not well
Wavelength| HS or well | Normally Not well | maintained | maintained
m maintained | maintained | maintained and and
corrugated | corrugated

100 47.1 57.2 67.5 57.2 67.5
80 46.9 57.0 67.2 57.0 67.2
63 46.7 56.8 66.9 56.8 66.9
50 46.4 56.5 66.6 56.5 66.6
40 46.2 56.3 66.3 56.3 66.3
315 45.9 56.0 66.0 56.0 66.0
25 45.7 55.4 65.4 55.4 65.4
20 45.4 54.7 64.5 54.7 64.5
16 44.8 53.7 63.3 53.7 63.3
12.5 43.9 52.4 61.8 52.4 61.8
10 42.8 51.0 60.1 51.0 60.1

8 41.6 49.4 58.2 49.4 58.2
6.3 40.1 47.6 56.0 47.6 56.0
5 38.5 45.6 53.6 45.6 53.6

4 36.7 43.6 51.2 43.6 51.2
3.15 34.7 41.3 48.4 41.3 48.4
2.5 32.6 38.9 45.6 38.9 45.6
2 30.4 36.5 42.7 36.5 42.7
1.6 28.2 34.0 39.7 34.0 39.7
1.25 25.5 31.2 36.4 31.2 36.4
1 23.1 28.5 33.2 28.5 33.2
0.8 20.5 25.8 30.1 25.8 30.0
0.63 17.7 22.8 26.6 22.8 26.9
0.5 14.9 19.8 23.3 19.9 23.9
04 12.2 17.0 20.0 17.5 21.1
0.315 9.3 13.9 16.6 15.1 18.2
0.25 6.4 10.9 13.3 12.9 15.6
0.2 3.6 8.0 10.1 10.9 13.2
0.16 0.8 5.1 7.1 9.1 11.0
0.125 -2.3 1.9 3.7 7.3 8.8
0.1 5.1 -0.9 0.8 5.8 7.1
0.08 -7.9 -3.7 -1.9 4.6 5.6
0.063 -10.8 -6.7 -4.8 3.6 4.3
0.05 -13.5 -9.4 -7.4 2.9 3.4
0.04 -16.1 -12 -9.7 2.5 2.8
0.0315 -18.8 -14.7 -12.0 2.5 2.6
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Tablel7. Wheel roughness spectrfar vibration calculationsdB ref. 16 m (based on[6])

Wavelength, Disc Castiron K-block
m braked block
3.15 34 45 34
2.5 34 - 34
2.0 - - -
1.6 - 22 -
1.25 17 20 17
1.0 14 16 10
0.8 10 11 -3.4
0.63 2.4 6.6 -5.3
0.5 1.9 5.8 -6.7
0.4 15 5.1 -7.7
0.31 0.9 4.3 -8.4
0.25 0.0 3.5 -8.9
0.2 -0.9 2.7 -9.2
0.16 -2.0 3.1 -9.3
0.12 -3.2 4.6 -9.4
0.1 -4.2 6.2 -9.4
0.08 -5.3 7.8 -9.4
0.063 -6.3 9.2 -9.4
0.05 -7.2 10.0 -9.4
0.04 -8.0 10.3 -9.5
0.0315 -8.7 10.0 -9.7
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Figure4. Track unevenness spectra for ballasted tracks.
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Figure5. Track unevenness spectra for slab tracks.
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2.4 Noise nitigation measures

This section lists the various noise mitigation measures that will be considered within thanbahe
associated parameter3 he following section describes thibration mitigation measures.

2.4.1 Optimised rail pads

The key feature of @timised rail padss to allow a low static stiffness while maintaining a high acoustic
stiffness[4]. To achieve this trendnay require a higher than usual damping loss factor, leading to
frequencydependent stiffness behaviouiThe associated parameters can be selected froable 2

(although note that frequency dependence is not taken into accouttweveri 2 ONBF S |y W2L
rail pad,the parametersusedfor noise and vibration should not be chosen to correspond to the same
descriptor(e.g.choosestiff for noise, soft for vibrationMedium or high damping can also be selected.

2.4.2 Ralil dampers

To estimate the effect of rail dampers on rolling noise, the TDR of a track fitted with the dampers is
calculated by combining the decay rate dfeely suspendedail fitted with these dampers (obtained from
measurements) with the TDR of the track without damp@rg.[

There are many types of rail damper on the marke&me with better performance than other# is
therefore important for the user to understand the relative performance ofitichosen solution. Within
the tool, two example®f rail damperareincluded which giveelativelygood performancefFigure6 shows
the decay rates of a bare rail fitted with these dampers (f{@@). Damper A has a better performance for
the vertical direction, while @mper B has a better performanéar the lateral directionThe user may also
input their own decay rates if known. The effect on radiated ndisgendson parameters such as thail
pad stiffness.
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Figure6. Measured aecay rate of a free rail fitted witrexamplerail dampers (a) Damperd, (b) damper

B[17].

2.4.3 Rail shields

Rail shieldean be used as an alternative to rail dampénsthis case the TDR is not affected but the sound
radiation from the rail is reduced@®ne generic type of shield is considered, describethbynsertion loss

of the vertical and lateraftail noise componentscalculated using a boundary element mofie8]. These
insertion losses are shown Figure?. In the tool, the vertical and lateral rail noise componerits the
chosen trackparameters, are modified by these insertion losses and the total noise spectrum is
recalculated
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2.4.4  Acoustic ail grinding

Rail grinding is performenbutinely as part of track maintenance to remove track defects such as rolling
contact fatigueand to restore the lateral rail head profile @ dzaAAy 3 |y WorGdlideg G A O 3
technique it is also possible to reduce wayside noise by a reduction in rail roughfgsscan also be
associated with onboard monitoring of the rail roughnesd].[

It is also recognised that some forms of rail grinding may lead to a (temporary) increase in rail roughness
levels, especially at short wavelengths due to the introduction of grinding marks on thd3ailt[is
therefore necessary to estimate the lortgrm average rail roughnesghenacousticgrindingis performed

and compare this with the typical rail roughness in the absence of this noise control measure.

To represent the effect afail grindingas a noise control measummodified rail roughnesspectracan be
introduced in the calculation At the simplest level, this could t@one byrepladng the W @S NJF 3SQ N
NRdzZKy S&da o0& i esoSipaksanoltidisinkhineasyfesl dail roughness spectra is presented in
Appendix A

2.4.5 Noisebarriers

The effect of nise barrierds strongly dependent on the receiver locatidhey affect the transmission
path between source and receiver, not the source level (sound powstablished calculation methods
are available in noise reception calculations (noise mappsw}he effect of barriersvill be calculated
usingthe noise receptioomodel, not in the rolling noise source terndescribed herewhich are based on
sound power levels.

For mini-barriersinstalled close to the tracka similar calculation can be performedthin the noise
receptionmodel

2.5 Vibration mitigation measures

This section lists the various vibration mitigation measures that will be considered within the tool and the
associated parameters.

2.5.1 Resilienttack components

Various resilient track componentsan be introduced to increase the vibration isolation between the
wheelrail contact and the ground. These include very soft rail fasteners, tsideper pads and under
ballast mats.

Very soft rail fastenersan be used as a vibration control measureeSdare covered ithe modelresults
usingthe parameters listed inTable2. Their effect onrolling noise should also be assessed as softer
fasteners can lead to increased noise levels.
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Undersleeper padsre also included in the model database, using the parameters listédlle5. They
may dsohave areffect onrolling noise.

Underballast matscan be included using the parameters listed able7. Unlike the other resilient track
components, nder-ballast matshave negligible effect on rolling noise.

2.5.2 Track maintenance to reduce unevenness

To reduce the unevenness associated with the excitation of ground vibratiogriradingis not effective
as it targets shorter wavelengths than are relevant. Howewintenance activity such as tratkmping
can lead to an improvement in track geometry at longer wavelengths.

I OKFy3S FNRBY Wy2NXIffte YIAydal Ay®SeRRgurédpcandleadtot Y I A
significant reductions in vibration. These spectra are based loosely on measured data for a typical mainline
track and a welmaintained highspeed line However, they do not correspond to the same track before

and after suchmaintenance activityWhere the user has such data available, this is to be preferred.

2.5.3 Mitigationin the transmission path

Additionally, insertion loss results for various mitigation measures in the transmission path that were
studied in the RIVAS projeate provided. As the results depend heavily on the soil properties, these results
are recalculated to correspond to three of the five homogeneous ground types considered here
(soft/medium/stiff). The following mitigation measures studied in the RIVAS prajeatonsidered

1 Sitiff soil barrier20]

1 Sheet pile wallZ1]

1 Softfilled trench R2]

1 Heavy masses beside the tra@g]
1 Subgrade stiffening2i]

To calculate the insertion loss of these mitigation measuaaexupledinite element / boundary element
(FEBB modelis used At least 10 quadratic elements per shear wavelength are used in the computations
The track is not modelled, but instead the transfer functions are computed for a set of vertical forces
applied to the soil at the position where the centre of the track would be. A line source is simulated using
point forces arranged at spacing 10 m ovéerggth of 100 m, centred around a positigrr 0 m. Receivers

are located aty=0 m and at lateral distances &&=8, 16, 24, 32, 48 and 64 m from the line of forces.
Logarithmic frequency sampling is used (5 samples pethlingoctave band), covering centre frequencies
between 1 and 250 HExample results are contained in Sectb#for heavy masses beside the track and
subgrade stiffening.

Theheavy masssrepresenta Gabion wall with a width of 1 m and a height of 2ltrhas adensity of
1700kg/ms3, shear wave velocity 300 m/s, Pois€adatio 0.2, and material damping ratio 0.02 (loss factor
0.04).Thedistance between théine offorces(i.e. the centreline of the traclgnd the centre of the Gabion
wallis4 m.

The subgrade stiffening has a width of 6arthickness of 0.5 m (embedded at the ground surfaaed, is

centred aroundk =0 (the centre of the track). It has a density of 2400 kg/ms3, shear wave velocityni/400
t2A342yQa NI GA2 ndupX FYR YFOSNAFE RFEYLAY3I NIFGAZ
The stiff wall barrier has a width of 1 mand adepth of. 3tfmasaRSy aA e 2F Hnnan | IkYw
of 30 GPa, Poiss@atio 0.2, andno material dampingThedistance between thdine offorces(i.e. the

centreline of the trackand the centre of thestiff wall barrier i5 m.

The soft wall barrier (softfilled trench)has a width 0f0.05m and a depth of 3 mit has adensity of
7001 Ak YwZ , 2 dzy 3R, Pyigsddirfiodz, anérid® material dampingThedistance between
the line offorces(i.e. the centreline of the traclgnd the centre of thesoft wall barrier isagainé m.

These resultdor these mitigation measures in the transmission patie obtained in the form ofn
insertion losswhich isindependent of the track and vehiclaut depends on lateral receiver distande

QuieterRaik GA101176865 34119

. . . . Co-funded by
D42 Noise and vibration reductions (= the European Union
Zurope’s




Q
Quieter

relies on the assumption that the force density is not affected by these mitigation measures in the
transmission path.
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3.Rolling noise results
3.1 Calculation cases

Rolling noise sound power spectra for a unit roughness are calculated using the TWINS/TNE model of ISVR
[25, 26]. The model used includes the effect of the discrete support provided by the sleepers. The input
parameters used are listed 8ectior2. These results will be stored in a database and combined with wheel

and rail roughness spectra for the chosen train speed in thebased tool.

Tablel8lists the varianténcluded in the noise calculation&reference case is selected (shown highlighted
in the table)for the purpose of illustrating the results in this repdxot all combinations are considered:
for example, 54EL1 rail is ontpnsidered for one sleeper typene value of rail pad dampirandone value

of ballast thickness (the reference values in each caSim)ilarlythe range of rail pds associated with
wood, steel and composite sleepers is limited to stiffads with low dampingsound poweispectra for
unit roughness have been calculated faotal of 77 combinations

At this stage, the resultfocuson tracks with concrete sleepers in ballasthich represents the most
common configurationResults for other sleeper types and for slab track will be added later.

Results for different cases askhownin the next sectionin which one parameteat a timeis variedwhile
the others retain thé reference valueTrain speed can be set arbitrarily, but for the purpose of illustration,
five values are considered here, with 120 km/h selected as the reference value.

Table18. Summary oWvariants considered fonoisecalculations (reference case is shown shaded)

Component Variants
Wheeltype Intercity Regional Conventional Lowstress

Passenger Passenger Freight Freight
Railtype 60E2 54E1
Rail pad stiffness Very soft Soft Medium Stiff Very stiff
Rail pad damping Low Medium High
Sleeper type Concrete Conc monobloc| Concrete bibloc Wood

monobloc B91 (heavy)
Steel Composite 1 Compoaosite 2 Composite 3

Undersleeper pad None Stiff Medium Soft
Ballast thickness 0.3m 0.5m Slab track
Rail roughness Smooth Average Rough
Wheel roughness Disebraked Castiron braked Composite braked
Train speed (km/h) 50 80 120 160 200

3.2 Example results for parameter variations
3.2.1

For the reference case indicatedTiablel8, the unweightedsound power spectra are shown kiigure8
for the noise radiated by the wheel, rail and sleeper as well ais tdwenbinedtotal. Therail noise is the
dominant component in the important mitequency regiorand hasan overall level of 101.8B(A).The
sleeper noisedominates the lowfrequency regionbelow 250 Hz with an overall level of 91dB(A)

Reference case
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whereas the wheel noise is the dominant component at 2.5 kHz and above, with an overall level of
96.4dB(A) i.e.5.4 dB lower than the rail component.
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=z 70} -

2 -7 — — Wheel
< 60l s 7 —-—=-Rail
c v/ Sleeper
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@ 5oLt

63 125 250 500 1000 2000 4000
Frequency (Hz)

Figure8. Component sound powespectrafor reference case (120 km/h).

3.2.2 Train speed

Figure9(a) shows the total noise spectfar five train speedswith other parameterset tocorrespond to
the reference case indicated rablel8. The overall Aveighted levels are shown Figure9(b), including
the contributions from the wheel, rail and sleepeks speed increasesie noise at high frequencies
increases more than that at low frequencieSonsequently, lte relative importance of the wheel
component(which is predominant at high frequencidagreases; it is only2.4 dgA)lower than the rail
component at 200 km/h whereas the difference is 5.3t 50 km/h and 5.4 d@&\)at 120km/h. Figure
9(c) shows the trend of overalkeighted level plotted against speéf the slope is close to 30gi0V as
expected[15].
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Figure9. Effect of train speed: (aotal sound power spectra, (b) overall-Aeighted sound power levels
of each component(c) overall Aweighted sound power levels plotted against speed

3.2.3 Wheel type

Figurel0shows results for the fouypes ofwheelconsideredwith other parameterset tocorrespond to
the reference casasindicated inTable18. Details of these wheels are givenSection2.2.2 The total
noise spectraare shown inFigure10(a), while the overall Aweighted levels are shown iRigure10(b),
including the contributions from the wheel, rail and sleegdeéigurel0(c) showghe sound power spectra
for the wheel component (other components have only small variations).

There are differences in wheel component of up to 4.5 dBg@érall levelbetween the various wheels.

The reference wheel (Regional passenger) has the lowest wheel contribution due to its straight web and
smaller diameter, while the losstress wheel is 1.4 dB(A) noisier than the conventional freight wdhee|

to its highly curved weblhe Intercitypassenger wheel has the highest noise level due to its thin(aebd

also [L5]). The differences in total noise level are at most 1.2 dB(A) due to the dominance of thentrack
the reference caseFor stiffer rail padsor higher speedswhere the rail contribution is lowerthe
differences between the total noise levels for thigferent wheel typewwill be greater
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FigurelO. Effect of wheel type: (adotal sound power spectra, (bverall Aweighted sound power
levelsof each component(c)wheel sound power spectra.

3.2.4 Railtype

Figurellshows results for théwo types ofrail, with other parameters set to correspond to the reference
caseasindicated inTablel8. The total noise spectra are showrFigurell1(a), while the overall Aveighted
levels are shown irFigure 11(b), including the contributions from the wheel, rail and sleepEne
differences between the two types of rail are small (0.4 dB(A) in rail componenhanthl noise levé)
whichconfirmsthe decisiomot to calculate thdull range of parameters fahe second rail type
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Figurell. Effect of rail type: (ajotal sound power spectra, (b) overall-&eighted sound power levels
of each component

3.2.5 Rail pad stiffnessnd damping

Figurel2 shows results for théive different valuesof rail pad stiffnesdisted inSection2.1.2 with other
parameters corresporidg to the reference casasindicated inTablel8. The totalsound powerspectra
are shown irFigurel2(a), which indicates that the largest variations are in the important #inédjuency
region where the rail is the dominant component, seigure8. The overall Aveighted levelsof each
componentare shown irFigurel2(b); these values are also plotted Figurel2(c), from which it is clear
that the rail pad stiffness has a large effect on the rail component of neidevariations ofup t08.4 dB(A),
whereas the effect on the sleeperlesss than 2 dB and the influence on the wheel componeat isost
0.6 dRA). The total noise levekduces by 6 dB between the very soft and very stiff rail pads.

Thedependence on rail pad stiffness is mainly associated with the track decayT&tB3Figurel3shows
the TDR for vertical and lateral vibratigrboth of which are increased significantly as the rail pad stiffness
is increasedas expected

The influence of rail pad damping is showrrigurel4. This shows a range of overall noise lewglup to
2.4 dB(A) fothe same (medium) stiffnes§he corresponding track decay rates are showhigurel4(c)
for the vertical direction andérigurel4(d) for the lateral direction, which show the expected trends.
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Figurel4. Effect of rail pad damping: (aptal sound power spectra, (b) overall-eighted sound
power levels, (c) vertical TDR, (d) lateral TDR.

3.2.6  Sleeper type

Figure 15 compares theresults forthree different types of concrete sleeperwith other parameters
corresponding to the reference case indicatedlimble18. The totalsound powerspectra are shown in
Figurel5(a), while the overall Aweighted levels of each component are showrFigurel5(b). There is
negligible difference between the two monobloc concrete sleepeiigh the heavier sleepsmproducing
0.5dB(A)less noisghan the lighter B91hut the totalnoiselevel being unaffected. For the bibloc sleeper
the sleeper contribution i§ dBA)lower than the monobloc sleepers, but the rail contribution is slightly
higher, leading to an increase in total level of 0.6/A4)B

Results for the other sleeper types (wood, composite and séeelshown irFigurel6. Unlike the concrete
sleepersthe results for these sleepshavea high sleeper component, similar to or exceedihgt of the

rail. The overall noise with wooden sleepers (101.6 dB(A)) is greater than comeogt@blocwith stiff
(100.8 dB(A)) or very stiff rail pads (99.6 dB(8geFigurel2, although it is less than concrete sleepers
with medium rail pads (103.2 dB(AJhe steel sleepers give overall levels that are 4 dB(A) greater than
wooden sleepersThese results forsteel sleepersare based orstiff rail pads, butt is found that using
medium or very stiffail padsgivesvery similaroverall leves (differences less thaf.5 dB(A))The three
types of composite sleep@ive very similar overall noise levels (differences less than 0.5 dB(@g¢ are
around 1 dB(A) higher than the results for wooden sleepers
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Figurel5. Effect of sleeper typéconcrete sleepers)(a)total sound power spectra, (b) overall-A
weighted sound power levels.
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3.2.7 Ballaststiffness

Varying he ballast stiffnesteads to differences in low frequency noisaliated bythe sleeperHowever,
as shown irfFigurel 7, although the noise from the sleeperdigreased by 1.8 dB(Ahe effect on thetotal

noise levelss negligible.
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Figurel?7. Effect of ballasstiffness: (aYotal sound power spectra, (b) overall-#eighted sound power

3.2.8 Slab track

levels.

Using theselected parameters for slab track in the model, the decay rates are very low in tHesapigkncy

range. This has the effect of overpredicting noise radiated by theRigillre18 compares the predicted

TDRfor the two values of fastener stiffnessith measurements fromZ7, 28, 29] (measuredaccording to

EN 1546130]). The drop from around 10 dB/m at low frequency to values below 1 dB/m occurs at a
frequency that is determined by the fastener stiffness. The measured curves all correspond to slab tracks
GAGK WYy2NXYIFEQ FlFadSySNI adAa fngsg ®blues Is représénted. diavisver| in NI y =
the midfrequency regiord00-1600 Hzthe predicted TDR is generally lower than the measured curves,

especially for the vertical direction.
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Figurel8. Track decay rates faslab tracks: (a) vertical TDRy)(lateral TDRBIlue: normal fastener
stiffness; red: soft fastener stiffness; grey: measured.
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As shown irFigurel9, this would lead to an overall sound power level of 107.1 dB(A) for the reference
conditions, compared with 103.2 dB(A) for ballasted track with medium stiffness rail pads, an increase of
3.9dB. For the slab track with soft fasteners the predicted increase is 5.3 dB. Compared with a track with
stiff rail pads (100.8 dB(A), sBegurel?), the differences are predicted as 6.3 and 7.7 dB.
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Figurel9. Comparison of ballasted track (medium pad stiffness) and slab trdokig calculated TDR)
(a) total sound power spectra, (b) overalkeighted sound power levels.

The differences in noise level between mainline slab tracks and ballasted tracks found in practice are often
around 3 dB. The predicted noise leveld=igure19 therefore seem unrealistically high. This is a direct
result of the low predicted TDR Figurel18. Although it has been shown recen{ly1] that there are
systematic differences between the results of decay rates measured according to EN 15461 and the
predicted decay rates of the principal wave, nevertheless it appears justified to moderate the difference
between slab and ballasted track mcieasing the predicted TDRFigurel8. This could be achieved by
usingmeasured TDR spectra in the predictions. As a simple alternative, thar&éDBrelimited by adding

a constant value, chosen as 0.3 dB/m. These modified TDR spectra are shegur@20, which align

better with the measured values. The resulting noise predictions are showigime21. The increases
compared with the reference ballasted track are now 2 and 3 dB, which is more reasonable.
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Figure20. Modified track decay rates foslab tracks: (a) vertical TDRy)(lateral TDRBIlue: normal
fastener stiffness; red: soft fastener stiffness; grey: measured.
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Figure21. Comparison of ballasted track (medium pad stiffness) and slab trgbksed on modified
TDR) (a) total sound power spectra, (b) overalhdeighted sound power levels.

3.2.9 Railand wheefoughness

Figure 22 compares the results for three different rail roughness spectra, with other parameters
corresponding to the reference case indicatedablel8./ 2 YLI NEBR A G K GKS Wk FSNI 38
in the reference casehe W¥mooth(xail leads to a reduction &.7 dBA)g KA £ S (i KaffleadsN@Radzd K Q
increase of 6.7 dB\). Theseroughness spectrare defined inSection2.3.

Thecorrespondingesults for the different wheel roughness sp are shown ifrigure23. The roughness
spectrg and hence noise level®f composite and disc braked vehicles are similhereas a noise
reduction of 1611 dB(Aran be olsenedby replacing casiron braked vehicleby composite brake blocks.
Thistrend agrees withpracticalexperienceg15].
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Figure22. Effect of rail roughness: (aptal sound power spectra, (b) overall-#eighted sound power
levels
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Figure23. Effect of wheel roughness: (aptal sound power spectra, (b) overall-Aeighted sound
power levels

3.3 Example results for mitigation measures

3.3.1 Rail dampers and rail shields

Rail dampersre designed to increase the track decay rdteariety of designare commercially availahle
but for the purpose of illustrationa single example is included hedamper Bfrom [17]. It should be
noted, however that other types of rail damper may give smaller benefits.

To estimate the effect on the rolling noisthe TDRof a track fitted with the damperss calculated by
combining[17]:

1 the decay rate of a bare rail fitted with these dampérbtained from measurementgl7], see
Section2.4.2

1 the TDR of the untreated traqobtained from the TWINS/TNE calculation moaletl stored in
the databasg

According to this method, the effect of rail dampers fitted to any track can be estimResalilts are shown
in Figure24for the reference parameterfr both damperdrom [17]. The total noise spectrumiisduced
between 315 and 2008z, where the rail is the dominant component, deigure8. Theoverall level is
reduced by3.9dB(A) for damper Band 3.6 dB(A) for damper. Ahe influence on the sleeper and wheel
components is negligibl&heeffect of the rail dampepn the vertical and laterallDR is shown iRigure
24(d)for damper Bfrom which it is seen thahe TDR foboth directions igncreasedat frequenciesabove
315 Hz

QuieterRaik GA101176865 47| 119

. . . . Co-funded by
D42 Noise and vibration reductions ﬁ‘ the European Union
Zurope’s




Q

Quieter

[ Whee! [N Rail [ Sleeper [N Total |

110

< 99.6
%. Rail shield
) 100 +
% c 99.6
— 90+ .© Rail damp A
q) —
> @
) =2
1 =
g 80+ - E
a' (U .
Dc-) / None Ky Rail damp B
- f0+/ Rail damp B | -
c F Rail damp A
2 N PR Rail shield 103.2
@O 5o None

101.8

63 125 250 500 1000 2000 4000
Frequency (Hz)

80 90 100 110

120
Sound Power Level (dB re 1 pW)
(@) (b)
g 110 o
None
= Rail damp B T
o 100+ Rail damp A @ 10'F
g I CTTCEECE Rail shield 5
m =
= o
3 O] [
>
2 g
E 80+ g 100 L
2
o ; S Vertical
a g = :
- 70} </ i —=-—-=Vertical damped
s = Lateral
3 -/ — = Lateral damped
UJGO' 0 L
63 125 250 500 1000 2000 4000 63 125 250 500 1000 2000 4000
Frequency (Hz) Frequency (Hz)
(c) (d)

Figure24. Effect of rail mitigation measures: (dptal sound power spectra, (b) overall-ieighted
sound power levels(c) rail sound power spectra, (tack decay rates for rail dampeés.

As an alternative to a rail dampen rail shieldcan be usedhat encloses the rail web and foot. This does

not affect the track decay rate but reduces the sound radiation from the rail. The insertion loss of such a
shield has been estimated using numerical method4 8), [see Sectio2.4.3 Based on these results, the
change in noise levels due to the use of a rail shield is shokigune24. The effect on the total noise level

in this reference cas@vhich has a relatively quiet wheel desigmnxhown as 3.dB(A) This is consistent

with measured noise reductions, which have been repotietiveen 2 and 4 dB depending on tivbeel

type, train speed and rail pad stiffng@2, 33]; for very soft rail pads and quiet wheels a reduction of up to
5.4 dB has been foun@4].

Rail dampers are more effective for soft rail pads and less effective for stiff ones where the TDR is already
high Figurel13) [35]. Figure25 shows the overall effect of rail dampers for different values of rail pad
stiffness.Figure25(a) shows the total sound power levelHgure25(b) the sound power levels from the

rail, andFigure25(c) the reduction in total sound power levelsie to introduction of the mitigation
measuresThe reduction in total noise levdle to the use of rail dampdsis 6.3 dBBA)for very soft pads,
reducing to 1.61B(A)for very stiff padsfor damper A the reductions are 0.3 dB(A) less in each Gase.

noise level shows a much weaker dependence on rail pad stiffness as a result.
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Figure25. Effect of rail mitigation measures for different rail pad stiffness values:taal A-weighted
sound power leved with and without mitigation measures, lif) Aweighted sound power leve from rail
with and without mitigation measures (c) effect of mitigation measures on total Aveighted sound
power levels

For the rail shields, the reduction in the rail component is largely independent of the rail pad stiffness.
Consequently, for the very soft pad the overall benefit is 4.8 dB(A), which is lower than for the rail damper,
whereas for the very stiff pad it 51 dB(A) which is slightly better than the rail damper.

Note that the effect of both rail dampers and rail shields on the total noise levels shown here has been
calculated for the Regional passenger wheel type; the effect will be smaller for other wheel designs, as
these have a largavheel component of noise, sdegurel0. As an exampleiigure26 shows the results
for the lowstress freight wheelln this case, the higher wheel contribution means that theuctionin

total noiseis 2.7 diRA)for the rail damper and 2.5 dB)for the rail shield
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Figure26. Effect of rail mitigation measures for lowtress freight wheel: (a) total sound power spectra,
(b) overall Aweighted sound power levels.

3.3.2 Optimised rail pads

Optimised rail pads have been developed and testethe UICLOWNOISEPADoject[4]. A key featureof

these optimised pads is tlreability to increase the TDW®hile maintaining a moderate level atatic and
low-frequency dynamic stiffnes$he dependence of TDR and noise on rail pad stiffness and damping has
been presented in Sectiohi2.5 The useishould therefore selech high value of acoustic stiffness and a
lower value of lowfrequency dynamic stiffnessChanges tohe pad damping hae a smaller effect.
Alternatively, measured TDRs can be entered by the wbkere these are available

By way of examplethe measuredvertical and lateralTDR from a track with optimised rail pads and
another with stiff EVA padsom [36] areshownin Figure27. Two measured results are shown for each rail
pad, corresponding to the left and right rails at the same Siteere isno significant difference between
the vertical TDRfor the EVA pad and the optimised pdd the lateral direction the optimised pad has a
higher TDR at high frequencies.

These measured TDRs are comparegigure27g A 4 K LINBRAOGSR ¢5wa FT2NJ 6KS W
as definedn Sectior.1.2 For the vertical direction, it appears that a stiffnessse to the @S N®alugd i A T T Q
(2000 MN/m)would be appropriate andshould give good agreementith the measurementsFor the
fF0SNIf RANBOUA 2 feadokaBleagieanieata BvRandNhid ffequardtie? buBdb@&S K6

kHz the measured TDR increases considerably.

Theeffect of introducing angptimisedXail padwill depend on the stiffness of the original rail pasiwell

as on the properties of the particul& 2 LJi A YA & SRQ NX thié isalrdadystiffitie diffefencdza S R
will be small whereas if it is soft a much larger effect can bgexted, asseenin the results in Section

3.2.5 1t is proposed that it is left to the user to select the most appropriate values of rail pad stiffness (and
damping)
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Figure27. TDRfor stiff and optimised pads, comparison with measurement results fro86[: (a)
vertical, (b)lateral.

3.3.3

Three different values of undeleeper pad (USP) stiffness are define@dttion2.1.3 USPéntroduce a
flexible layer between the sleeper and the balla€onsequently, the damping of the sleephat is
normally provided by contact with the ballast is reducBdediction results are shown Figure28. As the
USP stiffness is reduced, the sleeper contribution increases significamtgen ifrigure28(b,c) The TDR
is also affectedby the introduction of USHm some frequency bandas seen ifrigure28(d). However, the
total noise spectrum is only affected below 1 kHz, as sedfigure28(a) and the overall level varies by
between 1 and 2 dB(An reality, it is possiblghat the effect is smaller than #se results indicate

Undersleeper pads
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Figure28. Effect of USP: (a) total sound power spectra, (b) overalléighted sound power levels, (c)
sleeper sound power spectra, (d) vertical TDR.

3.3.4  Acoustic rail grinding

Rail grinding affects the rail roughness spectrum. Whaileroughnesspectra are available to represent

the effect of acoustic rail grindinghese can be introduced into the todh the absence of specific data,

theWa Y220 KQ NI Af NRdAZAKYyS&aa &LISOG NH2eoutcgmeirdtrSacobdtial 1 6 | & ¢
rail grinding.Figure22 shows an example of the effect of this change in roughness omadfise for the

reference casggiving apredictedreduction of 3.7 dB(Axt 120 km/hO2 Y LI NBR A GK (GKS W
roughness

This analysis could be refined by including typical roughness speepeesentative of the average
situation after implementation of an acoustic grinding stratelyy Appendix A a comparison is given of
various measured rail roughness spectra and their effechoise levels. Thistudy indicates that the
azywlkAf Wk @SNI IS Qusetl herrareWendoBadlyl répeseatatdfe @finddnal and ground
track. The alternativedisted in Appendix A could be used if preferred, or the user could enter their own
spectra.
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3.3.5 Wheel braking system

As observed ifrigure23, a noise reduction of 101 dB(A) can bebtainedby replacing caston braked
vehicles by composite brake blocR#is is an established noise control measure.

3.3.6  Noise barriers

The effects of noise barriers, both conventional lineside barriers and-lmaimiers, are expected to be
dependent on receiver locatiobpth height and distance from the track. They thereforebe considered
within the noise reception calculations, rather than in the source data generated in Task T4.2

3.4 Crosschecking of models and calculation of ballast stresses

The main noise predictiorresults described above are based dhe TWINS/TNEnodels of ISVR A
benchmarking exercise has been carried outctosscheckthese modelsagainst the Swiss ToPNoise
modelsof EMPA and HESQ These comparisons are described in Appendix B.

In addition, ToPNoiskas beerusedby HESSOto predict the effect of different track components dime
stresses applied to the ballastllowing a qualitative estimate of the effect on track settlemérttis is
described in Appendix C.
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4.Vibrationresults
4.1 Calculation cases

Ground vibration is calculated in the form of force densitiesahdation levels atifferent distancegrom

the trackusing theTRAFFI@odelof KU Leuvef37] for aunit roughnesspectrum The input parameters
used are listed irsection2. These results will be stored in a database and combined with wheel and rail
unevennesspectra for the chosen train speed in the wieased tool.

Table 19 lists the variants included in theibration calculations. A reference case is selected (shown
highlighted in the table) for the purpose of illustrating the results in this repBimilar to the noise
calculations, ot all combinations are consideredor example, undesleeper pads are only considered for
concrete monobloc sleepeend stiff ballasts they are not applied in practice on other sleeper types
concrete sleepers (monobloc and biblgbe very soft, soft and medium rail pads are considered, whereas
for steel and wooden sleepetke stiff rail pads are useWibration levelspectrafor unit unevennesfiave
been calculated for a total df155combinations.Line source transfer mobilities are also providekich

can be usedh combination with the velocity levets derive force densitiepi0].

Vibration levelspectraat 16 m from the trackare shown in the next sectiorior casesin which one
parameter at a time is varied while the others retain their reference value. Train speed can be set arbitrarily,
but for the purpose of illustration, five values are considered here, withki2 selected as the reference
value.In addition, force density spectra are also showhich are derived from the vibration velocity levels
minus the corresponding line source transfer mobi(itydB)

Tablel19. Summary of variants considered foibration calculations (reference case is shown shaded)

Component Variants
Vehicle type Passenger Passenger Freight
(unpowered) (multiple unit)

Rail type 60E2

Rail pad stiffness Very soft Soft Medium Stiff

Rail pad damping Low

Sleeper type Conc monobloc| Concrete bibloc Wood Steel

(heavy)

Undersleeper pad None Stiff Medium Soft

Ballast Stiff Soft Slab track

Underballastmat None Medium Soft

Ground Soft Moderately Medium Moderately Stiff

soft stiff

Distance 8m 16 m 32m 64 m

Railunevenness HS or welmaintained | Normally maintained Not well maintained

(ballasted track) Freight line Normally maintained Not well maintained
andcorrugated andcorrugated

Wheel roughness Discbraked Castiron braked Composite braked

Train speed (km/h) 50 80 120 160 200
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4.2 Example results for parameter variations

4.2.1 Reference caseffect of distance

Results are stored in the database for distances from # 32 m at 1 m intervals, and to 64 m at 4 m
intervals.For the reference case indicatedTiablel9, the verticalvibration velocityspectra are shown in
Figure29(a) at four different distances from the traclHigher frequencies are attenuatad a greater
extent with increasing distancéhan low frequencies. Consequenthhet peak in the vibration spectrum
shifts from63 Hz at 8 m from the tracto 32 Hz at 64 m.

The force density spectia Figure29(b) show a much weaker dependence on the distgratdeast above
10 Hz. The peak at 63 Hz is stronger in the force density evaluated from the vibration at 8 m than for larger
distances.

0 E 120 —
= z —38m
@© -— —16m
(=)
S o 100f
© )
e T gt
m —
g 2
Q
o - 60
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- §7
> g 40f
£ ]
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1 2 4 8 16 32 63 125 250 [T 1 2 4 8 16 32 63 125 250
Frequency (Hz) Frequency (Hz)

@) (b)

Figure29. (a) Vertical vibration velocity spectra for reference case (120 km/hj different distances
from the track and (b) corresponding force densities

4.2.2 Ground stiffness

Five different homogeneous ground types are considered, as descrilgmttion2.1.6 For the reference
case indicated iablel9, the vertical vibration velocity spectra are showrrigure30(a). The vibration at
frequencies belowabout 40 Hz is greater for softer ground conditions, whereas at high frequencies the
opposite is true.

The force density spectia Figure30(b) have a much weaker dependence on ground stiffness beloWz0
but there are differences at higher frequencies due to the influence oftieeind properties on thérack
mobility.
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Figure30. (a) Vertical vibration velocity spectra fodifferent ground types(at 16 m from the ballasted
track anda speed ofL20 km/h), and (b) corresponding force densities

4.2.3 Train speed

Figure31(a) shows thevibration spectra for five train speeds, with other parameters set to correspond to

the reference case indicated Trablel9. As speed increases, thirationat higher frequencies increases

more than that at low frequencie&imilar trends are seen in the force density spectriaigure31(b). This

is a consequence of the shape of the unevenness spaatied in Figure31(c) against frequencyThe

YFEAY LISF1 NBYFAya +Fd co I'T FyR A& NBfFGSR G2 (GKS
bounces on the stiffness of the track and ground.

In practice, peakwill occur in the vibration spectrum correspondingharmonics of the vehicle passing
frequency B8]. However, thes@eaksdo not appear in the current results as thare based on incoherent

axle loads. Although this omission affects thetailed spectrum shape the overall level is hardly affected
[39].
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Figure31. Effect of train speeda) effect on vibrationspectraat 16 m from the track (b)force density
spectrg (c)unevenness levels plotted against frequency.

4.2.4 Traintype

Figure32 showsvibration and force density spectrior the three types ofvehicleconsidered, with other
parametergincluding the unevenness spectsgt to correspond to the reference case as indicatetkible

19. Details of thesevehiclesare listed inSection2.2.1 The differences between the results for these
vehicles is mainly related to their unsprung massich islarger for the multiple unit passenger vehicle
(1800 kg) andgmallerfor the unpowered Intercity vehicle (1200 kgyhereasit is 1400 kdor the freight
vehicle The peakat 5 HZor the freight vehiclasrelated toits much higher secondary suspension stiffness.
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Figure32. Effect ofvehicletype on (a) vertical vibration spectraat 16 m from the track and a speed of
120 km/h, (b) force density spectra

4.2.5 Rail pad stiffness

Figure 33(a) shows the vibration spectra fahree different values ofrail pad stiffness with other
parameters set to correspond to the reference case indicate@liable19. Of the five value®f rail pad
stiffness defined in Section2.1.2 the two stiffest pads are not considered in the ground vibration
calculationsfor concrete sleeperas the effect ofchanging from medium to stiff or very stiff pads is
expected to be small.

Softer rail pads lead to lower vibration levalsove50 Hz whereas there is slight increase arourdD Hz
These changes are also largely reflected inftee densities shown iRigure33(b), although the changes
at high frequency are greatefthe insertion lossv{pration level differenceyelative to the reference case
(medium rail pad stiffness) is shownFigure33(c).
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Figure33. Effect of rail pad stiffness: (a) effect on vibration specaal6 m from the track and a speed

of 120 km/h, (b) force density spectra, (éhsertion loss relative tanedium rail pads.

4.2.6 Sleeper

type

Figure 34 shows the vibrationand force densityspectra forfour different sleeper types with other
parameters set to correspond to the reference case indicatebainle19. The differences are negligible
which justifies neglecting other sleeper typase sleepers differ in their masses, but this only affects the

vibration above 200 Hz
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Figure34. Effect ofsleeper typeon (a)vibration spectraat 16 m from the track and a speed of 120
km/h, (b) force density spectra

4.2.7 Ballaststiffness

Figure35 shows the vibratiorand force densityspectra fortwo different values of ballasstiffness, with
other parameters set to correspond to the reference case indicatedaible 19. Thee is no strong
systematic effectand there are negligible differences below 63 Hthe softer ballastcauses asmall
reduction in the vibratioraround80 Hzand above 200 Hbut the level is increased at other frequencies
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Figure35. Effect ofballaststiffness on(a) vibration spectraat 16 m from the track and a speed of
120km/h, (b) force density spectra

4.2.8 Slab track

Figure36 shows the vibration and force density spectra $tab track withwo different values ofastener

stiffness, with other parameters set to correspond to the reference case indicafEabiel19. Theresults

for ballasted trackwith two values of rail pad stiffness astown for comparisonAs bothrail fasteners

used on the slab tracire softer tharthe medium rail padaused inthe referenceballasted track, thenain

LISl Ay (GKS @GAONI GA2Y | Yy Rshffs doMIDI®mM 639z fax thelballasted tkaé&k Gt H
to 50 Hz for the normal fastener and 31.5 Hz for the soft it vibration is attenuated at frequencies

above these peakslhe ballasted track with very soft rail pgdalso shownhas a similar P2 resonance
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frequencyto the slab track with normal fasteners. Howeveompared withthis result,the vibration
amplitudefor the slab tracks reduced above 25 Hthe difference at the peak at 39z is about 3 dBnd

at 160 Hz it exceeds 10 dBhe differences in force density between these two cases are much smaller
indicating that the vibration attenuation for the slab track is duetie effect ofthe mass (and bending
stiffness) of the slab in the transmission path.

The results for slab traglwith the normal fastener stiffneg®n different ground types are shown kigure
37. These show similar trends to those for ballasted tradkigmre30.
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Figure36. Comparison of slab track witballasted track. (a) Vibration spectra at 16 m from the track
and a speed of 128m/h, (b) force density spectra.
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Figure37. (a) Vertical vibration velocity spectra for slab track on different ground types (at 16 m from
the ballasted track and a speed of 120 km/h), and (b) corresponding force densities

4.2.9 Unevenness

Figure38(a) shows the vibration spectra for three different raitlevenness spectra, in each case in
combination with the disdraked wheel roughnes$igure38(b) shows the corresponding force density
spectra.The combined unevenness spectra are showRigure38(c). A small peak is evident at 12.5 Hz
(for 120 km/h)for the weltmaintained rail unevennessvhich corresponds to wheel eccentricitye. at a
wavelength corresponding to the wheel circumfererf2e8 m)
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Figure38. Effect of railunevenness(a) effect on vibration spectrat 16 m from the track and a speed
of 120 km/h, (b) force density spectrac) combined wheel/rail unevenness spectra for dibcaked
wheels

The effect olvaryingthe wheelroughnessn combination withthe normally maintained rail unevennegs
shown inFigure39. Equivalent results in combination withe well-maintained rail unevennesse shown
in Figure40, which highlight the differences in wheel roughness more cle@dnerally, the rail unevenness
has a higher level than the wheel roughnegsart from the peaklue to wheel eccentricitpccurringat the
wavelength corresponding to theheel circumference3.15 mand/or 2.5 m seeTablel?. Thiswavelength
corresponds ta frequency of 1412.5 Hz at this speed.

Wheel roughness associated with the cash brake blocks isigherthan the other spectrat frequencies
above 100 Hffor this speed) and this increases the vibration spectwimen appliedn combination with
well-maintained rail unevennesslinlike the effects on rolling noiseen inFigure23, however,the wheel
roughness has a limited effect on vibration levels.
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spectraat 16 m from the track and a speed of 120 km/lib) combined wheel/rail unevenness spectra
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Figure40. Effect of wheel unevennedoer well-maintained rail unevennesg(a) effect on vibration
spectraat 16 m from the track and a speed of 120 km/Ifb) combined wheel/rail unevenness spectra.

4.3 Example results for mitigation measuatshe track

43.1

Undersleeper pads

The effect of undesleeper padqUSP)with different values of stiffness is shown kigure4l for the
medium ground stiffnessThe stiffUSP that is commonly used hasmall effect on the vibration The
medium stiffness USP has a larger effacthe vibrationaround 6380 Hz similar to theeffect of thesoft
rail pad seen irFigure33. Mearwhile, the soft USP has a large effect at frequencies al3vBHz and a
detrimental effect around 20 HZ he force density spectra Figure41(b) show a different dependencat
high frequency especially above 100 Hz, due to the effect of the USP on the track molikynsertion

QuieterRaik GA101176865
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losses based on the vibration spectrare shown inFigure41(c). The insertion loss faihe soft USP has a
dip around 20 Hz and an increasing benefitraguencies above 31.5 Hwhereas for the stiffer USPs the
effects are more moderateThe shape of these curvegdypical of resilient elements in the trackq.
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Figure41. Effect of undersleeper pads: (a) effect on vibration spected 16 m from the track and a
speed of 120 km/h (b) force density spectrac) insertion loss relative tono USFbased on vibration
spectra

4.3.2

Underballast mats

The effect of undeballast mats (UBM) with different values of stiffness is showRigure42 for the
medium ground stiffnesBoth stiffness values of UBM leaddaaeduction in the vibration above /8D Hz

and a detrimental effect around 2 or 31.5Hz. Again, the force density spectra Figure42(b) show a
different dependence at high frequency, especially above 100 Hz, due to the effect of the UBM on the track
mobility. The insertion losses, based on the vibration spectra, are showigime42(c). The insertion loss
increases considerably at higher frequenckimilar to the USHa Figure41(c),the shape of these curves

is typical of resilient elements in the tracld].
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speed of 120 km/h (b) force density spectrac) insertion loss relative to no BM.

4.3.3 Rail pad stiffness

Changes to rail pad stiffness aassessedn Sectiord.2.5 The insertion loss (vibration level difference)
relative to the reference case (medium rail pad stiffness) is showigire33(c), which indicates thathe
effect is minimalinless a very soft rail faster isintroduced

4.3.4 Unevenness

Predictions for a range of unevenness spectra are included in the database, see &2c@idsnlike rolling

noise, changes to the vehicle braking system have negligible effect on the ground vibration. A change from
Wy2NXIFffe YFAYOGFrAYySRQ G2 WwWgStt YFIAYyaGrAySRQ (NF O}
The correspondin@sertion losses are plotted igure43.

These spectra are based loosely on measured data for a typical mainline track aneraiwilined high

speed line. The results imply that, by suitable track construction and maintenance, the vibration can be

reduced considerably; however, to increase fidence in this result, measurements of vibration before
and after maintenance activity, such as tamping, would be required.
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4.4 Mitigationmeasuresn the transmission path

The variousmitigation measures in the transmission pathmat were studied in the RIVAS projeate
considered, as described in Sectihb.3 As the results depend heavily on the soil properties, these results
have been recalculateds insertion loss specti@rrespondng to three of thefive homogeneous ground
types considered herésoft/medium/stiff). Example results arpresented herefor heavy masses beside
the track and subgrade stiffenin@thers, such as stiff or soft wave barriers will be adttethe database

as the results become available.

4.4.1 Heavy masses beside the track

The heavy masasrepresenta Gabion wall with a width of 1 m and a height of 2mcated at a distance of

4 m from the track centrelineThe insertion loss, for a line source along the track centreline, is shown in
Figured4for the three types of homogeneous ground. The insertion loss shows apapko 5 dB, located

at about 50 Hz for the medium and stiff soils. For the soft soil, the peak is braaddocated between 20
and 50 HzThefrequencies of thee peaks are determined ltlge combination of the added mass and the
effective soil stiffnes23]. At higher frequenciesnd large distancesthe insertion lossdrops
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Figure44. Effect ofheavy masses beside the traér receiversat different distances from the track
insertion loss for(a) soft, (b) medium, and (c) stiff soil.

Figure45shows tle effect of @mbining these results with the vibration predictions due to train trafic
a regional trairat a train speed of 120 km/And a receiver distance of 16.hhe choice of madsads to
vibration reductionof between 3 and 5 dBt the peak frequency of the vibration in each case.
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Figure45. Effect ofheavy masses beside the track vibration spectra at 16 m from the track and a
speed of 120 km/h(a) soft, (b) medium, and (c) stiff soil

4.4.2 Subgrade stiffening beneath the track

The subgrade stiffening has a width of arthickness of 0.5 m (embeddedi the ground surfacgand is
centred aroundk =0 (the centre of the track)The insertion loss, for a line source along the track centreline,

is shown inFigure46 for the three types of homogeneous ground. The insertion loss shows an increasing
trend with increasing frequenaoyhich is largely independent of distancEhe frequency above which the
mitigation becomes effective is around 8 Hz for the soft soil, 20 Hz for the medium soil and 63 Hz for the
stiff soil.
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Figure46. Effect ofsubgrade stiffeningoeneaththe trackfor receiversat different distances from the

track: insertion loss for (a) soft, (b) medium, and (c) stiff soil

Figured47 shows tte effect of combining these results with the vibration predictions due to train trfiic
a regional train at a train speed of 120 km/h and a receiver distance of 1&snexpected, idhgrade

stiffening gives a much larger vibration reduction for the soft soil than for the stiff soil

It has been assumeid this analysishat the force density is not affected by the introduction of subgrade
stiffening. Although there could be an effect, it is likely to be small, as seen from the results for different

soil stifhesses irFigure30(b).
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Figure47. Effect ofsubgrade stiffeningoeneath the trackon vibration spectra at 16 m from the track
and a speed of 120 km/h(@) soft, (b) medium, and (c) stiff soil

4.4.3  Sitiff wall barrier

The stiff wall barrier has thicknessof 1 m, adepth of 3 m, and is centrect a distance of 6 m frorthe

centre of the track. The insertion loss, for a line source along the track centreline, is sheigare®8 for

the three types of homogeneous ground. The insertion loss shows an increasing trend with increasing
frequency which is largely independent of distareg drops again at high frequency, above a frequency
that depends on distancé\part from this, the effectiveness is similar to the subgrade stiffening. For the
soft soil, resultsvere computed up td25 Hz
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Figure48. Effect ofstiff wall barrier for receivers at different distances from the trackasertion loss for
(a) soft, (b) medium, and (c) stiff soil

Figure49shows the effect of combining these results with the vibration predictions due to train traffic, for

a regional train at a train speed of 120 km/h and a receiver distance of 16 m. It has been assumed in this
analysis that the force density is not affectieglthe introduction otthe barrier, which is reasonable as it is
located far from the trackAs expected, the stiff barrier gives a much larger vibration reduction for the soft
soil than for the stiff soilAt the peak, he reductionfor the soft soil is around 15 dB; for the medium soil it

is11 dB and for the stiff soil it is 5 dB.
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Figure49. Effect ofstiff wall barrier on vibration spectra at 16 m from the track and a speed of
120km/h: (a) soft, (b) medium, and (c) stiff soil

4.4.4  Soft wall barrier

The soft wall barrier hasthicknessof 0.05m, adepth of 3 m, and is centreat a distance of 6 m frorthe

centre of the track. The insertion loss, for a line source along the track centreline, is sheigareb0 for

the three types of homogeneous ground. The insertion loss shows an increasing trend with increasing
frequency which is largely independent of distareg again drops at high frequency, above a frequency
that depends on distanceThe soft wall barrier is less effective than the stiff barrier (for the chosen
parameter values). For the soft and medium soil, resuétse computed up td 25 Hz.
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Figure50. Effect ofsoft wall barrierfor receivers at different distances from the tracknsertion loss for
(a) soft, (b) medium, and (c) stiff soil

Figureb1 shows the effect of combining these results with the vibration predictions due to train traffic, for
a regional train at a train speed of 120 km/h and a receiver distance of 1tthais been assumed in this
analysis that the force density is not affected by the introduction of the barrier, which is reasonable as it is
located far from the track. As expected, theft wallbarrier gives a much larger vibration reduction for the
soft soil than for the stiff soilAt the peak, the reduction for the soft soil is arouddB; for the medium

soil it is7 dBwhereasfor the stiff soil it isnegligible An open trench in a hafpace would be effective
(attenuation ofat least12 dB) for fequenciesat which thedepth of trench is greater than Otnes the
Rayleigh wavelengtliror the current ground properties this is expected at 19 Hz for the soft soil, 37 Hz for
the medium soil and 75 Hz for the stiff sdik the soft barrier is quite thin the performance is reduced
compared with an open trencj22].
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Figure51. Effect ofsoft wall barrieron vibration spectra at 16 m from the track and a speed of
120km/h: (a) soft, (b) medium, and (c) stiff soil
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5.Uncertainty assessment

This section providesn assessment dfie uncertaintyassociated with thestimates ohoise and vibration
reductionsgivenin this report

5.1 Noisemitigationmeasures

The uncertainty assessment is performed by assuming an uncertainty range of the key parameters related
to the noise mitigation measures amyaluatingthe influenceon the mitigation effect For rail dampers,

rail shields, and optimised rail pads, timfluenceis assessed for all rail pads lisiedrablel8, given that

the mitigation effecs vary with the pad stiffness and dampir(gee Sectior.3), while all other track and
vehicle parametersorresponding to the reference caas indicated in the same Table.

5.1.1 Rail dampers

The rail dampers mitigate the rolling noise by increasing the TDR, and the uncertainty of the decay rate of
a free rail fitted with a rail damper can be up to a factor dfL3] (a factor of 3 in the final TDR would
correspond to +5 dB innoise emissiofrom the rai). Figure52 shows the nominal decay ratd a free ralil

fitted with the rail damper B (see Secti@¥.? in vertical and lateral directionsnd the values after
applying an uncertainty factor df'3 or 3.
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Figure52. Decay rate of a free rail fitted with rail damper B considering an uncertainty factor of 3: (a)
vertical direction, (b) lateral direction.

Rolling noise is calculated assuming the uncertainty factor varying from 1 to 3nermentsof 0.5.

Results calculated witthe medium rail padstiffnessare presented irFigure53. Figure53(a) shavs the

spectra of the vertical component of rail noisgégure53(b) shows that ofhe lateral component andrigure

53(c) shows that of total noisdequivalent esults calculated witlthe very stiffrail pad are presented in
Figure54.

The influenceon rail noise ipronouncedin the frequency range above 250 Hz for both vertical and lateral
directions, while the effect on total noisegsidentin the midfrequency range, where rail noiseminates
Theinfluenceis more noticeable for thenedium rail padhan the very stiff pagdconsistentwith the trend

in the mitigation effectwith increasingail pad stiffnesgseeFigure25).
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Figure53. Influenceof uncertainty of decay ratewith rail damperon sound power levelscalculated
with medium rail pad: (a) rail vertical, (b) rail lateral, (c) total.
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Figure54. Influenceof uncertainty of decay ratewith rail damperon sound power levelscalculated
with very stiff rail pad: (a) rail vertical, (b) rail lateral, (c) total.

Figure55 shows theinfluenceon the total A-weightedsound power levels for different rail padFigure
55(a) shows the variation of the mitigation effect, aRigiure55(b) shows the mitigation effect.
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Figure55. Influenceof uncertainty of decay ratewith rail damper. (a)variation of mitigation effect on
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Thechange imnmitigation effectis smallemwith increasing uncertainty factahan when it isreduced. For
high decay rata, the rail noisan mid- and highfrequency rangess reducedconsiderablyresulting ina
higher importance of the wheel noise, and hence thi¢igation effecton the totalnoisedoes not increase
significantly with increasingncertainty factor On the contrary, for lovdecay rate the TDRapproaches
that of the untreated trackTaking an uncertainty factor of 3, the mitigation effect incressgl1.4 dBfor
the very softpad when the decay ratés higher than the nominabne anddecrease by 2.1 dBwhen the
decay rateslower. Theincrease and decreader the very stiff pa are 0.4 dB and 0.5 dBspectively

5.1.2 Rail shields

Rail shields are characterised iy insertion los®f the rail noiseAn uncertainty factor of 2 is applied to
the insertion losof the vertical and lateral rail noise componebits#t only a reduction othe insertion loss
valuesis considered not an increase as shown inFigure56. This brings it more into line with the
measurement data in4[l]. Theinfluence of the uncertainty on thaitigation effecton total A-weighted
sound power level is shown Figure57. The mitigation effect decreaséy 2.1 dB for the very soft pad and
by 0.6 dB for the very stiff pad.

N 30
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Figure56. Insertion lossof a rail fitted with rail shield considering an uncertainty factor of 0.G)
vertical, (b) lateral.
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Figure57. Influenceof uncertainty ofinsertion losswith rail shieldon mitigation effect on total A-
weighted sound power levels.
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5.1.3 Optimised rail pads

The key feature of optimised rail pads is the high acoustic stiffness, which increases tlaad bé&hce the
uncertainty is applied to rail pad stiffnes the assessmenflhe effect ofadoptingoptimised rail pad
depends alsoon the stiffness of the original rail padherefore,the uncertainty is applied to both the
optimised and original rail pad.

Figure58 shows the overall Aveighted levels of each component for the medium and very stiffpad,
applying an uncertainty factor of 20% to the pad stiffness in both vertical and lateral directions

[ Whee! [N Rail [__Sleeper [N Total | [ Whee! [ Rail [_Sleeper N Total |
102.7
Nominal x 1.2 : 101.2 Nominal x 1.2
[72] [2)
[} [0}
E 103.2 E
= Nominal 1018 = Nominal
o e
(] (L]
o o
103.6
Nominal x 0.8 102.4 Nominal x 0.8
80 90 100 110 120 80 90 100 110 120
Sound Power Level (dB re 1 pW) Sound Power Level (dB re 1 pW)
(a) (b)

Figure58. Influence ofuncertainty ofrail pad stiffness (a)medium rail pad,(b) very stiff rail pad

Theuncertainty in therail pad stiffness mainly influences the rail noiddower pad stiffness leads to an
increase 00.6 dBof the rail noisgfor the medium rail pad an@.7 dB for the very stiff padand a higher
pad stiffness results in a decrease0of dB and 0.3 dBr the two pads The influenceon total noise is
almost the same for the medium pduditis much less pronounced for the very stiff padcause thavheel
noise issignificantly lower than theail noise for the medium pafor the reference wheelyvhile the two
contributions are comparable for the very stiff pad.

Given that the very stiff pad results&TDR similar to optimised rail padsveloped and tested in thgIC
LOWNOISEPA®oject [], it is consideredo representan optimised rail padvhile the other pads are
taken asthe original pad. Figure59 shows the influence of the rail pad stiffness uncertainty tha

mitigation effectin terms ofthe total Aweighted levels

\

nominal rail pad stiffness
nominal rail pad stiffness x 0.8
nominal rail pad stiffness x 1.2
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Figure59. Influence of uncertaintyof rail pad stiffnesson mitigation effect of optimised rail pad
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The influence is nearly independent on the stiffness of the original pads. Theade of the mitigation
effect is abou0.85 dB for alpads,and the increase is abo0t5 dB.

5.1.4  Acoustic rail grinding

Uncertainty in the effect of acoustic grinding is related to the estimates of rail roughness. In Appendix A,
the effect is presented of using alternative assumptions for the reference rail roughness and the roughness
two months after grinding. This leads éstimates of the effect of acoustic grinding, showiT ableAl, of
between 1.5 and 3.8 dB(A), compared with the nominal estimate given in S&8atof 3.7 dB(A). On

the other hand, if the rail is initially rougher than average, due to corrugation or similar, the effect of
acoustic grinding could be larger than these estimates.

An additional uncertainty arises from the development of rail roughness after grinding. The French study
reported in Appendix A indicates that the rails continued to become smoother over a period of four years
after grinding, leading to a further noise nection of 1.5 dB(A), se€ableAl. Conversely, results from
Germany, Belgium and the Netherlands indicate that rail roughness grows again after grinding at a rate
between 0.7 and 1 dB per year. The lgagn average noise level reduction assumed in the German study

of acoustic grinding i8 dB,broadlyconsistent with the estimate given in Sectidr3.4

As the reduction in rail roughness seen in Sect®oR.9 and Appendix A is largely independent of
wavelength, the reductions stated above will be independent of train speed as well as train type or rail pad
stiffness.

5.2 Vibrationmitigationmeasuresat the track
5.2.1 Undersleeper pads

Uncertainty in the effect of undesleeper pads is related to the value of dynamic stiffness of the USP and
the ground stiffness. Results for different stiffness of USP are showigime4l. So, for example, the
difference between the medium and stiff USP is a halving of the values of insertion loss, from a pgBk of 7
to around 3 dB. However, the stiffness of the USP is fairly well known from information available from the
manufacturers, so this source of uncertainty is not considered further here.

The stiffness of the ground can affect the insertion loss of the USP to some extent. The insertion loss of the
three types of USP is shownhkigure60 for the three types of ground. The ground type has only a small
effect on the insertion loss of the stiff and medium USPs, whereas for the soft USP the effect is larger,
especially for the stiff ground. However, it should be recognised that these thremdrypes represent

quite large changes in stiffness. Apart from the soft USP, the insertion loss provided by the USP only varies
in certain frequency bands and by mostly less than 3 dB when considering changes in ground stiffness.
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Figure60. Uncertainty of insertion loss due tander-sleeper padsas a result of different ground
stiffness (a)stiff USR (b)medium USP(c)soft USP

5.2.2 Underballast mats

Similar to undessleeper pads, uncertainty in the effect of undaaillast mats is related to the value of
dynamic stiffness of the UBM and the ground stiffness. Results for different stiffness of UBM are shown in
Figure42. There is a factor of 2 between the stiffness of these two UBMs. Apart from a shift in the
frequencies of the dip and subsequent rise in the insertion loss, differences of around 6 dB occur at higher
frequencies. However, the stiffness of the UBM isyaivell known from information available from the
manufacturers, so this source of uncertainty is not considered further here.

The stiffness of the ground can affect the insertion loss of the UBM. The insertion loss of the two types of
UBM is shown irrigure61 for the three types of ground. The difference between the medium and soft
ground is quite small, but for the stiffer ground larger differences are seen. Once more, it should be
recognised that these three ground types represent quite large changes imessff
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Figure61. Uncertainty of insertion loss due tander-ballastmats as a result of different ground
stiffness (a)medium UBM (b) soft UBM

5.2.3

Rail pad stiffness

The insertion loss (vibration level differenah)e to changes to rail pad stiffnesdative to the reference
case (medium rail pad stiffness) is showrrigure33(c)for the medium stiffness groundvhich indicates
that the effect is minimal unless a very soft rail fastener is introduced

Figure62 shows the insertion loss due to changing the rail pad stiffness from medium to soft or very soft.
Results are shown for the three ground types. Uncertainty over the ground stiffness introduces only a small

uncertainty in the insertion losdue to changing the rail pad stiffness, with the largest effects occurring
above 100 Hz.
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Figure62. Uncertainty of insertion loss due tehange in rail pad stiffnesselative to medium rail padas
a result of different ground stiffness(a)soft rail pad (b) vert soft rail pad

5.2.4 Unevenness

As showrin Sectior4.2.9 achangein track unevenness can lead to significant reductions in vibrafibe.

insertion losses plotted ifFigure43A Y RAOF S G KI G OKIFy3IAy3d FNBY Wy2N
YEAYGFAYSRQ (NI Ol g2df R £SFHR (2 | NBRaihightiege Ay GA
unevennesspectraare based on measured data for a typical mainline traicis unclear whethethe
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insertion loss represents the changevibrationthat couldbe obtaineddueto maintenance activity, such
as tampingThese estimates should therefore be seen as having a high degree of uncertainty.

5.3 Mitigation measures in the transmission path

Uncertainty in the estimates of mitigation measures in the transmission path are shown for two examples:
heavy masses close to the traaid subgrade stiffening.

5.3.1 Heavy masses beside the track

The effect of heavy masses close to the track has been shown for the three ground types in4&4éction
The results for a receiver distance of 16 m are compar&whure63. This shows how the frequency content
and level of the insertion loss shift considerably, with a higher insertion loss over a wider frequency range
for the softer ground. There is likely to be considerable uncertainty in the effect unless the groumekstiff

is well known.
30 —
Medium
251 | ——=-soft
-------- Stiff

Insertion loss, dB
-
o

-10

1 2 4 8 16 315 63 125 250
Frequency, Hz

Figure63. Insertion loss due tdheavy masses beside the track for receiversl&tmfrom the trackfor
different sall types.

5.3.2 Subgrade stiffening beneath the track

The effect of subgrade stiffening beneath the track has been shown for the three ground types in Section
4.4.2 The results for a receiver distance of 16 m are comparddgure64. This shows how the cuin
frequency in the insertion loss shifts considerably, with a higher insertion loss starting from a lower

frequency for the softer ground. There is likely to be a very large uncertainty in the effect unless the ground
stiffness isvell known.

Insertion loss, dB
-
(@]

1 2 4 8 16 315 63 125 250
Frequency, Hz
Figure64. Insertion loss due tsubgrade stiffeningor receivers at 16 m from the track for different soll
types.
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6.Conclusions

A webbased tool is being developad WP4 which will allow track optimisation for noise, vibration and

life cycle costs. To support this developmetalculations have been carried out of noise and vibration
source levels. These cover a range of abatement methods and different combinations of track components
and will be stored in a database to be used by the tool. The calculations are performed using
complementary physiebased models available to the project partners.

In correspondence witthe Use Cases defined in Deliverable )4} lthe calculated source levels for noise
and vibrationare limited to the most common situation of straight, plain track with trains passing at
constant speed. This aligns with theailablevalidated physicsbased modelsPassive provision will be
allowedin the tool for other sources such as impact at switches and crossings, and curving (not squeal
noise), for example on the basis of correction teymswever, these are not considered here

Input parameters have been determined for the track in terms of rails, rail pads, sleepers, and ballast. Of
these, the rail pad is expected to have the largest influence, so a wide range of stiffness and damping values
is proposed, covering the range ofpected values encountered in European tracks. For the trains, a more
limited set of examples are included corresponding to typical cases.

Calculation results have been obtained for a large number of dasgsantify the effect of noise and
vibration reduction measuresTheseresultsincluderolling noisesound power spectra and both force
densities and vibration velocity spectra for ground vibration.yltee/e beerobtainedfor a unit roughness
(or unevennessandwill be combinedn the online toolwith roughness spectraaking account of the train
speed and contact filterExample resultgeflecting the final combined spectraave been presented to
illustrate the range of parameter variationsovered The uncertainty in the effectof each mitigation

measurehas beerassessed.

The predicted resultare broadly consistent with empirical evidenbeit it is recognised that actual noise
reductions in specific situations may differ from those obtained with the nedeli @A ft 0SS (KS
responsibility to check the applicability of the resulithough some mitigation measures affect both noise

and vibration, the combined effect is not assessed here. This will be considered later in Deliverable D4.5
when the webbased tool is assessed and used for example case studies.

A benchmark study has been performed comparing the results of the TWINS and ToPNoise models for track
dynamics and radiation. The effect of various track configurations on the stresses in the ballast has also
been calculatedandthe resultscan be used to give an indication of the effect on track settlement.

The planned objectives have been mé&he calculation resultglustrated herewill be contained in a
database to be used by the online tptd be delivered and tested by the end of the projéldiese results
will be repored in Deliverables D4.4 and D4.5.
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Appendices

AppendixA. Alternative rail roughness spectra

In this appendix, various measured rail roughness spectra are considered as alternativeson Rad
spectra listed infablel13. In particular, to account for the effect of acoustic rail grinding, typical spectra
after such grinding are required, as well as typical network average spectra.

Network average spectra are providéar Belgium in 42] and for the Netherlands ir4B]. The average
roughness over a range of sites in the UK is presentelb]nlp FigureAl these three average roughness
spectra are compared with the sonRail spectsad in the main report

There is strong agreement betwedime three results fothe most importantwavelengthrangebetween

63 and 10 mmaAll three have asmallpeak at 63 mmwhich islikely to be due tothe use ofpreventive

grinding and/orthe presence ofmild corrugation[44]. ¢ KS a2y wl A f  UYigdSthah A€ O dzNX
measurements in the mid wavelength range, and lower than the Belgian and UK results at short
wavelengths.

At wavelengths longer than 80 mm, the Belgian and Netherlands results are much lower than the UK results
whereas the UK results follow the ISO3095 limit curve more cloBkigdifferencemay be a feature of the
measurement system use@n|rail in the first two cases, CAT in the UK measurements$ deserves
further investigatiorbut is beyond the scope of the current project.

40 T T T T T T T T T T T T T T T T T T T T T T T
sonRail Smooth
sonRail Average

30! sonRail Rough

= Belgian median
< New NL
~ 20 UK Mean
) N |= = 1S0O3095:2013
m
Jo)
o
»
0
[0}
£ 10 ===
o | ==
=}
¢}
[n's
20 |
_30 L L 1 L 1 L 1 L L L 1 1 1 L 1 L 1 L L L L L L 1 L |

500 250 125 63 315 16 8 4
Wavelength, mm

FigureAl. Examples of measured rail roughness: average spefttian UK[15], Belgium[42], and
Netherlands[43], compared with sonRail spectril?].

The effect of using th8elgian andJK average spectra in the noise predictions for the reference case is
shown inFigure A2. The large differences at low frequenay Figure A2(a) are a consequence of the
different trends seen irFigure Al. Nevertheless the overall levels Figure A2(b) contain only small
differences, and they are consistent with the reference results for the sonRail average roufioness
Figure22.
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FigureA2. Effect ofalternative rail roughnessspectra (a) total sound power spectra, (b) overalt A
weighted sound power levels

Immediately after rail grinding, the rail surfag®ybe significantly rougher due to the presence of grinding

marks. The corresponding wavelengths depend orstieed of the grinding train and the rotational speed

of the stones, whereas the magnitude is affected iy ¢thoice of stones, the applied pressure and the use

of a combination of speedd4, 45,46].¢ KS | koasti@gfind A& (2 YAYyAYAasS (KAa
As well as grinding, milling can also be used.

In [47] rail roughness was measured at a number of sg@gays aftegrinding or milling. The average
spectra of the sites subjected to grinding and milling are showfignreA3. The milling operation was
combined with grinding using oscillating stones and a finishingastdshows a loweloughness spectrum

than the grinding. In a study in Fran@&][46] the rail roughness was monitored at five sites after grinding
testing several sets of grinding parameterbe spectralirectly after grinding showed large variability, and

in some casekarge tonal roughness levels. However, the roughness generally resittethe passing of

traffic. Anexample ¥ 3I22 R LIN} OGAOSI 6KAOK dza SR Qidiiciudedii p ®p
FigureA3; this wasmeasuredwo months after grindinglt showsvery similar levels to the result of milling

from [47]. Also shown is the spectrum from the same site 48 months after grinding which is considerably
lower.

00—+ T S S R S
——NL grinding
——NL milling
30+ FR grinding +2 mths |
€ ——FR grinding +48 mths
— — [S03095:2013
20+
g
o
© ']0_
¥o)
o
—_— 0_
)
7]
Q
£ 10
S -0+
>
[¢]
n's
-20
_30 1 | I 1 I I L I 1 I I 1 I Ll |

500 250 125 63 315 16 8 4
Wavelength, mm

FigureA3. Examples of measured rail roughness spectra after acoustic grinding or milisgifr].
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Introducing these roughness spectra into the calculations, the sound power tEwaified are shown in
FigureAd. Although there are differences in roughness spectra of up to 10 dB, the differigroeise levels
between these casemre much more modes(less than 3 dBjue to the influence of the wheel roughness.

[ Whee! [ Rail [ Sleeper [N Total |

110
< 97.9
=
a FR +48mths
o 100 - 2
9 o 99.5
= 90¢ §, FR +2mths 976
3 3
— =
g 80 | ® 99.4
o .

g ——NL grinding 5 NL mill 97.3
- 70 = NL milling =i
c FR grind +2mths V]
3 —— FR grind +48mths 100.7
L2 NL grind - 8.7

63 125 250 500 1000 2000 4000 '

Frequency (Hz ‘ ‘
q y (H2) 80 90 100 110 120
Sound Power Level (dB re 1 pW)

(a) (b)

FigureA4. Effect of rail roughnesafter acoustic rail grinding or milling(a) total sound power spectra,
(b) overall Aweighted sound power levels.

¢t2 LINBRAOG GKS STFFSOG 2F NIAf 3INARYRAY3IA 2y y2AiAas
should be compared with the results after acoustic grindirtge various permiationsconsidered herare

listed inTableAl. These indicate that the noise level is predicted to reduce by between 2 ancafiedB
acoustic grinding, considering the level after two monfifise sonRalBmoothzurve gives results that are

closely compatible with thé&letherlands milling study or the French grinding stualyd for simplicity this

can be used in the tool'he alternative spectra can also be used if required, and are listEabieA2.

TableAl. Predicted effect of rail grinding on-#veighted sound power levels, dB(A)

sonRailaverage| UK average| BE median
103.2 102.2 102.8
sonRailsmooth 99.5 3.7 2.7 3.3
NL grindng 100.7 2.5 1.5 2.1
NL miling 99.4 3.8 2.8 3.4
FRgrinding +2 mths 99.5 3.7 2.7 3.3
FRgrinding +48 mths| 97.9 5.3 4.3 4.9

There is a lack of consistency between results reported from different networks about thé&elongffects

of rail grinding. One of the first studies of the use of grinding to control noise was reported by Asmussen et
al. [48]. They indicated that the monitored noise levels grew at a rate of approximately 0.7 dB per year, so
that repeat grinding, triggered by a noise level increase of 6 dB, was usually required after 8 years. Florentin
[42] reported that roughness levetdsogrowafter grindingin Belgium and the Netherlandi49]. However,

as seen above, the results from Frandg, 6] indicate that the rail continues to become smooth€his is

an area requiring further research to understand the reasons for these differences.

QuieterRaik GA101176865 91119

. . . . Co-funded by
D42 Noise and vibration reductions 5‘ the European Union
Zurope’s




Q

Quieter

TableA2. Alterative rail roughness spectra for noise calculatiod® ref. 16° m (valuesin italics are
extrapolated).

Wavelength, UK Belgian NL NL milling France France
m average median grinding grinding grinding
+2mths +48 mths
1.25 33.5 14.0 14.0 14.0 14.0 14.0
1.0 30.3 12.0 12.0 12.0 12.0 12.0
0.8 29.7 8.8 8.8 8.8 8.8 8.8
0.63 25.7 9.9 9.9 9.9 9.9 9.9
0.5 21.8 4.3 4.3 4.3 4.3 4.3
0.4 17.7 4.3 4.3 4.3 4.3 4.3
0.31 13.8 3.3 3.3 3.3 3.3 3.3
0.25 9.7 2.0 -0.1 -0.1 -0.1 1.8
0.2 7.3 0.0 -2.2 -2.2 -2.2 -3.9
0.16 6.2 -0.8 -3.9 -3.9 -3.9 -2.2
0.12 5.6 -0.9 -6.4 -6.4 -6.4 -2.9
0.1 2.7 -2.4 -9.2 -7.4 -5.5 -4.4
0.08 0.7 1.9 -11.2 -5.7 -5.2 -6.4
0.063 3.2 3.7 -3.9 -7.5 -6.4 -8.4
0.05 -0.7 -1.5 -1.2 -6.3 -7.3 -11.1
0.04 -4.2 -1.9 -11.0 -8.3 -9.6 -11.8
0.0315 -3.5 -2.4 -6.0 -7.4 -5.8 -12.4
0.025 -5.8 -4.1 -4.6 -9.7 -8.2 -12.7
0.02 -5.8 -5.9 -9.0 -11.3 -12.7 -16.8
0.016 -7.5 -7.0 -10.1 -11.9 -12.0 -17.6
0.012 -8.3 -8.0 -9.9 -12.5 -12.6 -17.9
0.01 -9.4 -8.8 -9.7 -13.1 -13.2 -18.0
0.008 -9.9 -8.8 -10.9 -13.1 -15.0 -19.4
0.0063 -10.5 -10.0 -10.9 -13.4 -15.0 -20.1
0.005 -11.0 -10.8 -12.7 -15.8 -15.6 -20.0
0.004 -12.2 -11.4 -14.1 -16.8 -17.9 -22.5
0.00315 -14.3 -12.6 -15.7 -18.5 -19.3 -23.1
0.0025 -16.0 -14.2 -17.1 -19.5 -20.5 -24.0
0.002 -18.0 -16.0 -19.0 -21.0 -22.0 -25.0
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AppendixB. Benchmarktudyof ToPNoise andWINS for track dynamics
and sound power

B1 Introduction

Within WP4 complementary toolsre available to the project partnerf®r the calculation of thelynamic
and acoustic responsef wheels and tracksAn extensive benchmarking study has been performed
between the TWINS model for rolling noigb, 26] andthe ToPNoise (Tool for the Prediction of Railway
Noise) Modelling Toolbops0] which usedfinite element moded (FEM)and boundary element models
(BEM) The dynami@andacoustic response faifferent track types is calculatagsing thesalifferent tools.
This appendix shows the equivalence of both tools for four calculation scenarios.

A description of the modslis provided, detailing the type of modelling carried out. The compared results
are the point mobilities, whediail contact force for unit roughness, track decay rate (TDR), and sound
power for unit roughness. For each model, the components and materidepties used are listed,
followed by a spectral comparison of the relevant results.

The objective of this work is to compare the predictions of the ToPNoise Toolbox with those of TWINS and
assess their equivalence. While TWINS predicts rolling noise efficiently using simplifiethdmessdrirack
models and modal wheel models, the Rail Kraodelling Toolbox employs a redueedder 3D finite
element model that includes most track components explicitly.

B2 Model Description

B2.1 TWINS

The TWINS$TrackWheel Interaction Noise Software)odel R5, 26] consists of a number of modules to
calculate the frequency responses of the wheel and track, the interaction forces between them, their
responses to roughness interaction and their noise radiation

1 The wheel mobility is calculated from the modal basis obtained from an axisymmetric finite
element model.

1 The track mobility is calculated using an analytical Timoshenko beam mnad#ie current

comparisonsa discretely supported track model is used, with the calculations averaged over five

excitation positions within a sleeper span.

The wheel/rail interaction is calculated using analytical formulae.

The sound radiation of the wheel is calculated using analytical formulae that have been derived

from the results of axisymmetric boundary element models.

9 The rail sound radiation is calculated using a 2D boundary element model with corrections applied
to allow for 3D effects.

1 The sleeper sound radiation is calculated using an analytical model.

= =4

Further details of the theoretical models are availablelif].[The TWINS modesincorporated into the
TNE softwaré¢51] are used herdout are referred to asPWINSthroughout this appendix

B2.2 ToPNoise

The proposed approach relies on a detailed numerical model of the track and wheel, using a full 3D
representation of all components except the ballast and the clamps, which are represented by springs. The
main objective of this modelling strategy is toieintly capture the effect of individual components such

as rail pads or wheel/rail geometry. Since accurate predictions of the track dynamics demand the absence
of boundary effects and wave reflections, considering a long section (in this case, 4@sléeepequired.

This can be achieved through the application of dynamic substructuring. The contact force between the
track and wheel is implemented similar to TWINS, taking the contact patch, the train speed, the axle load,
and potentially the combinedoughness into account. The rolling noise is subsequently predicted through
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boundary element models (BEM), which allow the inclusion of the complex shape of all components.

The structural model runs in the following steps:

1. Modal analysis of the track unit cell shown Figure Blwith free boundary conditions. This
represents one half of a sleeper section.

2. Selection of modes for the Cra@Bampton substructuring approach.

3. Calculation of the forced harmonic response of a-4@@&per section, both for lateral and vertical

point-force excitation. The point force is applied at rsjgan (A), quartespan (B), and above the

sleeper (C) to allow spatial averaging.

Modal analysis of the wheelset with free boundary conditions

5. Calculation of the forced harmonic response of the wheelset using modal superposition

»

Figure B. Mesh of the track unit cell

B2.3 Considered scenarios

Both modelling approaches are compared for four scenarios. The wheels are axisymmetric and double
curved with a diameter of 96hm, as shown ifrigure B. The track parameters are selected to represent
a wide variety of practical situations:

1. A standard ballasted track with B91 concrete sleepers, 60E2 rails, and very stiff pads (similar to a
typical Swiss superstructure)

2. A standard ballasted track with B91 concrete sleepers, 60E2 rails, and msafiupads (similar to
a typical UK superstructure)

3. A ballasted track with wooden sleepers, 60E2 rails, and medium pads

4. A ballasted track with steel sleepers, 60E2 rails, and stiff.pads

The corresponding material proprieties are reportediebleBl. For the calculation of the contact force
and sound power, an axle load of 54 kN and a train speed of 100 km/h was used.
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TableB1. Material properties of the track for the different benchmark scenarios

Scenario 1 | Scenario 2| Scenario 3| Scenario 4
(stiff pad) | (soft pad) | (wood slp) | (steel slp)
Verticalacousticstiffness(MN/m) 4425 169 500 1000
) Lateralacousticstiffness(MN/m) 175 46 177 120
Rail pad . :
Vertical damping loss factor 0.159 0.059 0.5 0.15
Lateral damping loss factor 0.16 0.061 0.5 0.15
Mass densitykg/m3) 2436 2436 800 7850
Total masgkg) 280 280 78 76
Sleeper .
, 2dzy 3 Qa (GPg Rdzt dza 42 42 15 210
t2Aa42yQa NI (A2 0.2 0.2 0.2 0.3
Vertical stiffnesgMN/m) 120 120 140 107
Lateral stiffnesgMN/m) 35 35 140 105
Ballast : : _
Vertical viscous dampin@N.s/m) 160 160 180 70
Lateral viscous dampir(gN.s/m) 600 600 180 31.18

Figure R. Mesh of the full wheelset, and crossection geometry of the doubleurved wheel

The following spectra are compared:

1.

akown

Point mobilities in vertical and lateral direction, and cra®sbility in the excitation point (narrow
band, magnitude and phase)

Track decay rate (onthird octave bands)

Contact force for a speed of 100 km/h and unit roughness (narrow band, magnitude and.phase)
Velocity responses

Sound power level of the wheel, track, and the total system {hivel octave bands, only scenarios
1land?2)
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B2.4 Notable differences between the models

1. The railpads are defined as springs with vertical and lateral spasrgper systems in TWINS,
whereas they are 3D meshed bodies in ToPNoise. This has two repercussions. The first is obvious:
an equivalent complex You@modulusE and Poissof &tio /7 must be found to represent the
frequencydependent stiffness and damping of the spring elements. Tabular vallesere used
to approximate the viscoelastic pad representation in TWINS. The second is the finite extent of the
contact area between the rails and the pads in the FEM, which could lead to an increased effective
stiffness due to a nonegligible rotationaktiffness along the rail.

2. The ballast properties in TWINS are defined as a splangper system with viscoelastic properties,
and as a frequencylependent stiffness with hysteretic damping in ToPNoise. [@tter values
were adapted to match the viseslastic values in the desired frequency range.

3. The rail modelling approach also differs. In TWINS, the rail is represented by Timoshenko beam
elements, i.e. as a ondimensional model with equivalent sectional properties, whereas ToPNoise
uses a threedimensional finite element representation. Thipaticularly important for the lateral
point mobility, since the bending moment on the cressction yields higheorder deformation
shapes.

B3 Results

The compared results focus on the key indicators of the track and wheel dynamic responses, with different
track scenarios (as reported TrableB1) combined withdouble-curved wheels with a diameter of 966m.

B3.1 Structural response

Although different points on the rail span were considered in this study, only thespad results are
presented to maintain clarity and avoid redundancy, since the results and trends are consistent and
converge across other span location. In the figuldge and orange are used for ToPNoise and TWINS,
respectively.

B3.1.1 Point mobility

1 Rail point mobility
Figure B presents the vertical point mobilities for the four investigated scenarios, as predicted by ToPNoise

and TWINS. Overall, a good agreement is observed, particularly in the vertical direction. Yet, ToPNoise
consistently shows a slightly stiffer predicti@s, indicated by the shift to higher frequencies.

This discrepancy is more pronounced in the cases with stiffer rail pads (Scenario 1, 3nvdregelihe shift
is clearly visiblewhereas for Scenario 2, which includes softer pads, the predictions of the two models are
nearly coincident.

These differences can be attributed to the different modelling approaches used for thpadsl In
TopNoise, the rail pads are modelled using a tkateeensional mesh, whereas in TWINS they are
represented as discrete springs (as described in SeBRod. Consistent with this interpretation, reducing

the contact area in the ToPNoise model shifts the results toward lower frequencies, leading to improved
agreement between the two models.
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Figure B. Vertical point mobility of the rail at midspan (ToPNoise in blue and TWINS in orange)

On the other handas expectedhe differencesare more pronounced for the rail lateral point mobilities
(FigureB4) and rail cross mobilitiegigureB5). These differences arise from the modelling assumpgtion
the rail. In TWINS, the rail is simplified using Timoshenko beam theory (as described in B2gjion
Additional compliance mechanisms are captured in3Dd oPNoise model and can reduce effective lateral
stiffness. Consequently, TWINS predicts lower lateral point mobility, especially at higher frequencies, as
can be seen for all ScenariosHigureB4. This assumption affects also the cross mobilifi@esyhichthe
TWINS modadives higher estimatess reported irFigureBs.
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(a)Scenario 1 (b) Scenario 2

(c)Scenario 3 (d) Scenario 4

Figure B. Lateral point mobility of the rail at miegspan (ToPNoise in blue and TWINS in orange)

(a)Scenario 1 (b) Scenario 2

Figure B. Cross mobility of the rail at migpan(ToPNoise in blue and TWINS in orange)
1  Wheelset point mobility

The point mobility of the wheelset calculated with the two models is compar&thure B. The frequency
response of the wheelset is evaluated in two directions: vertical (radial) and lateral (axial). The damping
ratios are adopted fronfl5]. The resonance peaks correspond to structural modes at different harmonics.

Differences between the two models are observed in thefmguency regionbelow about 500 HZ hese
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