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PREFACE

Thils final report presents the results al' the last [our tasks
under a seven-task program to study wheel/rall nolse control tech-
nology 1in urban rail transit systems. The first three tasks,
deallng primarlly with a compllation and assessment of state-of-
the-art informatlon on wheel/rall nolee and ils control, the
development ¢! an acoustlc rating scale for wheel/rall nolse, and
the development of a methodoleogy for assessing the gconomic lmpact
of wheel/rail rolse control measures, are the subjects cf two
imcterim reports, Schultz (1974) and Remington et @l (1974). The
four tasks dealt wlth here are concerned with the devel-pment and
verification of analytical models for the predlction of wheel/
rall noise, the development of ilnnovatlive measurcs for ‘e con-
trol of wheel/rall noise, and technigues for assessinys tie agous-
tlc performance of thesz measures.

The report has been prepared by Bolt Beranek and lewman Inz.
(BBN} under contract DOT-TSC-644 as part of the Urban KRal. Sup-
rorting Technology FProgram managed by the Transportation Systens
Center, Cambridge, Massachusetts, under the sponscrshir af the
ch, Urban #ass Transpurtation administrartion,
washington, D.C,

The report is organized 1ir two volumes and a sumary is pro-
vided 1n Volume I for those who wish to obtaln an cverview of the
major results and flndings wilthout golng into the details con-
talned In the main body of the report.

Thls elfort was technically coordinated at the Trmapoyriatlon
Sygtens Center by Heobert Lotz (Code TMP), and was per! raeod prin-
clpally by Paul J. Remirngton (Frogram Managcer), Michiel 7. Rudd,
ond Istvdn Vér, with contributions from Erich K. BHender, inthony

1. Galaltsls, Mi:chael Alakel, Mark M. Myles, FErle E. I'mooe

»
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Charles 5. Ventres, and Larry E. Wittlg, all of Belt Beranek ard
Newman Inc. Many of the measurements reported herein were per-
formed with the help of Pullman Standard peracnnel at the Champ
Carry Technical Center of Pullman Standard under subcontract.

The help and cooperation of Mr. Harold Gramse of rullman Standard
divisisn of Pullman Inc., Mr. Anthony Paolilleo of the New York
City Transit Authorilty and Professor Manfred Heckl of the Univer-
81ty of Berlin are alsc gratefully acknowledged.

iv



VOLUME I
Section
SUMMARY ...... o n s Ot e N a e b et et a e e e .
1l
l. INTRODUCTION v v v v s e v e nmsmsssanssnrsannsssianemsasensnssas
2. DEVELOPMENT OF PREDICTIVE FORMULAS FOR WHEEL/RAIL

TABLE OF CONTENTS

NOISE ... i iiiiiiinienieniasieanasa .

2.1 Characterization of the Wheel/Rail Dynamiec System

2.1.1 ImpedamnfCe ...i.ueitnnirosseossnrnnnnsmnnansss
2.1.,2 RESPONRSE . it icinentnnnnnmnnnansss e i e
2.1.3 Radiatlon efficlency ... i,
2.1.4 Directivity ... ... e e
2.2 Wheel Fqueal Predlctive Formulas ................
2.2.1 Detalled wheel squeal moedel .........00.0...

2,2.2 Magnltude of dzmping required to elimlnate

= L 1 Ce e e

2.2.3 Condltions under which sqgieal can occur
2.2.4 Predictions cf squeal levels ...... -
2.2.5 Information on the friction-creep curve

2.2.6 Minimum curve radlius to avoid wheel sgueal

2.2.7 Preillminary verification of squeal levels

ON SUDWAY SYSLemS .. .. i i e e e e e

2.3 Impact Nolse Predictive Formulas ..... e
2.3.1 Rigid rall caBe . .iiirii i iaataaae e,
2.3.2 Reslliently supported rail ......,.,. e

——

10
33
Lg
59
T2
74

By
8e

- il

e £



o A iy s~ ik T T s, ] Shs . v == - - - e T -

TABLE OF CONTENTS (Cont'd.}

Section Page

2.3.3 Prelimlnary verification of impact
formulas .....e000-20 e Y B

ny
=

Roar Nolse Predlictive Formulas ..........
2.4.1 Wheei/rall interaction and response ..... ... 118
2.4.2 Sound radlatlon ... siiiir i 127
2.4.3 Wheel/rail rovghness measuements .......... 133

2.4.4 Predlcetion of rear noilse .......... e 147

VOLUME 11

3. VERIFICATICN COF PREDICTION FORMULAS FOR WHENL/RAIL

NOISE ... .o ivomennnnn e e b e et e 156
3.1 Description of P=5 TeStE v nnr. e ci.s... 156
3.1.) The PRT vehicle ,....... e e e e . 156
3.1.2 Test track ....... b e e e e e e 158
3.1.3 Test wheels ........... e e e 161
3.1.4 Instrumentation ........--.. e e . 1Y
3.2 Sgueal Model Verificatlion ....... e a e o 166
3.2.1 Suund level of =quedl ... ..o it ennannnnn- 16%
3.2.2 Zgqueal freguency ...... e e e s ea s 169
3.2.3 Ultrascnic squeal .....evevnrnnn... fh e . 176
3.2.4 Relatlive sound redlation freom wheel ard
rall ... .......... e e e i76

vi



TABLE OF CONTENTS rCont'd.)

Section Page
3.2.5 Testing of treated wheels ........c.vvuvrin. 177
3.3 Experimental Ver.[llcatlon of the Impact Noise
Model .. i i e e e e e e 179
3.3.1 Scale-model experiments ........... ..y 173
F3.3.2 P=8 te8LE ..ttt e e e T o
3.4 Comparison of Roar Nolse Predictlons wilth Measured
Data ... v e e P R e
3.4,1 Standard wheels .......ccovevnerenn.s bear ., 210
3.,2 Damped wheels .......iiiiininiinicenannanenss 227
3.4.3 Reslllent wheels . ......v'veviiiirnnnnnnnnns 228
4, TECHNIQUES FOR THE SUPPRESSION OF WHEEL/RAIL NOISE - 242
L. 1 Suppression of Wheel Sgueal Nolse .,....... e 242
4.1.1 Articulated trucks ....,.... ceu.... N 2uz
U,1.2 Short EruCKS .« vviii i incniiae e 242
L,1.3 Reduced wheel 1oadlng . .vi e v ivr sreruannnn. 243
L.1.4 Damped wheels .........cvevennmna. . RN 243
4.1.5 Resilient wheels .. ...ueuvinnrinmnnnnniaan 245
4,1.6 Wheel dampling TlnE .ot v nin it e e e e e e e 24c
1.7 Wheel dampirc plate ,.......... e e 2Us
4,1.8 Rail lubri-ation ........... e et 247
4.2 Suppressior of Impact Holse ... v vrnenrmnnnnn on... 243
4.2.1 Welded rail ....ivvivernnnnnnennn e U8

Ll Y



LL e d Sl bbb

TABLE OF CONTENTS (cont'd.)

Section

h,z.2 Limit of vertical misallgnment at rail
jJolnts ... .. ..o e e e
4,2.3 Limit of permissible wheel-riat height .....
4.2.4 Resillent wheel .......cciiiuin.nn e e
4,2.5 Wheel radius and wheel mass ............... :
4.2,6 Axle load ....... e b . Can
U,2.7 Hertzlan contact SEIffNESS ... vuinenenns
4,2,8 Adminlastrative MEASUIES . ..iceeirvnnemcrar..
4.3 Suppression of Roar Nolse ..... Ce e N
~.3.1 Reduction of radiation ....... et e .
4.3.2 Reduction of response .......-... e .
4.3.3 Reduction of rOUEBhNESS .. v vt e et nennnren.
SUGGESTED TESTIN7T PROCEDURES FOR EVALUATION OF WHEEL/
RAIL NOISE CONTiwu MEASURES ....... e e Ve et e .
5.1 General .......ci it e b '
5.2 Evaluation of 2gqueal Nolse Control Measures ...... .

5.3 Evaluation of Impact Nolse Control Measures

5.L Evaluatlon of Rear Ncise Ceontrol Measures

CN. _JSIONS AND RECOMMENDATIOMN S .. .t i it s st a e en e
6.1 Review of the Wheel/Rall Nolse Sources and Thelr
Contrel ......... e e e ey Lha e e e
6.1,1 Squeal noise .......v0.en e e e e
&.1.2 Impact nolse ....... C e e
viil

250
250
251
251
251
25
2hd
255
260

[}
T
W]

]
y
LAY



Section

6.1.3 Roar nolse ....i.cierieeianann
6.2 Suggested Future Work ....... ces
6.2.1 Sqgueal nolse ... it nerenrnera,
6.2.2 Impact nodse .....

6£.2.3 Roar nolse ,........... .-

AFPENDIX 4:

APPENDIX B:
AYPENDIX C:

APPENDIX D:

APPENDIX E:

REFERENCES

TABLE OF CONTENTS (Cont'd.)

REVERBERANT CHARACTERISTICS OF PULLMAN STAND-
ARD TENSILE TESTING MACHINE ROOM ............

CONTACT PATCH WAVENUMBER FILTER ......
THE EFFECTS OF LOCAL DEFORMATIC!! ON RESPONSE
EVALUATION OF THE ROUGKNESS MEASURING DEVICF
D.1 Isclatlon of the Praobe

D.2 Detalls of the Test Setup

D.3 Measurement of Hp B T

D.4 Measurement of Ho

D.5 Reference Rough-Surface

0.6 Coneclvslon ....

REPCORT OF INVENTIONS AND INNOVATIONG

ix



2.1-2.

2,1-3.
2.1-4.

8]
=
1

o

&)
[
)

s
(]

e E—— - e — - -

LIST OF FIGURES

VOLUME I

Page
Crabblng cf Wheels 1in a Curve ..... e P . 2
Impact Nolse Generatlon ...........couuiun. e 4
Roar Nelse Generation .....,...... e e ‘- 5
Vertical Impedance of Rall Mounted on Tle and
Balliast, From Naake (1953) ........... ... ... Cee e 13
Horizontal Impedance of Rall Mounted on Tie and
Ballast, From Naake (1953) ........ b e aa s - 14
Rail Impedance Measurement Setup ....... b e o 16
Vertical Impedance of ASCE 60 Rail Mounted on Tie
and Pallast at a Locatlon Away From a Jelnt Be-
tween Two Tles ......... e e aea e e ig
Horizontal Impedance of ASCE 60 Rail Mounted on
Tie and Ballast at a2 Lecatlon Away From the Jolnt
Between Twoe Tiles ..... b e te e e Ve . 19
Vertlcal Impedance at Joint of ASCE 60 Rall
Mounted on Tle and Ballast ......,....... e 20
Herizontal Impedance a% the Joilnt of ASCE 6C Rail
Mocunted on Tle and Ballast Between Twe Ties ... ... 2l
Schematlc of the Passenger Car Truck on Which
Wheel Impedance Measurcments Were Made .......... , 26
Radial Impedance of a 36 in, (.51 m) Dilameter
Rallrcad Wheel .... ... .. ..ot nns . Ak

Axial Impedance of a 36 in. (.91 m) Diameter
Raililrcadi Wheel .. ..

Radlal Impedance of a 1! In. (.3% m) Dismeter
Railroad Wheel



- - s 1 et R i T L TR

A8

LIST OF F1GU..ES fCont'd.)

Figure Page
2.1-12a, Rall Response to Vertlcal Excltation .......so.00.. 35
2.1=12t. Rall Response to Horlzontal Excitation ...... Cen 37
2.1-13. QOctave Band Vibrati.n Level vs Distance Along a

Rall Exclted Vertically ...... b et e e a s 39
2.1-14, Guetave Band Vibration Levels vs Distance Along a

Rail Excited Horizontally ... eiireeionnernenerans Lo
2.1=15, Vivratlon Attenuatlon With Distance Along a

Singl~ Length of Jointed Rail Excited Vertically . 41
c.1-16, Vibratlion Attenuatlion Wlth Distance Along a

Single Length of Jolnted Raill Excited Horizontally 4z
2.1-17. Wheel Resporse to Radlal Foreing ........ e ug
2.1-18, Wheel Response tc AX1al FOPCINE .o vivvrvtnneinenns Ly
2.1-19, Rall Radiatlon Effilclency for Vertlcal Excitatilon. 53
2.1-20, Rail Racdiatlon Efficiency for Horilzontal Excita-

tion ..... i e i r e et e e e e 54
2.1-21. Wheel Radiation Efficiency for Hadlal Forcing .... 58
2.1-22. Wheel Radiatlon Efficiency for Axial Foreing ..... 60
2.1-23, Mne-Third Oztave Band wWheel Directlvity Unrnder

Axlal Forcing - .o i ittt it ettt e e e e b e e e e 63
2.1-24. ine-Third Octave Band Wheel Directlvity Under

Radlal Forelng ... .c.iiiie it nnerenes e 6L
2.1=25 Dependence of the Mean Sguare Radlated Pressure

or the Dlstance From th~ Rall .......... ... ... e 68
z.1l-26. ine-Third Ca2tave Band Rail Directivity fer Herl-

zental Excitation ... ..., e e e 70
2.1=-27. One-Third Octave Bard Rall Directivity for Vertil-

cal Excltatlen ... ... i e e e e e e 71

x1

T



2.4-10,
2.4=-11.
2.h-12,

2.4=-13.

2.4-14,

LIST OF FIGURES (Cont'd.)

Sound Levels of Squeal vs Curve Radius for Two
Lateral Acceleratlons ...... e et e -
Sound Levels 0f SQUeal ... .ttt icererctansoneennns
Normalized Squeal Data From Nine Systems .........
Wheel/Rail Interactlon ............... e .
Contact Patch Wavenumber Fllter .............. .
Distance Correctlon for Rall Nolse ,........... .
Roughness Measuring Device ..... e e et e e
Roughness Test Setup ............. e Ve
Acceleratlion Spectra ..ot et e e
MBTA Rall ROUEBhMESS . ...t ur ottt eeutneenttnnans .

Arranzement for Wheel Roughness Measurement ......

Acceleration Spectra S, Sp, and Sp at Positlons
P and B, Respectlvely ........ Ve e e

Wheel Wavenumber SpectIa ...t eerritnanrsinann
MBTA Wheel and Rall Impedance Amplitudes ...

Roughness Exgltation ...... .

Focur-Car Traln Showing the Dlstance Parallel to
the Tract in Meters From the Observer to Each
Wheel ,.......... F e e ;

Data ..... i .

x11i

144
146

149



Figure
3.
J1-2.

W W W W W

1-1.

.2-3.

.2-4,

LIST OF FIGURES (Cont'd.)
YOLUME T1

PRT Vehicle at Pullman Standard ........ e e
Close~Up ©of the Wheel and Suspenslon of the PRT
Vehicle Showing the Boom Mlerophone and Wheel
Vibration Telemetry Instrumentatlion .......... .
Pullman Standard Test Track ........... e
Standard Ste~> wWheel ....... eaeae et
Damped Standard Wheel ............... e nr e e
Penn Cushlon Resllient Wheel .......... . i nas

Instrumentation for the Standard Wheel Tests .....

Instrumentation for the Damped and Resilient
Wheel Tests .......... e me e et e et

Squeal Sound Levels vs Speed on 30 ft {9.15 m)
Racdius Curve ..... .. veinr.a T T

Squeal Sound Levels vs Speed on 90 ft (27.4 m)
Radius Curve ............ C e et e m e

Oecurrence of Squeal for 30-ft (9.1% m) Radius
T o

Qccurrence of Sgqueal for 90-ft (27.4 w) Radius
CUPVE ..ttt s e s et nsanannn ,

Histogram of Squeal FledU®nNoy . ... iiiitenniaarenns
Photograph of the 1:8-Scale-Model Bogle ..........

Sketch of the 1/B 3Scale Model Rail Fastening
Arrangement . .. ... .. e . P e e e et

Photograph of thz Experimental 1/8 Scale Mcdel

Rall Joint, With Helght Adju:ting Bolts, and
Bogle, Shewlng Detalls o1 Wheel Suspension .......

x111

Can e e s il RS ‘,ﬂ



b v em m

e A . Y, i s

Figure

3.3-4.

3.3-5.

3.3-6.

3.3-T.

3.3-8.

3.3-9.

3.3-10,

3.3-11,

3.3-12,

3.3-13.

3.3-14,

LIST O FIGURES (Contid.)

Block Diagram of the Experisantal Setup

Peak SPL vs 1B 3cale Model Bogle Speed Obtained

for a Rall Joint With Helight Difference h = 0.039
in. (6,1 cm) and Standard Scale Modei Wheel ......

Peak SPL vs 1/8 Scale Model Bogle Speed Obtained

for a Rall Joint With Helght PMifference h = 0.023

in. (0.056 cm) and Standard Scale Model Wheel

Typ*cal Time Histeory of the found Pressure Caused

by the Impact of a Standard S5Scale Model Wheel

Effect o Statlic Axle Load on Peak Impact 3Scund
Pressure Level for Travel in the Step-Up Direc-
tion; Axle Load Ratio M/M' = 2.4; Standard Scale
Model Wheel ...... e

Effect of Static Axle Load on Peak Impact Sound

rressure Level for Travel in the Step-Down Direc-

tion; Axle Load Ratio M/M' = 2.4, Standard Scale
Model Wheel ..........

Speed Dependence of the Peak Journal Bearing
Acreleration Level Durlng Wheel Passage Over a

Rall Joint With Helght Difference; Standard Scale

Model Wheel ............ o r e e et e e
Peak SFL vs Traln Speed Curves Obtalned for a

Level Rail Joint J = 0; w = 0.125 in, (0.318 cm);
Standard Scale Model Wheel ........

Peak SPL vs Drop Helght for Standard Scale Model
wheel ..,... e e e

Difference 1n the Level of the Peak Impact Sound
and rms Rolling Noise as a Function of 1/8 Scale
Model Bogle Speed; Standard Scale Model Wheel;

Step-up Joint, h = 0.023 1in, (0.05%6 em) ..........

Crosa-Secticnal View of Scale Model Resilient
Wheel ...,

xlv

-------------- L I R T T I A I S I R L B

186

188

189

191

192

194

200

202



Figure

3.3-15.

3.3-16.

3.3-17.

3.4-1.

3.4-2,

3.4-3.

3.4-4,

3.4-7.

3.4-8,

3.4-9.

3.4-10,
3.4-11.

LIST OF FIGURES (Cont'd.)

Page

Peak SPL vs 1/8 Scale Model Bogle Speed Curves

Obtained for & Rall Joint with h = 0.039 1in.

(0.1 cm) Helght Difference and Scale Model Resil-

lent Wheel With 8 Rubber-in-Shear Mounts .... .... 204

Comparison of the Peak SPL vs 1/8 Scale Model
Bogle Speed Obtalned for a Standard Scale Model
Hard Wheel and a Scale Model Reaillent Wheel ..... 206

Peak SPL vs Vehlcle Speed Obtained With the Pull-
man Standard PRT Vehlcle; Raill Jolnt Helght Dif-

ference h = 0,17 in. (0.43 cm); Standard Wheel ... 209
Rall Roughness on the Pullman Standard Test

Track ... iicannnnnnans chas it e e . 212
Roughness Spectra of 14 in. (35 5 cum) Dlameter

PRT Standard Waeels ......... b e e et e 213
Configuration for Noise Measurements at Pullman
Standard ... 0000 et e 214
Wheel and Rail Impedance Estimates for Pullman

Standard Tests . ...t v e it e 217
Filtered Rall Roughness ......ieivienimnnneensans 219
Wheel/Raill Noise at 25 mph (NO km/h) at 3 ft

{(0.91 m) From the Wheel ..... ..., tirnrnneennns 221
Wheel/Rall Noise at 20 mph (32 km/h) at 3 ft

{0.91 m) From the Wheel .....ovreenrrecnn e 222
Wheel/Rail Nolse at 10 mph {16 km/h, at 3 ft

(0.91 m) From the Whea2l .,...... e e e, 223
Vertical Rail Acceleratlon at 25 mph (&0 kmsh) . . 224
Vertical Rall Acceleration at 20 mph (32 km/h) ... 205
Vertical Rail Acceleration at 10 mph (16 km/h) ... 226

KV

C o ———

RLETTT- §



LIST OF FIGURES (Cont'd.)

Figure Page

3.4-12. Wheel/Rall Noise, Standard and Damped Wheels at
25 mph (40 km/h) at 3 ft (0.91 m) From the
Wheel ....... T T e vesae. 229

3.4-113. Wheel/Reil Nolse, Standard and Damped Wheels at
20 mph (32 km/h) at 3 ft (0.91 m) From the

wheel _....... Pt s et ey e r o ar e e .. 230
3.4.14. Wheel/Rall Nolse, Damped and Standard Wheels at

10 mph (16 km/h) at 3 ft (0.91 m) From the

Wheel ....... . i cieeennnnn e b s e e vireree.. 231
3.4-15. Resllient Wheel Roughness ..... T T s hees 232
3. 4-16. Wheel and Rail Roughness, Resilient Wheels ....... 233
3.4-17. Perin Cushiocn Resilient Wheel Radial Iwpedance .... 235
3.4-18. Ratlo of Tread to Web Acceleration for the Penn

Cushlion Wheel Under Radial FOPcing ....vevenncnnns 237
3.4-19. Wheel/Rall Nolse, Resillient Wreels at 25 mph

(40 km/h) at 3 ft (0.91 m) From the Wheel ........ 239
3.4-20. Wheel/Rall Nolse, Resilient Wheels at 20 mph

{32 km/h) at 3 ft (0.91 m) Prom the Wheel ...,.... 240
3.4-21. Wheel/Rall Nolse, Resilient Wheels at 10 mph

(16 km/n) at 3 £t (0.91 m) Prom the Wheel ........ 241
y,3.1, Low Rall Barrier .......-c.ovvure e L
4. 3-2, Antlcipated Nolse Reductlon With Resillently

Treaded Wheels at 50 mph (80 km/h) ............... 258
4.3-3. Reslliently Treaded Wheel Concept .......... crren. 259
A-1. Miecruphone and ILG Source Positlons 1in Seml-

Reverberant RoOOm ..o i iie it e e n et et ine e 231
A-2. Variation in Level at Micropho... Tosiltlon G Due

to Moving the TLG Source ............ R

xvl



Figure

A-3.

D-1,

D-3.

D-4,

LIST OF FIGURES (Cont’a.)

Page
Varlation in Microphone level From ILG Source
Positlion 1 .......... ... vl et aa e e =84
Contact Patch Fllterlng ...viiiiiconcnonrnnennnran 286
Simple Contact Stiffness Model ............ seenaas 290
Comparison of the Contact Impedance With the Wheel
and Rall Impedance ..... e e e e e e me e 292
Effect of Contact Stiffmess .......coouiieiennn.. 294
Roughness Measuring Device ............ e e . 296
Accelercmeter Holder .......... e e . 298
Traasfer Function Hp = 3 /Sc ettt e e 300
Transt'er Function Hrp = Sp/Sr ................ - 302
Spectrum for Wavy Surface ......... . ceiuinn. 305

xvil

S e



SUMMARY

Conventlonal mass translt systems which conslst of vehlcles
with flanged steel wheels running on steel rails offer an econom-
leal, durable, safe, and well-tried means for rapidly transport-
ing large numbers of pecple in urban areas. A major drawback to
these systems 1s the intense nolse produced by the 1lnteraction
between the wheels and the rails. This project was undertaken
to develop analytical models of the wneel/rall nolse genera-
tion mechanlsms, and from these models, to identify meanc for
suppression of wheel/rail nol= , The results of that program
are presented 1n this report. Thils summary presents the major
findings and conclusions of the report for those who wish a
conclse overview.

Models of the Wheel/Rail Noise Generating Mechanisms

Wheel/rall nolse 1s commonly divided inteo three very general
categories - squeal, impact, and roar - each resulting irom ex-
citatlon of the wheel and rail bty a diffcrent mechanism. 3queal
1s the 1ntense nolse composed of one or more pure tones that
occurs when wheels of translt vehlcles alternately stick and slip
as they rass through short radlus curves. Impact 1s the impul-
sive noise produced by wheels encountering discontinuities, such
as rall joints or flat spots on the wheels themselves. Roar 1is
the ccntinuous nolse caused Ly the small-scale rcughnesses on
wheels and ralls.

Flgure S-1 shows schematically how the nolse 1s produced,
Each exciltation mechanlsm affects the Interactlon between the
wheel and the rzil and results 1n a forees ot fthe whzoel/rall
interface. Thi.. fcrce tuen causes the wheel and rall tc respond;
this response, l.e., mechanical vibratlon, 1s transformed into

x1ix

iy



(NIWd0T1IAIQ YINWY0S IATLIIQ3Ed  "L-S

NOLLYIOVE
Mvy

3ISION

3SNOJdS3Y
Tivy

T 304804
NOILOVHILNI

335N0dSIY _
J33IHM

NOiILVIQVY
T33HM

NOILIVHILNI
Tivd/ 13IHM

914

HYOH

.
S31LINNILNODSIO

/]
7 ku.p.h.

LOVdHAI

wanos

XX



e i e * =

sound rediation; and the sound from the wheel and rall sum to
produce the total resulting wheel/reil noise. An understanding
of wheel/rall noise generation requlires a quantiflcation of the
mechaniams producing the excltation that results in the interac-
tion force at the wheel/raill interface and a quantification of
the wheel/raill dynamic system which transforms the excltatlon
into scund radiation.

The wheel/rail dynamic system

The response cof the wheel and rail at the wheel/rail inter-
face 1s determined by the relatlive magnitudes of the wheel and
rall impedances, i1.e., thelr reslstance to motion under harmonle
forcing. The spatial distributlons of response in the wheel and
rall must be known, so that the response at the wheel/rall inter-
face can be related to the response at the principal radiatiloen
surface of the wheel (the web) and the rail (the head, web, and
foct). 1In addition, the distribution of response along the rail
must be known, so that the length of raill that radlates can be
determined, Once the regsponse of the approprilate surfaces of
the wheel and rall are known, one can determine from the radia-
tion efficlencles of the wheel and rail how thls mechanical
vibration 1s ¢transformed into radiated acocustlic power. Knowledge
of the directivity then enables one to calculate the sound pres-
sure level at a known distance away. Below we list the simple
models used to describe these wheel/rall dynamic properties. The
speciflc formuias can be found in Sec. 2.1 of th= report.

Rzil Impedance

s+ The impedance of a rall on ties and ballast unde:r vertical
or lateral forcing can be modeled as the impedance of an
infinitely long beam having the same vertlical and lateral
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bending stiffness as the rail. Thils simple model 1s qulrte
good in the 200 Hz to 4000 Hz fregquency range and, 1n ract,
is alsc appr. ximately valld near rall jolnts.

» The Ilmpedance of a rall on resilient fasteners under verti-
cal forcing 1s best modeled as the 1mpedance of a beam on
an elastic foundation, where the beam has the same bendlng
stiffness as the rall and the foundatlon stiffness 1s the
fastener stiffnees at the operating load divided by the
fastener spacing. The model will predict too low an imped-
ance near the resonance frequency of the rall on the fast-
ener owlng to the neglect of damping in the fastener, but

otherwise 1s a good model in the 200 Hz to 4000 Hz frequency
range.

Wheel Impaedance

« The radial wheel impedance 1n the 200 Hz to 1000 Hz I're-
guency range ¢an be modeled as that of a simple mass equal
to the wheel mass plus one-third of the axle mass. Above
1030 Hz the wheel 1mpedance 1s very approximately modeled
as an 1inflnite beam having the same bending stiffness as
the wheel tread (without the web] for deflections in the
radlal direction.

« No simple model has been developed for the highly rescnant
axlal wheel 1mpedance.

Wheel Reaponse

* Under radial forcing at the tread, the web and tread of the
wheel respond the same, 1.e., the web acceleratlsn levels in
the axial dlrection are of the same magnitude as the tread
acceleration levels in the radlal direction.
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Urder axlial forcing at the side of the tread, the axlal ac-
celeration levels in the center of the web are 6 to 10 dB
below the axlzl acceleration levels at the side of ths tread,
Thils fact cuggests a cantilever-like motion of the tread and
web about the hub.

Reaponee

Under vertical forclng at th2 head of the rall, the head and
foot of the raill respond the same way 1in the vertical direc-
tion in the 200 Hz Lo 3000 Hz frequency range. The web re-

sponse 18 negligible up to 4000 Hz, This motlion 1s consis-

tent with the slmple beam 1lmpedance model.

Under lateral forcing at the rall head, the horizontal ac-
celeratlon of the head and the horizontal acceleration level
at the center of the web are of the same magnitude in the
200 Hz to 2500 Hz frequency range. Vertlical acceleratiop
levels on the foot are negllgible to 2000 Hz. Again, this

motion 1s consistent with the simple beam impedance model,

The decay of vibraticn along the Jength of the rail 1is high.
*st at low frequency. Below 1000 Hz the effective length

of rail that radlatez sound 15 approximately 4 ft (1.2 m),
from 1000 Hez to 2000 Kz Lhils effective length 1s about 8 ft
(2.5 m), and above 2000 Hz 1t 1s 1in excess of 30 7t (9.1 m),

Radiation Efficiency

The rall radlation efficiency for vertical forcing at the
rall head 1s well modeled by the radlaticn efficiency of

two rigid cyiinders (vibrating independently and at the same
levels) having diameters equal to the rall head widith and
rall foot width, respectively.
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« The rail radlation efficlency under lateral forclng at the
rall head 1s well modeled by the radiation efficiency of a
rigld cylinder having a dlameter equal to the height of the
rail.

Wheel Radiation Efficiency

+ The wheel radiaticn efficlency is well modeled by the radia-
ticon efficlency of an unbaffled rigid disk vibrating normal
to 1ts plane.

Wheel and Rail Directivity

» For estimations of wayslde nolgse, the wheel and rall direc-
tivity can be taken as uniform.

Squeal noise predictive formulas

A typlcal rapid transit rall car 1s supported on two two-
axle trucks, Since the axles are rigidly attached, the truck is
not well-sulted to steering around curves. However, because the
tread of the wheela 1s tapered, when the truck enters a curve, it
moves gutwards between the rails; due to the taper, the outer
wheel had a larger effectlve radius than the inner wheel, which
enables the truck to roll around the curve. This mechanism only
works, however, for curves of a radlus greater than about 2000 ft
(608 m)., On tighter curves, one or more of the wheel flanges rub
agalnst the ralls. This situaticon 1s 1llustrated 1n Fig. 5-2.

On a tight curve, with radius less than 2000 ft (608 m), the
inner and outer wheels of the truck will attempt to roll at dif-
ferent velocitles, which wlll set up a torque in the wheels. The
effect of this torque 1s to compressa the tread cn the 1lnner wheel
and extend 1t on the ocuter wheel, thus changing the effective
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radius of the wheel. It was shown by Remilngton et al (1974) that
this elastic defermaticn of the wheel was sufflclent to allow a
wheel set to roll around quite sharp curves withcout any macro-
scople slipping orf the wheel.

Since the axles of a two-axle truck are nomlnally parallel,
even 1n a curve, 1t is not possible for both axles to lle alens
a radius (see Flg. 3-2). This faect means that one or both axles
must £lip sideways on the rail as well as roll arcund the curve.
It 1s preposed that this lateral slipplng of the wheeil Is the
mechanism which produces squeal. Because the slipping 1s nornal
10 the wheel, the wheel willl tend te vibrate 1n this samz direcz-
tlorn and 1ts acoustlc radiation efficlency wlll be very cgood.
This model predicts the very high sound levels whig¢h are, in fact,
observed.

The theoretlcal mpdel used to describe wheel sgueal is one
of mechanlcal 1nstabllity rather than resonance. The friction of
the wheel on the rall can be described as a damping 1n the gen-
eraiized equation of motion, albelt the damplng 1s nonlinear.
“hen the wheel starts to slip, the frictien decreases and the
slecpe of friction versus sllppage 1s negatlve. Feor small vibra-
tien amplitudes, this situatlon can bz represented by a negative
dampling ccefficient. If thls negatlve damping is larrer Iin mae-
nitude than the positive dampin. 1in the wheel, whileh Is 2 result
cf interna. lcsses and acoustlc radiatlcon, then vibrations wilil
srow in amplitude wlth tirne and the wheel is z2¢nsidered vibra-
tiznally unstable.

It will be shown that, as the amplitude of vibraticn in2resses,
the negative damplag decreases untlil an amplitude is reagched a*
which the n2gative and pesitive damplng are equal In magnitude,
after which time the amplltude remainsz constant. The wheel is Then
vibrationally stable.
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The acoustlc radlation efficiency of the wheel has been mea-
sured (Sec. 2.1); hence, 1f the amplitude of the vibration 1s
known, the radlated sound can be predlcted. At the high frequen-
cles of Iinterest for squeal, the wheel 1s a very efflclency radi-
ator,

The mndel requires that the negative damping of the stlck-
s1lic mechanlsm excite the wheel or rall at a resonance, slnce
then the imaginary parts of the impedance must disappear. The
damping 1n the raill 1s very large. A wneel 1s much more lightly
damped and, accordingly, much more easlly exclted at a rescnance.
Hence, the model assumes that the wheel becomes vlibratlconally un-

stable 1in one of 1ts natural resonant modes,

There 1s very llttle expe—lmental informaticen avallable on
the nature of the stick-slip curve for transv.rse sliding,
Accordingly, an arbitrary analytlical function was employed in
the model, which had the correct approximate feorm, yet was analy-
tically tractable. It was found pessible to calculate analytle-
ally the change 1n negative damplng with vibratlion amplltude and
£hen calculate the stable vibration amplitude g priori. The
sound pressure level at 50 It (15.2 m) can then be calculated
from the known acoustilc radiatiocn efficlency of the wheel, assum-
ing spherlical spreading:

LP at 50 ft (15.2 m) = 17 log

L
GAV(-R- - 1.5 Eu)l

+ 113 dB re 3.0002 ubar ,

where o 1s acoustic radlation efficlency, 4 is the area cf one

side of the wheel, V is traln speed, L 1s length cf track wheel-
base, R 1s the curve radlus, and Eu 1s slirppage for maximum fric-
tion (about 0.7%). Thls resuvlt applies toc a wheel with very little
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damping and so the damplng parameter deces not appear. A plot of
SPL at 50 ft (15.2 m) versus curve radius for vari.ve truck wheel-
bases l1s shown in Fig. S-3.

At the same time it 18 possible to predlct how much damplng
ls requlred in order to stabllize the wheel and suppress sqlesal.
This 1s given by

Pvmax
Mint ~ mo v
min
where n is loss factor of wheel, P 1is whesl loading, v 1s

max
greatest slope of stick-slip curve (between 2 and 30), m is

medal mass of wheel, Wiin 1s lowest resonant angular frequency,
and V 1s train speed in the curve.

It has also been found that the marimum curve radius on
whieh wheel squeal will cecur ts about 100 times the length of
the truck wheelbase, although thls radius will vary somewhat wilith
the state of the rall and the gage relief, Increasing gage re-
lief wlll woraen the occurrence of squeal.

Impact noise predictive formulas

Impact excitaticon n»f the wheel and rall occurs if the con-
tact surface of the rail and/eor the wheel has disccntinulties.
Typical rail discontinulries are rall Joints, switches, and
frogs; wheel discontinuities are generally restricted to wheel
flats caused by lccklng of the wheel during braking.

In the case of a rall dlscontirnuity, a strong impulse sound
is generated each time a wheel of 3 long traln passes ogver the
discontinuity, resu ting in a quasl-perlcdic impulse traln enanat-
ing from the posl-ion of the rall dilscontinuity. The frequency
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of the repetitions and, up to a certain critical speed, the
amplitude of the pulae increase linearly with increasing train
apeed.

As a wheel with a flat spot rolls on the rall, 1t produces
an impulse each time the flat spot comes 1n contact with the rail
head, resulting iIn a train of perlodic pulses, where each pulse
is radiated from a different locatlon spaced & wheel-perimeter
apsrt. Here again, the frequency of repetition and, up to a cer-

taln critical speed, the amplitude of the pulse 1necrease linearly
with traln speed.

The generation of impulse nolse by rall discontinuities 1s
analogous to hammering on the rall head by a person statloned on
the grcund at the locatlon of the raill discontlnuity. The %ener-
atlon of 1mpulse nolse by wheel flats 1s analogous to hammearing
on the rall head by a person statloned on the moving car. Irn
both cases, the strength of the 1mpact and the frequency of repe-
tition 1s proportional to the train speed.

The hammer blow not only glves a good analogy for the temp-
oral and spatlal pattern of the 1mpulse traln but also describes
to a large extent the dynamics of the ralli/wheel interaction at
discontinulties. The time perlod durilng which the dynam!¢ inter-
actlon responsible for the sound generation takes places between
the wheel and rall 1s very short. Thils duration is contrelled by
the mass of the wheel, the equlvalent mass of the rall, and the
Hertzlan contact stiffness. Because of the short duratlen of
the 1lnteracticon, most of the dynamle force actlng on the rall is
compensated for by the irertia of the equlvalent rall mass. Only
the low-frequency components of the force pulse, which dc not
centribute much to the sound radlatlion, are transmitted tc the
tle and ultimately to the ballast bed., Accordingly, 1n studylng
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the excltatlon forces responsible for the generation of impact
nolse, the rall can be considered dynamically decoupled from the
tle and the ballast.

According to this lmpact mode?, the duration of the force
pulse 1s practically fixed. The repetition rate 1s a simple
function of the train speed. A more difficult task 1s to charac-
terize the 1impulse force, whlich depends on factors such as gecm-
etry of the raill and whe=1, axle load, dynamic properties of the
rall, and traln speed. Consequently, the maln thrust of thne
investigations was dlrected towards determinling the characteristic
dependence of the force pulse on these variables for varlous cate-
gorles of the rail and wheel discontinuizlies. Thils impulse forecs
acts simultaneocusly on both rail and wheel, which respond tc thls
excitatlion and radiate lmpulsive sound accordlrng to thelr respective
dynamic properties. It wlll be shown that this force pulsc can
be characterized by the total change 1n momentum of the imracting
wheel and rail.

Rigid Rail Case

In the case of a rigld rail, the rail head dees not move and
the wheel has either to follow the discontinultles of the contact
surface or to separate temporarlly from the rall. Since the
magnitude of tne generated 1mpact force follows complelely Jdif.-
ferent lawg depending on whether or not the wheel 1s separared,
the criteria for wheel separation and the dependence of the 1irm-.
pact force generated by various types of 1impulse producing ir-

recsularities have been calculated Table S-]1 shows the geonetry
of the configuratlicn, the criltical train speed for separation,

the total change in momentum mAav of the Impacting wheel above ang
below cricical speed, and the shape of the typlzal peak sound

pressure level versus traln speed curves caused by a2 smocth rall
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irregularity, level rail jolnt, step-up and step-down rall Joint,
and flat wheel.

Elaatically Mounted Ratl

Ralls of rapid transit and rallrocad tracks are elastically
mcunted. The finite bending s%iffness of the rail and the re-
5lliency nf the tle and the ballast bed permlt the rail tv defcrm
under the atatlc as well as dynamié loads., The resilient nature
of the rati increases the critical traln speed needed for luss of
contact and decreases the peak amplitude of the impact forces
produced by the varilous kinds of ccntact surface 1rrvegularitles.

Table S-2 provides a summary of the relevant impact formulas
for the elastically mounted rall 1n the same form as presented in
Table S-1 fer the rigld rall. Comparing the critical traln speeds
and the magnitude of impact forces for the rigid and elastic rall
zase3 as given 1n Tables S-1 and S-2, respectively, cne notes:

+ For the same contact surface dilscontinutty, an elas+tlcally
supported rall requires a substantlally hicher train speed
for wheel separaticn than does a rigid rail. This 1is te-
cause the deformed rall 1s free to move upward and retalns
contact wlth the wheel up to much hilgher speeds than the
rigid rail. The 1increase in c¢ritlcal speed 1s roughly pro-
pertional to the square r»cot of the ejquivalent wheel-nass/
rall-mass ratio (m/meq)%.

= For the same contact surface discentinulty and train spreed,
an elastlcally suppcorted rall produces substantlally smaller
impact forces than does a rigid rall. This i1s because the
lighter rail, but not the more massive wheel, must be foreed
to follow the shape of the contact surface irregularity. The
reductlon 1rn 1mpact force 1= proporticnal Lo the racioc of

the equivalent rall mass and wheel mass, mpq/m.
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Glossary of Symbols in Tables S-1 and 5-2.

a = wheel radius

E

F

= B -}

Young's modulus of rall material

Mg = static spring force per wheel
acceleration of gravity

Joint helght difference or wheel-flat helght
moment of 1lnertia of the rail cross section
foundatlion stiffness per unit length of rail
equlvalent mass of silngle wheel

equlvalent 1mpact mass of the rall

spring supported mass of car per wheel
radlus of curvature
peak sound pressure level

vertlical velcoclty of wheel at time of lmpact

traln speed

critical trailn speed for wheel separation; elastic
rall case

critical trailn speed for wheel separation; rigld
rall case

Joint gap width
statlec deflection of raill under lcad
[K/(4ET) ™

rail mass per unit length

(K/m’)% = resonance frequency of the reslliently
supported rall
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Comparing the magnitude and characteristic shape of the peak

sound pressure level versus traln apeed <urves of the various im-
pact producing contact-surface irregularities for both rigid and
elastically supported rall and noting that the sound pressure 1s
directly proportional to the quantity maAv, as glven 1n Tables S-1
and S8-2, one can conclude that:

Because the peak sound pressure level increases monotonically
with 1necreasing train apeed and 1s not masked by the rolling
nolse at high speeds, the step-up rall joint can be consld-
ered the most serious impact nolse producing geometry.

Step-down rail Joints and flat wheels cause separation of
the whe2l from the rall at and above a critical train speed.
Above this critical speed, the peak sound pressure does not
increase with increasing traln speed. Accordingly, the im-
pact nolse generated by these geometrles 1s masked by the
monotonically lncreasing rolling noise at hilgh traln speeds.

For the same helght difference h, step-up Joints, step-down
Joints, and wheel flats generate the same impact noilse be-

low critical speed. The peak socund pressure lncreases with
increasling axle load and height difference.

Even smocth 1rregularitles can cause separation. The criti-
cal traln speed where separation occurs inecreases with 1n-
creasling axle load and increasing radius of curvature of

the irregularity. This speclal type of impact nolse may in
fact be part of the rolling nolse observed.

Impact nolse generated by level Jolints 1s muech less than

that generated by Jolnts with even the smallest helght dif-
ference.
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Roar noise predictive formulas

Roar noise 1s produced by the microroughness on wheel and
rall surfaces exclting both structures as the wheel rolls over
the rall. Taklng 1nto account the geometry of receiver position
relative to the wheels and ralls and the dynamlc propertles of
wheels and ralls described above, we have developed formulas pre-
dicting the sound pressure level at the wayslide. The rall con-
tribution to the 1/3-octave band sound pressure level percelved
by a recelver at perpendiculsar distance H from a rall which '=

exclted by a single wheel a distance L down the track is g1. ° Uy
L(R) = 10 log o, + 10 lo fﬁ:ﬁﬁ + 10 lo l——EE— 2
P B & %r E\7 R 5|zw+zH

+ 10 log

pow \* 2
( po) o p(K)AK[H () | |

+ 10 log G{(nR,nL) , (3-11

where og i1s the rall radlation efficiency, Wy and Wp are

the widths of the rall head and foot respectively, Zw and ZR the
wneel and rall impedances, respectively, pc the acoustic 1mped-
ance of air, w the frequency, D, the reference pressure (2 + 10~
ubar), and ¢mR(k)Ak the l1/3-occtave band roughness wavenumber
spectrum,* i.e., the sum ol the roughness spectra on the wheel

and the rail, The functlon G(nR, ~L} deteirmines the decay ol nolse
vltl distance R from the rall, 1l.e., whether the rall behaves llke
a polnt cr a line source. This functlon depends strongly on the

*The variable k 1s the wavenumber of the roughness civen by 2n7%,
wnere A 1s the wavelength of the roughness or w/V where V is the
traln speed.
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decay of vibratiocn along the lenghth of the rail and 1s described
fully in Sec. 2.4.2. The function Hcp(k) reflects the fact that
the conlact area between the wheel and the rall effectively fll-
ters the short wavelength roughness, Typlcal fllter character-
1stica for a cilrcular contact patch of radius b are shown in
Fig. S-4, The variable o reflects the degree of correlation be-
tween parallel roughne: proflles at a given wavenumber, Large a
implies poor correlation and small a goocd correlatlion, We find
that the curve for a = 10 provides the best agreement with data,
reflecting the well-known fact that parallel roughness rrofiles
on machlined surfaces are poorly correlated.

The wheel contributlion to the 1/3-o0ctave band sound pressure

level parcelved by a recelver a distance R' frem a single wheel
i1s given by

z
(W) al ‘ R
L = 10 log oy, + 10 log — + 10 log |5/
P W R ? |Zw+zR
2
pcw 2
+ 10 log [( Po) IHcp(k}l ¢mR(k)ak] , (5-2)

where Ty 1s the wheel radiation efficiency and a the wheel radlus.

Equaticn S-1 must be used to estimate the rall contributlcn
due to the excitation from ecach wheel of the traln aud Fao. S-2
must be used tc obtaln the contribution of each wheel.

The quan-ities o, Oq» Zys and Zp can be estimated trom the
formulas and mesa~urements given in Sec. 2.1. The fu.nction
G{nER,nL) is glven 1in Zec. 2.4.2 and Hcp(k) is shown in Fig. &-4,
The wheel/rall roughness ¢mR(k)Ak has been measured wlth a de-
vice that was bullt especlally for this task and thit iz descr’oed
fully 1in Sec., 2.4.3 of the report. Typlecal 1/3-cctave band wheel

xxxvili
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and rall roughness spectra measur:sd on the Massachusetts Bay
Transportation Authorlty (MBTA) in Boston are shown in Flgs. S-%
and S-6. These data have been used with Egs. S-1 and 8-2 to
estimate the ncise due tc passage of g four-car train at 50 mph
(80 km/h) at 25 ft (7.6 m) from the track centerline. These pre-
dictions, shown in Filg. S-7, are compared wil:h dats measured by
Ri~klev and Quinn {1972) cn the Suuth Shore line (welded rail)

cf the MBTA.

A numbz: of falrly general conclusicns have been obtained
from thils and other similar calculations:

= At low fregquencles (arcund 200 to 400 Hz), the wheel =zon-
tribution dcminates, because the radlation efficlency of
the rail 1s lew at these freguencles.

* At mld freguznecles (below 100C Hz but above 200 to 400 Hz),
the rail contributicn dominates, The reascn is that the
wheel 1lmpedance Is much greater than the rall impedance,
which causes the rall respconse to dominate. 3Zince toe radi-
ation effilecliencies of wheel and rail are ccmparable, tne
rall sound radiaticn dominates.

« At hizh frequencies (above 1000 Hz), ithe wheel 1mpedance 1s
anueh less than the rail impedance, which would imply that
the wheel response dominares, Kowever, at these hiech fre-
JuUericies, the vipratlon ¢n vthe rail decays very slow:y alcng
its length, macing the rail appear llke a line scurce. The
gound pressure level of a llne source decAays like 10 ley ™,
where R is the distarce from the rall io the cbserver, wrile
tne scound pressure level r»:m the wheel, essentlally &
point scurce, decays like 20 log R. As A res.alt, whether
or not tre scund pressure level from wheel or raill domingtes
derends ©on the discance of the observer from the wheel arnd

rail.
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Verification of predictive formulas

Confldence in the validity of the predictive formulas for
wheel/rall nolse wag obtained through measurements of wheel/rail
noise. These measurements were made wilth a small (designed for
i to 6 passengers) steel-wheeled personal rapld transit vehicle
(PRT) buillt by Pullmar Standard for the Depz-tment of Trangporta-
tion. The vehicle was run on the Pullman Standard test track at
the Champ Carry Technical Center in Hammond, Indlana. Although,
ideally, the veriiication measurenments would have been performed
on 8 full-scale tranglt asystem, conslderabie economy and ease of
operation were obtralned by using tne small vehlcle. Furthermore,
the wheel/rall interaction shculd be the same for both PR arnd
full-scale vehl:les; therefore, 1f the predictions can be shown
to agree with the measured data from the PRT wvehicle, 1t 1s very
likely that the predictive formulas will be accurate in the full
scale,

Measurements were taken of squeal ncise on 30-ft and 90-{t
(9.2 m and 27.5 m) radius curves, of impact nolse at an adjustable
rail Jolnt, and of roar nolse on a section of welded track where
roughness measurements had been taken. The PRT wvehicle wes
equlpped with three different types of wheels — standard flanged
steel wheels, Penn Cushion resilient wheels, and damped wheels.
Detalls of the instrumentatien, PRT vehlcle, test track, and
wheels can be found 1in Sec. 3.1,

Wheel squeal predictive formulas

The theoretlcal model for wheel sgueal contains no empirical
constants, except for the stick-slip data which were cbtailned by
independent authors. Hence, comparing measured squeal s und levels
to predlcted levels 1s a valld test cf' the model.

x11v



Squeal levels were mensvred as the FRT vehicle passed through
the 30-ft and 90-ft (9.2 m and 27.5 m) radius curves with as wide
a speed range as practical Figures 5-8 and 5-9 compare predic-
tions with these measurements. On the 30-ft radius curve, the
measured and predlicted sound levels were within *5 dB in splte of
a large amoun* of variabillity in the data. On the 90-ft radius
curve, the levels predlcted were about 5 dB higher than those
measured.

The measured fregquencles of squeal were compared wlth the
frequency of the wheel resonances measured in the laboratory and
were found to be a little lower and variable.

An une.ypected and very intense squeal at 25 kHz was also
observed on the 30-ft radlius curve,

Tests were c¢onducted using resillent and damped wheels to
determine 1f elither type reduced the levels of wheel squeal. The
resilient wheel, which had a loss factor of 3%, eliminated squeal
at the highest speeds and greatly reduced 1t at lower speeds.

The damped wheel had a very high loss factor at all freguencies,
except 1ts lowest resonance at 1850 Hz, where the loss factor
was 1.3%. Only faint squeal was observed at the lowest speeds
on the 30-ft radius curve and no sgueal on the 90-ft radius
curve,

Impact predictive formulas

In the cace of the lmpact predictive formulas, two sets of
verification tests were conducted:; scale-mudel experiments using
BBN's 1:8-scale rail noise research facllity and experiments with
the PRT vehlcle at the Pulliman Standard test track. The results
confirmed the valldity of the predicticn formulas given 1n Tables

a
S5-1 and 5-2 concerning the characteristic dependence ~f the peak
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SOUND PRESSURE LEVEL (dB)
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impact sound on train speed, geometry, and axle load. Figures
S-1) and S-11, which plot the peak impact nolse versus spced for
the 1/8-scale model tests, show the predicted 20 log V dependence,
where V 1s the traln aspeed. Comparing the peak impact nolse
levels 1in the two filgures for the same speeds, one finds that for
a Joint height change of 0.039 in. (0.010 mm) (Fig. S-10), the
peak levels are 4 dB higher than for the joint with a height
change of 0.023 in. (0.006 mm) (Fig. S-11). This reult agrees
very closely with the 10 log h dependence of the peak 1mpact
nolse on the Jcint helght change, h. Filgure 8-12 conflrms the
fact that impac¢t nolse at a step-up Joint 1s independadent of the
axle load,

The predigtion of the time hlstory of the contact force at
impact and the corresponding magnltude and spectral distritvution
of the radlated impact sound would require detalled knowledge of
the dynamics of both wheel and rall at the interface and was be-
yond the scope of the present program. However, 1f one experi-
mentally evaluates the i1mpact nolse produced by a certaln vehlcle
at a well-documented step-down Jjolnt as a function =2f traln
speed, the formulas given in Table 5-2 enable one to estimate the
impact nolse which would be generated by the same vehilcle tra-
verslng any other type of discontinuilty at any train speed.

Roar predictive formulas

By combining measurements of wheel roughness and rall rough-
ness on & section of welded rail at the Pullman Standard test
track with the analytlgal formulas for roar nolse, one can pre-
dict the wayside nolse due to passage of the PRT velicle. Mea-
gurements ~f the scund pressure level 3 ft (0.91 m) from the face
of one of the wheels of the vehilcle (on the wheel axls) were
obtalned by mounting a microphone and wilnd screen on a bhoom at-
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attached o the vehicle. Predictlions were compared with measure-
ments of the vehlecle esquipped with standard wheels and traveling
at 10, 20, and 25 mph (16, 32, and 40 km/h). 1In general, the
agreemsnt was gulte good, as shown 1n Flg, 3-13, for the vehicle
passage at 25 mph (40 km/h). Measurements were also performed
wilth the vehicle equlpped with damped wheels, The analysls sug-
gested that there would be no change 1n the rcar nol:ze.
Measurements generally confirmed thls predlctlon. Finaily, with
the vehlcle equipped wlth resilient wheels, no significant reduc-
tlon in roar nolse was observed. Agaln, predictions agreed well
with measurements. Section 3.4 of the report presents the detalls
of the predictions and measurenents,

Suggestions for the Control of Wheel/Rail Noise

Based on the understanding obtained through the development
of the now verified analytical models of the mechanisms flor the
generatlion of wheel/raill noise, a number of 1innovatlive suggections
for control of this nolse have been made, These suggestlons are
summarized belew. Details may be fcund 1ln Sec. 4,

Wheel squeal noise

Wheel squeal can be suppressed in two ways: by eliminating
or reducing the transverse slip of the wheels or by stablli-ing
the wheel wvlbreatlions. The former can be achlieved by:

+ artlculated trucks
+ short trucks .

The wheel vibrations carn be stabllized by:
+ reduced wheel loading

« rail lubrication

111
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* re. il1ient wheels

+ dsmped wheels

applicatlon of viscoelastlic material

¥

inserrtion o~ & damping ring

I

attachment of a damping plate

The most promising methods are the wheels damped wlth a viscoc~
elastlec materlal and rail lubrilcaticn.

Impact noise

Since lmpret neise 1s generated by discontinulties 1n the
contact surface of rall and wheel, 1t could be virtually elimi-
nated by perfect maintenance. CObservat...us made by listening to
passages of well-maintained rolling stock on well-maintained track
with welded raill have proven that impact nolse can be reduced to
such an extent that it blends intc the rolling noise and becomes
indistinguishable frem 1t, On vhe other hand, intense iImpact
noelse 1s a very gocd Indicatilon of the need feor maintenance of
track and rolling stcck.

The measurss for coentrolilng impact rolse are liszed telow
in c¢rder cfl thelr relative importance:

1, Use welded rall to eliminate rall jolrnis.

©. Maintai: rail inints tc minimize veriical and horiuororal
micaligrment,

2, Provide beneficlal zeontouring of the run--on rail end at
rail Jcints.

4, rchoouse tolerances for vertical alignment of rail Jjolnts

urder lcad so that the !clnt i1s & step-down rather Lhan
a step-up Joint [or tho principal directlcn of travel.

This measure could be eagily jmplementod In rost rapld

transit lines.



5. Limit the max.mum permissible wheel-flat helght by
perlodic irzpection and trulng of damaged wheels,

6. Limit the maximum permiss!ble train speed.
7. Limit maximum permisszible axle lcad.

8. Choose the largest practicable wheel radlus.
9., Use r@esllient wheels,.

Implementation of any one of the above nolse control measures
may have a substantial effect on the initial investment or cost
cf malntenance of rolling steck and track, Fcrmerly untried mea-
sures, such as 3 and 4%, may introduce new problems 1in installation
and malntenance. Accordingly,¢the impact of each nolase control
measure contemnlated for an exlsting or planned vehliele or track
must be carefully studled by the design englneer, the méintenance
speciallst, and the accustlcal consultant te ensure that all as-
pects of c¢ost, safety, ana nolse-reductlon benefits are consild-
ered.

Roar noise

Roar noilse 1s produced when the microrcughnesses on wheels
and ralls excilte the wheels and rails, which then radiate sound.
Three approaches for recar nclse control are suggested: a lcw
raill barrler to plock rail radlation, a resi.lently treaded
wheel to reduce wheel and rall response, and wheel truing and

rall grinding to reduce the rouehness excitaticn.

v Bai! barrier, It has been shown that, when the spesaipr v of
rgar nolse peaks, the rail 1s the domlnant scurce, Toyre-
quently, a low barrier -£& in. (15,2 cor) from the rail a1
“6 1n. (15,2 cm) higner than the rail head and cu bith o ides
of the rail could resu t in a 6 to 5 Jd#{A) reductiocn in

wheel/rall noise 25 ft (7.6 m) or more from the track.

v



* Reailiently treaded wheel, Conslderable reduction in roar
noilse can be achleved 1f the contact patch between the wheel
and the rail can be enlarged. One method of enlarging the
caontact patch 1s to use a wheel simllar 1n some respects to
a resilient wheel. The tread of the wheel 1s faced with a
thin [~1/2 In. (12 nm)] resilient layer (probably neoprene)
and then thls layer 1s faced with a thin tread of steel
[~1/2 in. (12 mm)] for wear resistance. The result is a
compliant, yet durable, tread that conlorms to the shape of
the rall head and thereby 1lncreases the size of the cocntact
patch. Thils method 1s expected to achleve ~10 dB reduction
in recar ncilse,

+ Wheel *ruing and rail grinding. The comblned use of wheezl
truing and rail grinding at regular intervals has the poten-
tial for considerable (10 to 20 dB) reduction in roar nolse.
Unfortunately, 1t 1s presently unknewn how often these oper-
ations must be repeated to malntaln the nolse below 2 given
level. Consequently, 1t 1s not presently known whether

truing and grinding 1s an economlcally vliable rnolse control
technlque.

Procedures for Testing Wheei/Rail Noise Control Measures

From the knowledge galned through the previous analyses and
fleld measurements, procedures are suggested for the reproduc-
ible testing of measures for the control of wheel/rall noigze.
Sectlon 5 presents these procedures. Since it 1s5 a brief section,
the reader 1s referred there for details.

Future Work

Recommendatlons for future work emphasize the desipgn, ccnotrun-

tirn, and fleld testing of the nolse contrel suggestlons described
above. Sectlon € gives the details.

ivl
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1. INTRODUCTION

In recent years attentlion to increased populavlion and traf-
fie density in citles has created renewed emphasis in this coun-
try on the development of safe, fast, reliable, and comfortable
urban mass trrasportation systems., Most existing urban mass
transitc syst:ms, as well as those planned or under constructilon,
conslst of vehicles with flanged metal wheels running on metal
ralls. The durabllity, self-gulding capabllity, low relling
vy istance, and high load carrying capaclty of thls arrangement
make it very attractive. Furthermore, steel wheel on steel
rall systems have been commonly used in urban mass transit for
50 many years that there exlsts a well-established manufactur-
ing and operaticonal techniology that tends to encourage new
transit systems to be desligned using the steel wheel on steel
rall concept.

A major drawback of thils arrangement for use in urban
areas 1s the Intense nolse rroduced by the interaction between
the wheel and the rail whllie the vehlele 15 in motlon. Thils
nelse 1s comnonly dilvided Into three very greneral categories:

squeal (or screech), impact, and roar.

Squeal 1s the term used to describe the intense noise
conslsting of one or more tones that 1s associated with transic
cars roundling small radius curves. The excltation producine
squeal appears to be asscclated with the fact that, as » translt
car rounds a curve, its wheels, because they are attach=d to &
rigid truckK, cannol run tangent to the rails, This sltuaticn
causes wnat le called "crabbing” (illustrated in cxugperatcu
terms in Fig. 1-1), where the wheel both r0lls along the ratl
and slldes laterally across the rall head. The sliding of the
wheel acrcss the rall herd results in time varvine forces beine
applled to the wheel and raill (due tc¢ the stickine and slirning

] Ak
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at the interface); this excltacion of the wheel ind rail results
in sound radiation.

Impact describes the nolse assoclated wilth wheels rolllng
over thelr own flat spots, over rall Jolnts and over other track
dlscontinuities. Flgure 1-2 1llustrates a wheel encountering a
step-up rall joint. As the wheel encounters this chanpgz 1in
elevation, 1t must elther rlse up over 1t, push the rall down
out of the way, or de a little of each. 1In any evert, the
rapld change 1n vertical velocity of the wheel and/or raill results
in a large force at the interface, which excites the wheel and
rall and causes them to radlate sound.

Roar nolse appears to be produced by the small-scale rough-
ness on wheels and rails. As the wheel rolls over the roughness
{illustrated in exaggerated fashion In Fig. 1-3) and encounters
small bumps and valleys, 1t must (as when 1t encounters the much
larger rall Joint) elther rise up aver the bump, push the rall
down out of the way, or do a little of bocth. The result 1s a
force at the wheel/rail interface that excltes the wheel and the
rall and causes them tc¢ radlate sound.

Up to the present time, the mechanisms by which wherl/rail
noise 1s generated have been poorly understood, hindering the
development of cost-effectlve advances in 1ts ccntrol. The
purpose ol the present study 1s te imerove our understanding of
wheel/rall nolse mechanisms and apply 1t to the develcoment of

rnew wheel/rall noise control devices and procedures.

The first major step 1n our study ol the wheel/rall nclse
mechanisms was to develop analytleal models of saueal, Imract,
and reoar, so that the nolse from a steel wheel rolline on =
steel rail could be predicted. These models, when verlfied by
lavoratory and fleld measurements, provided us wlth thes under-

standing of the nolse generatlion mechanlsms we needed in order

.....
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to develop 1Innovative suggestlons for the control of wheel/rail
nolse. The insight provided by the models alac aided us in

designing testing procedures to evaluate nolse control med:uies.

Section £ presents the analytical models of squeal, impact,
and roar. The major intent of this effort was to provide an
analy.ical framework that weuld gquantitatively predict trends
in wheel/rail nolse in relaticn to changes in the parameters
defining the wheel/rall system. For exampnle, what would be
the effect of increased wheel loading on roar noise, of shorter
wheelbase trucks on squeal nolse, or of lncreaszed jolnt gap
spacing on 1mpact nolse? To answer questlons such as these in
a quantltative manner, we undertook both analytical and empirical
studles. In order to trace the nolse generation orecess from
excitation to wheel/rail response and then to wheel/rall racila-
tion, 1t was necessary to defline the mechenical and sound radia-
tion properties of the wheel/rall dynamlc system iLhrcugh measure-
mnents of the impedance, respcnse, radiatlon efficiency, and direc-
tivity of wheels and ralls. Briefly, the impedance 1s required
for definlng the interactlicn between the wheel and the rail at
thelr Interface; 2 knowledge of how the wheel and rail resrond
1s necessary for deflinlng the principal radialinege surfaces rf
wheels and rallis; the radlation effieclency 15 ronutred orr
aetermining how mechanical vibration 1z transformed int- acous-
tlc radlated power; and directivity 1s required for obta‘ninre
from the radiated power the sound pressures level (RPL) At a
given dlstance away from the wheel cr rail. ©Of ccurse, under-
standlneg is not enhanced by the simple acoulsition of data nleone,
One must relate these data to simple analytical medels ~f the
impedance, response, radlatior efficiency, and directivivy o7
wheele and ralls. In tnis way, one gains Inslght into the

physical mechanlsms operaring during wheel/rail irteractin A=
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well as the capability to predlet the changes 1n the above
propertles whern parameters definlng the wheel and rall chanre.

Since unverified models sre unconvinelng at best, we sought
to verify these analytical models through comparison cof their
predictions with field measuremcnts. Ideally, these fileld
measurements would have been carrled out on a full-scale transit
system. However, conslderable economy and loglstlical advantapge
was obtalined by performing the fleld testing on a test track
using a small personal rapld transit (PRT) vehlcle constructed
for the Department of Transportation by Pullman Standard. In
many ways the PRT, which runs cn four flanzed steel wheels, 1s
clmilar to a single transit car truck, alchcugh there are
differences in gauge, wheel size, wheel loesdlng, and suspension
detalls. The differences are such that the noise produced by
the PRT vehie¢le willl be different from that of a full-scale
translt car, but the mechanisms for wheel/rall nolse generaticn
wlll be the same. If the predictions cof the analytlical medels
are found to agree with measurements cof wneel,/rall nolse from
the PRT vehlcle, then it 1s reasonable tn exwvsct rredlictions

based on those models to agree with full-scaie measurements.

Measurements of squeal, lmpact, and roar nolse from the
PRT vehlcle were made with the vehlcle eaulpoed with standard
steel wheels, Penn Cusiilon resilient vheels, and damred wheels,
Fogr input te the roar nolse predlctlve model, the roughness of
a section of the test track was measured with a device desipned
during the program. Sgueal and impact required only track
geometry for inputs: curve radius, rall Jeint fFav, pi2. freo-
tlon 3 cetails the PRT measurements ard their asreement with

the predictive models.

)
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As mentioned above, based on our understanding of the
mechanlsms of wheel/rall noise generation arlsing from the
development of the now verified analytlcal models, we sought
to develop iInncovative suggestiona for the contrel of wheel/rail
noise. In Sec. 4 the difficulties inhorent in the problem are
discussed with reference to exlsting noise control approaches.
In gddition, a number of new approaches are suggested, estimates
are made of thelr anticipated effectliveness, and pntential
problems with thelr implementatlon are discussed,

Sectlon 5 of the report deals wlth the development of
procedures for testing\the acoustical effectiveness of wheel/
rail nolse control measures. Whlle referenclng standard testing
procedures for the nolse from rall-bcund vehicles, Sec. 5 draws
heavily on the knowledpe galined from the analyvses in fec¢c, 2 and
the laboratory and 1rield testing 1n Sec. 3 tc rresen'. suggested
procedures for obtalning reproduclible acout tlcal performance
data.

Seetion & presents conclusions and sugpested new work and
the appendlices present detalls of measurements and analyses
too involved for inclusion in the text.



2. DEVELOPMENT OF FREDICTIVE FORMULAS FOR WHEEL/RAIL NOISE

In this sectlon we dlscusas the measurements and analyses
requlired to developr formulas for the prediction of the nolse pro-
duced by the interaction of metal wheels and ralls. In all vases
we have sought %c relate measurements to the simplest analytlecal
mod>1s consistent with the requlred accuracy, hoping thereby to
develop practical formulations to enhance our insight intoc wheel/
rall noise. 1In later sectlons we use these [ocr'mulas to predlcet
wheel/rall nolse for compariscn with measured data.

2.1 Characterization of the Wheel/Rail Dynanic System

In order to understand and predict the nolse generated by
rall transit systems, we must thoroughly quantlfy the dynamle and
sound radiation characteristles of wheels and ralls. Here;
dynamic characteristlics refer tc how the wheel and rail respond
to a dynamic polnt force such as occurs at the intevrface between
the ra.l and rolllng wheel, Sound radiation tcharacteristics
»efer to the transformztion of the mechanical vibratlen produced
by the lnteractlon of th=2 wheel and raill Into acoustic radiaticn.

One important dynamic characteristic of wheels and rails i1s
tnelys peint impedance, a measore of thelr reslstance te motlon
when exclted by & harmcnlc polnt force., A knowledge of the rela-
tlve magnlitudes of wheel and rall impedance 1s crucial to an
understanding of wheel/rail interaction because these 1impedances
affect the dynamle behavicr of the wheel and rail. Take, for
example, the case where the wheel 1mpedance is much greater than
the rall impedance. If the wheel encounters a bumr as 11 rolls
along the ralil, the wheel willl not move up cover the hump but will
push the rall out of the way. If the lmpedances were reverssed,
the raill would not move but the wheel would.

- pe— Y



Another impcrtant consilderatlion 1s the manner 1in which
different parts ¢f the wheel and rail respond to various erxcil-
tations. Both are complex structures and 1t {s partleularly
important for maklug predictlons to know how the different parts
of the rall {(e.g., the head, web, and fe¢ot) respond to excitations
applied in varlous directlons to the rail head and alsc how dif-
ferent parts of the wheel (1n particular the tread and web) re-
gpord to exeitations 1n various dlrections aft the face of the
tread.

When the response of the wheel and rail are known, one can
talculate the transformation of thelr mechanical wvilbrations
into acnustilc radiatlon. A quantlty often used tc predict this
transforr-tion 1s the radiatlon effilciency, which relates the
sound power radlated by a vibrating structure to the veloclty
of* vibratlon averaged over the structure and the radiating area
of the structure. The sound pressure level radlated to the
wayslde can 1in turn be derlved from the scund power level pre-
dictlons when the directivity of the source (both the wheel and
the rall in this case)} and the distance from source to the
cbserver are known.

In thilis sectlon we will describe soime measurerents and
simple analytical models of wheel and rall inpedancze, radiatlon
efficiency, and directivity. In Sezxs, 2.2 — /.4, we use thece

slmple madels to ald in predicting squenl, inpact, and rozv neoise,

2.1.1 impedauce

A3 mentioned above, the prolint impedance of wheels ani riil

£7)

controls the dynamlecs of thelr interactlon as the wheel ro.ls on
the rail. Varlous meacurements of rall impedance ire availasle

in the literature (Bender and Remiagion, 1974, Nzake, Lluus; nnd

\—
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several new measurements have been made during the course of this
study. The only avallable measurements of wheel impedance are
the ones performed during thls program and rcported belcw.

Railroad Raile

We discovered during the course of an extensive literature
review (see Remingtcn et ail, 1974) that measurements of the im-
pedance of ralls on reslllent fasteners are well modeled analy-
tically by the impedence of a beam on an elastlc touadation.
This iImpedance may be expressed by

i J
- 1
Zg = J2/7 (EDK® 2 [1 - (w/w)?1% w 5w
E| 2 3
- Nt 1 W L s v 113
= 2(ED) %" 2 [(%) - 1] (1), 5zw o, (2.1-1)

where jJ 1s the square roct of -1, E is the modulus cf =2lasti.:-
ity of the rall material, I 1s the bending moment cf Inertia,
K is the foundation stiffness per unit length,% w = K0,

and p, 1s the rezil mass per unit len:in,

Although 1in the liferature no such correlaticn -0 ne s .76~

ments and analytlecal models was avallanle fo.o rails on o vnle wad
b

ballast, one would expect that the lrpedance of 2 bearn .n an
elastic foundatlzn would s5till correliate woll with neasurad
impedances. In general, w , the resorance Trejuency af T he
rall mass on the foundation stifrfness, ocrurs at a lewer fre-
quency (less than 107 H:) for rails on tie and ball_.. than
'or resiliently fastened ralls. As a resulr, for most of Lne

*The regilient [astencr stitrness divided by the fasteney s
ing.

11



audible ‘reguency range (above atout 200 Hz), the 1mpedance of
ralls on tie and ballast should simplify Lo (l.e., for w 2> w )

: X4k _
i = ([ 1= 2,12
Zg (EL) "ppw™(1-4} , ( )
which is the ingpedanse of an eguivalent infiniwely iong beamn,
The fact that the foundatlon stlffness does not zppear as a
parameter is fortultous, becauase estimartling that stiffness for
different tle ana ballast arrangements would prove Lo be diffi-
cule,

The anly existlng data on the Iimpedance cf ralls on iz
and tallast were obtained by Naske (195%). The measurements
were nerformed In the vertlcal arnd horizontal directicn on
ralls on ties and ballast with a tle spacing of 2.1 ft {(0.65% m).
The bendingz proverties of the raill meacured by Naake are civen
in Tarle 2.1 nis aata are comnared wlilth the silmple-beam ara-
lytical rodel irn Tigz, 2.1-) and ?.1-Z. Arreement between Lhe
phhase meagurerents and predi-tions is poor, bue the impedance
amplitude 1g fairly well predicted by the asimple-beam mcdel
exnept for strons dlps 1in tne irpedancc at atrut 800 Uz for -he
vertical impedance =2nd about 00 and 500 Ko for the herlzontal

Iimpedance. Hazke attritutes *hese dips te tae perdi»di: support

TABLE 2.1. BENDING PROPERTIES 0OF THE RfIL IN THE
IMPEDANCE MEATUREMENTS BY NAAKE (1:53).

Jrrttozl moment of Inertin wodn, o TT7RL e,

- — -~ - e e
|
\
\

J F
Horizontal moment of incrtia T8 iaLY 213 en)
Drose—_sectional irea Q.7 InLt 6D L3 e

‘Wass/uﬁiT len, o
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of the rails by the tiles, 1.,e., a half bending wavelength®* 1in
the rail corresponds to the tie spacing.

Because the frequency range of Naake's data 1s gqulte
limlted and because there are no data avallable on the 1mpedance
of rails at rall Jjoints, we made arrangements tc perform these
measurements on the test track at the Champ Carry Technl:ral
Center of Pullman Scandard 1n Hammond, Indiana. The test ctrack,
a 1/3-mile (0.54 «m) oval, contalns both welded and bolted ASCE
60 1b/yd (30 kgs/m) rall on almost new tie and ballast (see 3Sec.
2.1). This rail 1is about one half the weight of ralis cocmmonly
used in rapid transit systems., However the excellent conditicn
of the test track and Lhe ease of gbtalring electringl power made
it nne of the best sltes avallable. Measurements were performed
on a stralght section of the oval by exciting the rail both
jaterally at the side ¢of the rall head and vertlcally at the
top of the rail head with a Goodman V-50 electromagnetic shzlker
(with nco static load). The shaker was attached to a stud wnlzh
was connected to a small (& = 1 < % In. thiek) (12.5 - 25 « ¢
mm) aluminum plate glued to the rall. The entire instruments-
tion =etup 1s shown in Fig. 2.1-3.

The shaker was excit~d by 1/10-7ernave bands of nolse fron
32.5 Hz to B kHzm. We chose 1/1C-occnave band exciratic: s tha:
we could examine ony detailed changzs in “he "mpedance witll
frequernry that would not te shown up by 1./73-32tave band inaly-
sis. However, as will be seen lelew, .he lmpedance was geroraly,
§> 3lowly varying with frequency tnat data were taken only it
1/3-0c¢tave band Intervals. The force applied bty the shaker 1o

tne all {(generally on the order 2f u Few lbs or less) w3

¥The dip at 800 Hz for the horluontal impedance cerrcaronds o
a full bending wavelength,
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sensed by an 1lmpedance head and the acceleration at the poilnt
of excltatlen was sensed by a separate accelerometer attached
to the rall with beeswax right next to the point of excltatlon.
These signals were then ampllfiled and measured 1in broad bands
by what was 1n effect an rms voltmetiter (GR Sound and Vibralion
analyzer #1.,04A). The phase between force and veloeclty was
then measured at the output cof tue phass matched preamplifiers
using a polarity colncldence correlator.® Four rail configura-
tions were measured; '

1. Vertlcal forcing of the top of the rail head 1n the
center of a rall segment between two tles,

2. Horizontal lateral) fcrcing of the side of the rail

head 1in the center of a rall segment between two tles,

3. Vertical foereing of the top of the rall hesxd on <ne
side of a2 rall Jjolnt above a tle.

4. Herizontal (lateral) forecing of the side of the rail

head on one siae of a rail Jjciat between two tles.

The phase between Torce and velocity arnd the 1w =Zdir-e

amplitude ror these faur cases are shown 1n Flo-s, [.1-4 - 2.1-7.
The polarity coincidernce correlator does not glve the sgi,m of
the phaso angles - 1.e., 1t Jdoes not tell whilch sivnnl 1e lead-
Ilng — but glves only the abs-lute value of the phase angle be-
tween D% and 1B80°. Az a result, the phase angles piven 1

igs. 2.1-4 — 2.1-7 rould in fact be shirfted hy 180°. Wwe nave

showh what appears %o e the most physlcalliy reiasvnable rosult,

»

and averages them, The result 15 o nernclzzed cutpd?s ety ot
tl volt (0 deyrees phuse shift) ani -1 vois (1A% phigae 5o

4 - 1 P
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It 18 readlily apparent from examinatlo. o the phase of
the impedance (1.,e., where 1t gocld ta zerc, tnut the rescnaunc
of the rail on its foundation is between 90 and 140 Hz for beth
the vertlcal and the horizontal impedance., Pronounced dilps 1n

the impedance amplitude ceccur at B00 Hz for the vertlical force

applied at the center of the rall section (Filg. 2.1-4) and at

4OG Hz for the horlzontal force applied at the center of the

rail section (Flg. 2.1-5). These dips correspond to the pdass-

bands mentioned by Naake (1953} for a beam with the rail bend-
ing stiffness, periodically and simply supported every ¢ 1t

(0.6 m}) (B75 Hz and 325 Hz for vertical and horizeontal response,
respectively). For a periodically supported beam, there should

be high-frequency passbands at multlples of 4, 9, ete,, of the

above frequencles. The reason these passbands do not appear in

the lmpedance amplitude at hlgh frequency is probably because
of damplng, the fact that the measuring bandwidth becomes too

breoad at higher frequenciles, cor dynamic decoupling of the rall
from the ties at high freguernciles.

The infinite beam analytical prediction ¢l the impedance

based oh the parameters in Table 2.2 1s shown as the detted lire
in Figs. 2.1-4 — 2.1-7,
Fig. 2.1-4,

Fror the measured vertical impedance 1n
the agreement wlth predicted amplitude is g-ad, bur
the varlatlons 1in phase anrgle from that of a simple beam zre

TABLE 2.2. BENDING PPOPERTIES OF ASCE
60 1b/yd (30 kg/m) RAIL.

—

Vertical mament of inertia I 14.6 in.* (©10 cm“)—w
Herlzontal moment of inertis 1.95 in.* (31.. Cm“){
Cross-Sectional area 5.03 An,? {33 .m |
Mass/unit length 60 1bv/yd (30 ko/m) _J




substantial. 1. may, however, be quite difficult to get much
better phase agreement, since that quantlty 1s ouite scnsitlive
to the detalls of local deformatlion. Curiously enough, the im-
pedance of a slmple beam also fits the measured 1lmpedance data
for vertiecal foreing at a rail joint (Flg. 2.1-6). It =zppears
that under the condlticns tested the jolnt bars form a very
riglid connectlon between rall ends.

For horlzental forcing, both in the middle of the rall and
at a rall Joint, the rall lmpedance predicted by the sinple-
beam model agrees falrly well with the measured impedance.* The
low-frequency dips in the impedance are due to the rall resc-
nance on the elastic foundatlon {(around 100 Hz} or to the pass-
bands corresponding to the perloedilc support provlided by the
tles (between 300 and 400 Hz). However, the measured Impedance
definitely falls belnw that of the simple-beam model at high
frequency, posslbly as a result of the fact (as we ghall ree
later) that the rall head starts to vibrate independently of
the web and foot at high frequencies.

As a result of the above reasurements znd analysis,
wlll analytically model both the vertical and herizontal imped-
ance of a rail on tle and ballast as the impedance of an in-
finitely long unsupported beam. Wwe will use thils medel Tor tne
impedannre near and far removed rrom the rall joint, bearing In
mind that the model 1a subject to error in the feollowing re-
pions:

¥ye have also ineluded in Fig. 2.1-7 an estlmnate of impedance
of the rall as 1f 1t were an Infilnitely long beam vibratiing 1t
torslion (the dot-dash line), Helther the frequency Jdependenc:
nor the amplitude agree with the data, further confirming fhe
s5imple beam-in-hending model.
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1. below asbout 200 Hz due to the resonance of the rail
on the tle and ballast foundatlon,

2. above 3 to 4 kHez due to the rall head moving lndepend-
ently of the wek and foot,

%, at the first passband frequency of the rall con the
ties acting as periodic supports [around 800 Hz for the verti-
cal impedance of a standard transit rail of 100 lb/yd (48 kg/m)
and around 400 Hz for the horizontal impedance of the same
rail].

In all llkelihood more complex analytlcal medels of the
rall would previde 1lmoroved agreement of predleticns and Zuava,
but additional complsxity is not Justified at thls Lime hecause
equally approximate analyses will be involved 1n modeling other
aspects of the'dynamic ani radiatiosn rprepertles of wheels and
ralls.

For ralls on reslllent fasteners, the zralytical model we
use 13 the 1mpedance of an Infinite beam ©n an elastic founda-
tion in which the fcoundation s *iffrness, K In Eq. 2.1-1, iz the

stit'fness of the fastener at thle operating lcad divided by the

fastener spacing. This model has heern scen tc yleld good agpree-
ment between pueedlcetior and measuraenent sver the ranpge fror

40 Hz to about L0000 Hz in one case and rrom £C Ho Lo oabous

2000 dz in another case (see Remingten ot 2., 1974). There iz,

rowever, a dlscrepancy at the rescnance treguency of the rail
on the fastener (mo} because “he dampins In the rall fastenercz
is not 1included 1In the analytlcal model. (ne rould lneclude
this damping slmcly by taklng K as complex, 1.e., K = K 71+'n)
where n 1s the loss factor, in Fy. 2.1-1, but, of course, fthi-
would reguire measurements 2f the complex stiffnesc of the ve-
sllient fasterners of intersst, mfortuniately, “heres mneasuroc-

ments are not presently avallatle for any resilicnt featense,



Heowever, we shall see later on that the prediction of the exact
magnlitude otf the rai. ilmpedance in the frequency ranre where reso-
nances v.cur may not be critical to the rpredicticn of vwhecl/rail

nolse.

Ratlroad Wheels

The lack of measured data on rallroad wheel 1lmpecdance has
permltted development of only the simplest models. une cuch
model conslders the radlal impedance of a rallroad wheel as the

impedance of a simple mass

T o= jom | (2.2=3)

W
where m 1 the mass of the wheel, This model assumes Lhat *hers
are no resonance frequencles of the wheel 1rn the Irejuency

range of Interest, which 1s not true for wheel.ralil nolse.

To 1increase our understanding 20 wh2el impedance, we le-
2lded (o measure the wheel lipedance of a ruilrcad whe2l zt-
tached t> a truck. Arrangements were made with Fullrmin Srtandard
to visit thelr "car works" at 111tk St., “hicaco, 111. There
they prcvided us wilth a passenger car truc< jacked up 1o 3 r2o-

vide ac2os3 to the wheels . #

o

12 4-whael truc~k [36 in. (0.301 m, rurnivs trend diure v
wheeols] wzd a Jeperal Jteel Foundarles inzino sw
truck, Serlal No. 1Y46-NY¥YC £-£237; 1uL 13

Flsx. 2.1-20. The track was ralsed avrrrosimar cov 2 Pt [0.6 0 N

1
sttawn scheratically in

the ground and supported at thoe beardng bexeos by thics rwober

pads on wor of steel ecolurmns.  Onre wheel of whie ‘rucn wWas
L transit car truck was not availl:ble, The tosSenser e
truck was jJulte slmilar ©o itransit car riucks excer 0 none

absence cf drive moturs,
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forced in the center of the face of the tread in the 1u0dlal
direction and at the slde of the tread in the axial directilon
witn a Goodman V-50 electromagnetic shaker. A stud connected
the shaker to a small (% = 1 x & 1n, toiaek) (12,5 v 25 x 6 mm)
lumlnum plate glued to the wheel. The measurerent setup was
exactly the same as the rall lmpedance measursment setup zhown
in Mg, 2.1-3.

The reswlts of the radial and axlal impeauncve measurements
are shown In Flgs. 2.1-9 and 2.1-10, ruspectively. Two obser-
vatlons are readlly aprarent. First, there 1s a substantlal
reduction In the radial (vertical) wheel 1mpedance gt -1000 Hz,
due to an aprarent decoupllirg of the tread frcm the web and
hub. Second, there 1s signlfilzant meodal character 1. the axial
impedarze 'many reszonances and antiresonances!, nmuchk more than
in the radial impedance. This is particularly lnteresting be-
csuse squeal noise, which willl be Jdilscussed 1.. "aler sections,
i1s known to bhe composed of pura2 tones, The strongly rescnant
character ot the wheel under axial forcing, seen in Plg. 0.1-10,
1s ovonsistent wlth the view that sgueal nolse 12 excited by
crasbing, as described 1n Sec. 1 (whlch wiuld resuit in axial
forees belinyg applied to the wheel tread). oo the othepr hand,
roar rolse, which 1s known to be breadband L character, iz
beeli-oved £o be exnclled oy the rougnness o the whe=ls ard valle,
whicl, would resuitl mainly In :31at Torcling, The oo osmooLhily
varylag Inpedance of Fleg, 2.3-9 helps fo wxplaln why §0 the

wheel sontributes 0 rodar ncise o pure toned are presept -s
¥

with ueal,

The Low=Ure uen2y (2000 der chiaratt o of toe o roaiadl owhier s
lnpedance 18 relmcively ecasy to model . The Tmpedsnor visen 9
W Lo ke Fleot power, whidel 1o e Uinitely nasse-llke, T owe

eramlpes e tpeuny o igs DoleR ) W rIind thnt vt wee
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(=750 1lb, =~340 kg) 13 attached Lo an ,»le (700 1lb; 316 kg), 2
bearing box (375 lo; 170 kg), and an equaligzer bar (9550 1lb;

430 kg). The total effective mass¥* of 1664 1lb (756 ke) results
1n too high an impedance. If we takz fust the mass of the
wheel and 1/3 of the axle mass (243 1lb 447 kg), this figure
flts the data jqulve well. Apparently the bearlig provides some
lsclation between the wheel and the bearling box and equalizer

at high frequency.

The radial impedance above 1000 Hz 13 more difficult tu
model. In fact, the radical change 1n impedance cauced suffi-
clent concern that the measnrerment was repeated on a 14 in.
(0.35 m) running tread diameter wheel. The wheel was rested on
1ts nhub on a metal blockd and the impedarce .easured by the same
method used Yo measure the larger wheel., Filgure 2,1-11, whizh
shows the resulting impedance, 15 remark.bly simllar 1in chara--
ter to Flg, .1-9, except tha: tae drop in radial lmpedance
crcurs at a s3liently higher frenuency. This difference 1s con-
slstent with the fset trhat the l4-in. (2.3% m) dlamerer wheel

is smaller and stubbler taan the 46€-ir. (0.91 m) diametor wheel.

We are confronted wlih two difficdltivs concerning the
measured radial 1mpedance above 1000 Ho: fflrst) 1 explalning
and predleting the ocecurrence of 1l sudden Jdrop in lmpedance;

second, 1n predlcilng the orltude: of the impedaace after tne

arop. What appears to be happenlyy 1s that the tread becones
decoupled frorm rte web and huato. As deeaupitinge does nofoap-
ped:r Lt be who o claved with aoy o clreralar o late reacunan e o the
web of the wheel, adme s Sl Leswd Upegoer by churses Tnoy Ly
#Slnce vhe agle and rguallcer e Plxed o the enda, g st
tached Lo Lhe dplven wheosl, thedir affective race: 1o nly 10s
of thelr Lriv mass.

t . ;

The treak l'reaucrcy I the Treguency at wh!ozho vie wiee! I (-

ancs abruptly drops.
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about 50% for a factor of 2.5 change in radius of the wheel . #
However, since the break freguency changes 50 lilttle for large
changes 1n whee| slze, 1t 15 reasonable a5 a firsc approxima=-
tion simply to take the break frequency das ~100U0 Hz for all
standard slze transit car wheels,

Analytically codeling the radlal ilmpedance stovyes 1000 Ha
presents some problems. In the l1imiv at very hlgh reguency,
or.e would expect the impedance to approac: that ol a7 Ingfnigs
bteam with the same cross sectlon as the tread; L.e.,

1 . |
Ly = DR(.UKC:R)"(;-JJ . (2. 1=4

where Sy 1s the cctapressicnal wavespeed i the matev:iadl und e
1s the radius of gyratlecn, This formula gives predicttloas of
thie impedance zuplitude thart are at least the sans srder o

magnltude as the data in Figs, 2.01-4 and 9.l-ll+

, Atth sl Lt

phase 1r Flg. /.1-9 s poorly matched by this model, e will
use thl., simple o del In future cuccaliazdons a6 g Tle 7 anpros-

Imation, bearinge 1 o=idnd that ot o rtiln e juene er Soae ala-

crepancy between 1-pedance pradlcs o and messure ont may
exist.
The hienly eceacrant hori ter of The wio ol 0 ghea e ot ]

Linpedance qulie JUrvtegls Leoomoaded o Iy by, o

#The web thickneso 10 orre Dy tr TS R S S DU S S K T
diznerner wheesls (b e o0 0 ot

T . :

The 14 In. 10.3% ) tlumeter waer o L 00 0 ps bl
rectan, ular rYregd crr o das o dectto oor H Tl T ey W e b !

cOLRY o em) thiloe, The oo In. o9 o) A1t b

modeled s havlins recrvaneular e e Seerdtor o2 e “

wilde by }.5 1, (40F ) thioewn. Mote 1hH0 R T T
Ol mi o lanener wheols bave 0 2000 Y 0 Tt et
The 1.5 In. (3,8 o) dinensicn was Coarel [0 e by,

the wheel 1in quention,



detaliled knowledge cf the dampling would by
I'm addition,

prediction at resvnances.
sty of most trans:t wheela
responge quite diffricule.

the resonance frreqgquencies

direction w!ll have the same reliation

resonance freguencles ¢’

The resonance rrequencles of

w

i

i

a

“ring

where a 1s the rlng radlus,

aof

makes predicrton or ity

Stappenbie s

K

nun? -

ctired fop oacourate

Lhe e et cohipleas

menr bt g

(b ) hns ot thaat

a wheel vitratine 1o The axia
TooLL oansther wa o hie
a ring vibratng cut ot 1vs ; cane,

a ring zre glven hy

LU

dnz + 1 +

its radius cof gyraticn, p Poilssin's

ratlo, ¢, the compressional wavespeed in the material, und
11 the zircumferentlal wavenumber, Taklng Lhe ring cross section
vy obe a 5.8 inuox 1,5 in, (14 em o o» 3.8 em) rectanpgle iy roxiiav-
ity the tread cress sectlon ©f the 36 in, (0.91 mr dlareter
wheel, we ~obtaln tne ring nat iral Iregueney pred! Clors shown
In Fleo .1=-100  "mfertunately, many natural freguensies are
ot rredizted by this te2hnigue and 4t high I'rejuencies ' he
pred!orl s 110 fer signt loantly. Frroooately, the axial 17-
pedan e Lo oot tmp rtance rrimarils or orepard to szaeal oand; 2g
we orull o osee In later gections, detalled pooedicorlons or the
wioee o trpedinocee o Aare Lot reguised Lo oorder oo redtiot 50 eal
r.ooloe.
2. 1.2 Responce
Y et oo peeloasly e wart gzt emlne bow Lre wvoerl-
deotarte 4 Chee preomeUeleal ly eormplex wheel o and roll respoad
are in vt peellt the nolse raalarted by o the wheel el radl.
Eopr o othe rall onee coant alze new thie length of pall 10
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Lem

participates 1n the vibratien 1n »rder t¢ calculnte ths attenu-

atlon of vibratiot with distance from the polnt of excitatlon.

Railroad Raile — idcad, Web, and Foot Reaponae

To examine the rall response to rolint excltiticon such as
occceurs 1n 1ts interaction with a wheel, we performed measure-
ments on a 20-ft (6.1 m) secticn of AREA-100 rall. The rall
was supported every 2 ft (0.61 m) alor, 1ts lencth by resilient
pads which in turn rested on a concrete flocr. No attempt was
made to simulate the stiffness of resilient fasteners used 1n
transit authorlty cperationa, because 1in the {reguency range of
interest for acoustle radlation, the rall responds essentlally
independently of the fastener s3tiffness. The rall was exclteq
by a 50-1b (225 N) c¢apacliiy electronic shaver attached 'c the
rall head. FPFlrst, the shaker was oriented 7o as to force the
rail vertlcally (to simulate the furce one would expect from
microroughnesses or Impact at Jocints). Then, by attaching the
shaker to the gslde of the rall head, we excited the rail hori-
rontally (to simulate the force from orzbblng or f'lany-> impact).
The raill response was measured it flve positlens on the head,
flve peositions on the wep, and five posltdl ns on the Tooo by

negng of an acvelerameter.

The rall pesponge 3 Lop.oint cp it ! vernee o0 vhe e nd,
e, Al F oo P et il ca Itgrion e Lheowr Ay Bl o =100,
mly reluavive acceleration levels are Loportant here, Le.doase
thee shaker force was it Kept 2onstant 18 e freguency Loaql

*hanped. The vertl:al anceleratforn o the nead apd 2o qre

Bpor 2% measurements the acoolercmerer war located L b
center of Lhe web [or weob accelerat!ion ang naltway bt weer,
the web and the edge of tne tooyr -y the oot acoejerat! ns

< a3 o
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essentlally the same up to 3000 Hr and the web acceleratlion in
the horizontal ddrecclon nermal Lo the vlay= or tre wep 13
negligible to teyond 4000 Hz. This behavior 1implies that the
rall moves essentially as a simple beam. At about 3C00 to
4ooD ke there 13 an apparent resonance of tho foot con the web
stiffriess In which tue foot response exceeds the heid response

by about & d&,

The rall acceleration resp-hse for horlzontal ex.ltatleon
of the rall head is shown 1n Fig., 2.1=-12b. The horiczcontal ac-—
celeratlon of the head and the web are essentlally the same up
te 28507 Hz o wnd Lhe vertlcal acceleratlon of the fowt L1s
regligible up to abonut 2000 Hz. Except for a peak at 3!50 H=z,
whepre the foot response Jomlnates, the head, web, and fool re-
spond almost fdentilcally frem 2500 to 5000 Ho where the wel
tegins to dominate the response. This response pattern 1s scme-
what zore complleated than for vertical forelng; however, at
low frequencles the pattern ls what one wuuld expect if the

rall were movine as a1 simple beam in the horlzontal directicen,

Fatirsad Ratle - Attenuation of Vilration Aliny Their Lengin
J 4

The attenudtion of vibraticn aloney the length of a3 rall as
1 function of distance away from toe point of excltati-n has
teen measured by Yaake (19%3) on rhe rall Jdesoribed in Table
JuY prestinge on tiles and ballast withh a vie spalrines -7 0,1 o't
0unh oy, Additiinal attenuatlion reasurerents were performed
durloysy the 2ourse o0 tnlg prosran onothe - 1e and wallas: sup-

r ried r1ll a4t the r4llman Standari rest Cratk et the Champ

arry Terhnicowl Jenter, Hoummono, Iollany e Jeo. 32000004
stralght secti, o dodnted Pl with o3 e s5pacine -0 0 M
Ll m) owan o exelred Ly oan eleetvoreon b rhiker et with
Droadlbar t neloe. bor overtleoal exceival Do Sl el

- ———
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accelsration on the rall head was measured at several distarnces
from the shaker up te and across a rail jolnt. For horlzcontal
excitatlon similar measurements of the horizontal acceleraciocn
af the rall head were made. The decreasze 1n the octave band
level along the rail relgvlve to that level at the snaker 1=
shown in Flgs. 2.1-13 and 2.1-14., The l.ast polint !n those
figures, at 1< rt (4.9 m), is at the rall Joint on the axclta-
tlon slde,

For those cases in which 1 llnear approxismaticon Lo the
data can be made, l.e., in di*/m, the rosults are plitt2d In
Flgs., 2.1-15 and 2.1=16 for comparison with Naake': results,
The vertical sttenuaticn at low reguencies (Figx. 2.1-19)
agtees well witl, MNazke's results, but 4t nich Pfreju=sn~les (b
tween 1 and 2 kHz) che results from the Pullman rest track do
not show the increasing attenuztion with ‘rejuaoncy foanad by
laake., The attenuatlon 2f horizental vitration in R0 oo l-70
was difflzult to comparce wilth Naake's resulte sinse aboove 720
Ho {see Ple, 2.1=1d) the data sqre - v waslly Sioved oo
zoraight line ¥ w2 shoula polnt ot th-sh, *n4° awre por

5
formed hls measuremeaty cver 3 very lone oot of radl [over

.U leaurd us I oroote that, Anoallovue caoeroshiowr, Chae avoelo
ematlon lavel 3t the ratl o toint fs bt srorban onoow. Wi -
rect with 3 stral-ht-1ir~ ap:r «!lma [on “he e rnag oo
vitratixn, 10 dppe:srs a3 thodash Tre ot o0 thee il o=l e
J2Int were lisns thoe frec o ara U F o1 b o, N N N R T
witn the lavee 2trergsti-n roroge b oL 0 e e oa 1
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98.3 ft (30 m)] and scatter of the pclints in excesa of 5 dB
ajout the stralght llne approximation was common. If ore allows
for that much acatter, a stralght line could easily be fltted

to the data at frequencles above 500 Hz in Flg. 2.1-14. For
example, at 1000 and 2000 Hz one would cbtaln an attenua* on of
around 1 dB/m, which agrees well with Naake's results 1in Fig.
2.1-16. Unfortunately, though, the low-frequency resultc at

the Pullman Standard test track show considerably more attenua-
tion than Naake measured. In all likelihood discrepancies such
as these are due to differences in the two track beds.

Both Naake's data (except the vertical attecnuation data in
the 1000 to 1700 hz range) and the data in Figs. J.1-13 and
2.1-14 suggest that below L1000 Hez rail vibration is confined to
& reglon of 10 ft (~3 m) to each side of the excitation point
and that z2bove 1000 Hz {(to withln an accuracy of about 5 dB)
the attenuation can as a first approximatlion be neglected on
the approximately 50 ft (15.3 m) length of rail confined between
the two bogles supporting a typical transilt car.

In cases in which »aill Joints are present, additional at-
tenuation can occur across che Jolnt. Table 2.3 glves Naake's
results for the attenuation c¢i horizontal vibration across a
Jeint 1n the rall of Table 2.1 mcunted on tle and ballast, as
well as results for the attenuation of vertical and horlzental¥®
vibration acress a rall !oint measured at the Pullman Standard
test track. In general terms, below 1000 Hz the attenuation
across the jolnt is negllgible; above 1000 Hz but below B00OO Hz,
1t may be significant. Thie high attenuation acrosa racl joints

®Because of instrumentation prcblems, data for the attenuation
of horlzontal vibration across the Joint were obtalned at only
a few frequencles.

53



TABLE 2.3. VIBRATION ATTENUATION ACROSS A RAIL JOINT.

Ho=J:zontal Vibration

{Naake, 1953)

Frequency (Pure Tone)

Attenuation

435 Hz
1500 Hgz
2350 Hz

~0d
12 d
22 d

B
B
B

Vertical Vibration ({Pullman Standard Test Track)

Frequency (Octave Band} Attenuatien
250 Hz ~2.5 dB
500 Hz ~1.5 dB
1000 Hz 4 dB
2000 Hz 12 dB
4000 Hz 8 dB
8000 Hz. h 5 AT

dorizontal Excitation (Pullman Standard Test Track)

Frequency (Octave Band) Attenuation
1000 Hez 10 4B
2000 Hez 15 dB
4000 Hz 11 dB
B00O0 H=z 4 dB

Ly
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at high fraquency and the large attenuation of vibration with
diatance along the ratl at low frequencies imply that on jointed

ratl vibration i8 confined to the exeited ragil.

Railroad Wheals — Tread and Web Response

To examlne the relative response of the tread and web cof a
rallroad wheel to axial and radlal excitaticn at the tread
face, such as would occur when the wheel rolis on the rail, we
tock measurements on a wheel s2t [two wheels and an axle with
30 in. (0.76 m) dlameter wheels] supported by resllient pads
at two polnts on the axle and the tread., One wheel was excilied
with an electromagnetic shaker driven with broadband noise.

The shaker was attached to a stud that was glued to the center
of the face of the tread for raadlal excitation and to the side
of the tread foi axial excltation. The acceleraticn was re-
corded at five polnts on the face of the tread 1n the radial
directicn, at five points on the side of Lhe tread in the axlal
directlcr, and at flve puints 1n the center of the web 1n the
axlal direction, all under the same forcing. The average ac-
celeratlon in 1/3-octave bands on each of these three parts of
the wheel is plotted in Flg. 2.1-17 for radial forcing and
Fig. 2.1-18 for axial forcing. Note that 1t 1s only the rela-
tive accel .tlon levels in these figures that are of interest
because the applied force was not held constant as a function
of fresquency.

In Fig. 2.1~17 the mcst strikilng recult 1s that the aver-
age acceleration levels resulting from radial forcing are es-
sentlc_ ly equal on the face of the tread and the center of the
web. Thils result greatly simplifies the calculation of wheel
response or radiation due to radial forcing, since once the
arceleratlon levels at the face of the tread are known, the

45
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levels on the web (the part of the wheel wilth the greatest
radlating area) are also known, Filgure 2.1-17 alsc shows that
the acceleration levels on the slde of the tread 1n the axlal
direction (at right anglee to the foreing direction) are higher
than the levels on the face of the tread up to about 2000 Hz.
This result impiles that the tread 1s rocking ronsiderably,
which would also account for the close coupling between the
tread and the web,.

The response shown in Fig. 2.1-18 to axlal forcing cannot
be =0 simply modeled as the respconce to radlal forcing., Agaln
1t 1s spparent that the center of the web zand the face of the
tread have approximately the same acceleratlon levels, but the
side of the tread where the wheel 1s forced has 7 to 10 dB
higher acceleration levels than the center of the web. This
regult suggests a cantilever-llke mction cof the wheel dilsk about
its hub. For example, the static deflectlon at the zcnter of
a cantilever beam due to a force applled to its free end 1is
about 10 4B below the deflectlons at the frees end.

2.1.3 Radiation efficiency

To pradlct the transformacion of the mechanical response
of the wheel or raill into acoustic radiation, 1t 1is recessary
to kncw the radlation efficicnzy, 3, of each. HKnowledge of ths
radiation efficiency allows one to predlet the sound power
radlzted W as

W = opcA<v?> | (2.1-5)

where pc 1s the acoustle impedance o air, A 1is the radiating
area of the body 1n question, and <v?> 13 the velocity squared
of the body averaged over time and A. In thils section we
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describe a number of measurements and analytical models for de-
fining ¢ for raillroad wheels and ralls.

Rallroad Raile

Analytlcal calculacion of the radlation efficlency of a
structure with as complicated a cross sectlon as a rall would
be an extremely difficult task. However, ralls do have several
characteristics that allow us tec make a number of simplifica-
tions. PFirst, the colncldence frequency of most ralls of 1n-
terest 1s low, below 100 Hz; second, ralls are generaliy long
zompared to an acoustlc wavelength for the frequency range cf
interest here; and, lastly, the response results of Sec., 2.1.2
suggest that at len-+ at low frequency the rall responds lilke
a simpl. beam to both vertlecal and horizontal exeitaticn.

By trzating the rail as a cylindrical beam, we may use an
existing analytical formulation (see Balley and Fahy, 1972) for
the radlatlon efflclency under the assumrptlions that the beam 1is
above colncidence and leng compared to an acoustic wavelength.
The expressalon that ,esults for the radlation efficlencry 1s

a(r) = — e el [3 k) |+ Y k) 2D, (2.1-6)

pe(2r)Lev?>

where r 1s the beam radius, L 1s the length, k 1s the acoustic

wavenumber, J and Y, are Bessel Tunctions of the first and

second kind respectively of order 1, and

e

J;(z) = J, (z} , etc.

x|

<

We apply Eq. 2.1-6 to calculate the rall radlaticn effl-
clency for the horlzontal feorcing of tne rall by takine the
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cylinder dlameter equal to the rail height (Eq. 2.1-6 with

r = rall height/2). For the vertical forcing of the rail, we
model the rail as Lwo cylinders vibrating independently and with
the same amplitude such that the power radliated 1s the sum of
that radlated from each. The dlameter of one cyllinder equals
the raill head wildth and the diameter of the second equals the
rall foot wldth.

The resulting expresslion for the radlation efflclency be-
comes

a(rH)rH + c(rF)rF

= {
Ivertical Ty , (2.1 7)
foreing
where U(rF) and U(PH) are Eq. 2.1-6 evaluated for r = r, and

'y respectlvely, where ry i1s one-half the rall head width and
r. 1ls one-hall the raill foct width. Since these analytical
models are only appreoximations, 1t 1s essentlial that we compare

them with measurements to valldate thelr use,

We measured the rail radiation effilclency on the same 20-ft
(6.1 m) section of AREA-100 rall mounted as described in Sec.
2.1.2 in a reverberant chamber (~3100 cu ft; 86 S m?). The
chamber was callbrated so that the power radlated ty the raill
could be inferred [.om measurements of the sound pressure level
in the chamber, The raill was exclcted as described in Sec, 2.1.2
at the rall head 1n both tne wvertical and horlzontal directicns,
The sound pressure level 1n the rocm was monltered at three
positions and a rotating vane was employed to enhance spatial
averaging of the sound pressure in the rocon. The crigi 3l rail
was too long (39 ft; 11.9 m) and had to te cut to fit .:to the
reverberznt chamber. However, lts resulting length (~20 ft;

6.1 m) was greater than an acoustic wavelength at the lowest



frequency of interest and, hence, this shortening should have
no effect on the radiation efflclency. The fact that the rall
response 13 quite narrowband (distinct rosonances can be seen
in the rall response up to about 4 kHz with 1/10-cctave ba:d
analysis) does lead to some uncertalnties in the resulting mea-
surement of sound power when only three microphones are used.
We antlclpate uncertalntles of no more than t5 dB3 at around

500 Hz to no more than *2 dB at 2000 Hz 1in our measurements of
the power radlated.

The use of an electronilc shaker to excite the rall requires
guleting of the shaker soc as to ensure that the power radiated
is primarily from the rall itself. To do this we enclosed the
shaker in a plywood box with 3/4 in. (1.9 cm) thieck walls arnd
lined the intericr with a 2 in. (5 em) thick layer of fiber-
glass. We checked the effectiveness of this treaiment by at-
taching the shaker to a block of lead, enclosing the shaker ani
lead in the box, and driving the shaker with the same current
levels used to exclte the rail. We then measured the sound
power level (PWL) and compared 1t wilth the PWL measured when
the rall was excited.* Above 200 Hz the noise from the shaker
was on the order of 10 dB or more below the noise from the
ralil.

In order tc¢ reduce the data by means of Eg. 2.1-5, we re-
gulre the mean square ral. velocity <v®>, tne time-averapged

sound power radlated W, and an appropriate measure of the

radiating area of the rall. For both vertlcal and horfzontal
foreing »7 the rail, we take~£v5> te be the mean-zmrare space-
averagel rall head velocity. Fror vertical excitation, the area

¥

*The average of the sound pressure level ut the three miczro-
phone posltions corrected for the room characteristic.

o1




B T N —

A 1s taken as the sum of %She rall head and rall fcot widths
times the rail length, and for horizontal excitiatlon A is the
rall helight tlmes the rall length., A compariscn of these
measurements with the analytical predl-tion described above 1is
shown in Figs., 2.1-19 and 2.1-20,

For vertlcal excltation, the agreement between theory and
meesurement in Filg. 2.1-19 1s qulte good, except 1n the vicin-
ity of 5000 Hz where the fact that the foot response dominates
the hi2ad response tends to make measured estimates of UR based
on the head response too hilgh. Note that at nigh frequency
the thecretlical estimute of 10 log %n tends tc be 2 dB (the ¢yl-
inder r.dlates from both side=) and that in general the measured
radiaticn efficiency 1s somewhat greateirr than the theoretical
estimates, suggesting that the theory would tend to under-
estimate the rail radiaticn.

For horlzontal excliatlon, the agreement in Fig. 2.1-20
between theory and measurement 1s agalin good. In the 2500 to
4000 Hz range, the measured values are high, because the oot
response domlnates at “hese frequencles and basing the calcu-
lation of ¢ on thie head response tends to overestimate the
radlation efficiency.

We see then that ralls are very efficlent radlators of
acoustlc energy above 500 Hz, coinclding well wlth those fre-

quenciez to which clhe ear is sensitive.

Rgilroad Wheels

Like ralls, rallrcad wheels hav: 2 very complex geometry
that makes the analytical calculations of thelr radiation effi-
clency quice difficull. Fortunately, as with the ra.l, the
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wheel has some characteristics that allow a number of simpli-
ficati-ne to be made so thal Llie radiation erriciency ran be
calculated appicvimately. Filrst, from Lhe results of Sec.
2.1.2, 1t 1s known that iLhe wheel moves s8ignificantly 1n the
aslal direction for both axlal and radlal forclng, suggesting
that modelling the wheel as a disk might be approprlate, Sec.
cnd. the cclnelidence frequency of the wheel 1s low (less than
100 Hz)®*, further suggesting that modeling the wheel az . rigld
unbaffled disk might be approprilate for ectimating the radia-
tion effleciency. For a rigld untaffled disk, the raliiation
effflcliency can be calculated for two limlting cases {see Morse
and Ingard, 1968)

fit
4%}

Oy ¢ , ka »>> 1

oy = 3(ka)* , ka << 1 , (2.1-8)
where k 1z the acoustl¢ wavenumber and a the radlus of the
disk. UNote tha: 1iI one uses Eg. 2.1-8 1n Eg. 0.1-5 to estimate
the radiated power, the area A in the latter eguatiocn is LER
The "2" in Eq. 2.1-8 for ka >> 1 (one would ordinarily expect g
not te exceed 1) indicates simply that the disk radiates from
bath sides. For a 30 in. (0.75 m) dlameter wh2el, ka ~ 2 at
350 Hz, implying that for mcst of the fregquency range of Inter-
st here, o = 2.

®This staterient 1s based on %he fact that vibration of the
wheel appears to be controlled by motion of the tread of the
wheel as if the wheel were a ring having the same crcss sec-
tlon as the tread. The web simply goes along for the ride.
The tread if modelled as a beam or ring in bendlng has a very
high wavespeed since 1t 1s very thick.
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The above formulatlon 1s quite approximate and verification
measurements of the wheel radiation effliclency are reguired.
Such measurements were performed on a wheel set with 30 in.
{(0.76 m) dlameter wheels. The axle of the wheel sat was resil-
iently mounted at 2 points and placed In a semireverberant room
(~10,000 cu ft) at the Pullman Standard Champ Carry Technical
Center. The acceptance testing of the room is discussed in
Appendlx A.

The wheel was exclted 1n the radial directicn with an
electromagnetic shaker attached to the tread face by means of
a glued-on stud and in the axial direction with the shzaker
attached by the same means to the slde of the tread. The shaker
was enclosed 1n a plywood box with 3/4 in. (1.9 cm) thick walls
lined with 2 in., (5 em) of fiberglass to prevent radiation from
the shaker 1tself contamilnating the radiation from the wheel.
To determlne the contrilbuticn or the shaker to background levels,
we attached the shaker toc a block of steel, enclosed both 1in
the box, drove the shaker wilth the same current used tc exclte
the wheel, and measured the sound pressure level \SPL). The
sound pressure level was negliglble compared to the levels gen-
erated when the wheel was exclted. The major prebtlem with the
wheel measurements at low frequency proved to be the high back-
ground sound levels, even though all measurements were performed
at night. The major (di1fficulty was that we could not exclte
the wheel sufficiently to produce hlgh encugh levels of nolse

to exceed the background lesvels at all freguencles of interest.

Four microphone posltions 1n the room were used to chbtailn
an average SPL (from which the power radiated could be calcu-
lated from the room calibration), and the average velocity
lerel on the wheel was obtained from az2cceleratlon measurements
at five positions on the web, face of the tread, and the side
cf the tread as descrlbed in Sec. 2.1.2.
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Reducing the measured data to the radiation efflclency by
means of Eq. 2.1-5 requirea a radiating area and an average
velocity of that radiatling areea. For radial forcing of the
wheel, Lthe average vibration level on the face of the tread was
used for the veloecity and wa?, where a Is the wheel radius, was
ugsed as the radiating area.® Although 1t would have been more
consistent to use the average level on the web, the measure-
ments of See¢. 2.1.2 show that head and web levels are essenti-
ally equal under radial foreing. Also, as we willl show 1in
later sections, the wheel and rall lmpedance will be used to
predict the responae at the wheel/rall interface. (onseguently,
it 1s convenlent to relate the radlation efficluncy to the re-
sponse at the face of the tread,

Flgure 2.1-21 shows the agreement of the measured data
with the theory of Eq. 2.1-8. Below U400 Hz high background
nuige prevented our taking any rellable data.+ Also, at eeveral
higher frequencles the presence -f dilps In the power radlated
from the wheel (probably due *o antiresonances in the wheel re-
sponse) caused the background to be wlthin a few dB of the mea~
sured levels from the wheel. In general, the data agree well
with the theory, and g rediation efficlency equal to 2 appears
valld throughout the frequency range of interest,

For axial forelng the wheel radlatling area 13 again chosen
to be ma® and the average velocity 1s taken to be that at the
slde of the tread. Although the results of Sec. 2.1.2 suggest

PAcceleratlon levels cn the adjacent nonexclted wheel were suf-
ficiently below the exclted wheel levels that lgnorling them
introduces negligible error 1n the freguency range of interest
here.

+UnH:r axial forcing the wheel could t2 rade to pooduce 3uflli-

clent nolse that levels well above the background could be
obtained down to 250 Hez,
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that this veloclty will overestimate the veloclty on the web of
the wheel due to the apparent cantllever-like motion of the
tread and web about the hub, we find the agreement 1n Fig,.
£.1-22 tetwe=n the data and simple theory of Egq. 2 1-B to be
acceptable.

The above analyses and experiments result 1n a radlatlion
efflriency model of the wheel that 1s qulte convenient. With
the average veloclty of the wheel taken teo be that of the wheel/
rail interface and the radlating area taken to he ma?, where a
1s the wheel radius, the radlatlon efficlency for the frequency
range of interest here 1s simply

= { -
Oy 2 . {2.1-9)

2.1.4 Directivity

Accurate calculation of the sound pressure level at a
glven distance R from a source requlires a knowledge of the
dires .1vity of the power radiated from the source, l.e., th=
varlatlon of intensity with directlion. If the source 1s an
omnidirectional point source near the ground, then the mean
sguare pressure <p?> at distance R from the source 1s easily

related uvn the radlated power W by

(p2> = ﬂ . (21—10)
2nR?

If the source 1s ulrectional and we defline a directivity func-
tion

%B__ . (2.1-11)

0

gy =

.\ s

59

-



[y

rFr1rrrr1rn1 i1
IOF
or— /
S 161D
/ DISK
-10}- .
b
g /
=4 //
I -
L
-30l- — -
-40— F —
| I N I Y T D IO A Y [ N T I O O A o |
20 aLs 50 80 26 200 W3~ 305 800 1730 2000 W50 3000 8000
® 25" a0 €3 1O 180 250 400 €30 1000 1600 2300 4000 €300
ONE-THIRD QOCTAVE BAND CENTER FREQUENCIES Hz (¢ps)
FIG. 2.1-22. WHEEL RADIATION EFFIGTENCY FOR AXIAL FORCING.

60



where I{(8) is the intensity in direction 8% and I, 1s a refer-
ence intensity equal to W/2mR?, then the mean square pressure
in directicon 8 becomes

p.W

2aR?

<p(8)> = (o) . (2.1-12)

Raiiroad Wheela

We perfcrmed a number of measurements of wheel directivity
at the Pullman Standard test trick in Hammond, Indiana, in the
center of the test track, a large, flat, open area with no
reflecting surfaces withln several hundred feet of the test
area. A wheel set with 30 in. (0.76 m) diameter wheels was
ralsed off the ground and supported at the axle on rubber pads
on two steel horses. The only way we could oktaln sufficlent
signal level (to overcome the background) waz to strike the
wheel with a hammer and simultaneously measul'e the resulting
SPL by recording the output of two B&K 4133 1/2-in. (1.25 cm)
microphones on a Kudelskil Nagra IV stereoc tape recorder. One
microphore was placed at a reference point on the axls of the
wheel 10 ft (3.1 m) from the face and the cther mirrophone at
varlous nositions 10 £t (3.1 m) from the face in a horizontal
plane at the helght of the wheel axle above the ground at vary-
ing ang’es from the wheel axis. We reduced the r:sulting data
by finding those l/3-octave bands (usling a General Radlc 15641
Sound and Vibratlon Analyzer) in which the greatest response
was measured and then using a sound level meter that holds
peaks (General Radio 1566a) to ascertaln the peak SPL 1in thuse

In general the directivity will require two angles in spheri-
cal coordlnates to define 1t. We restrict ourselves here t»
one for simplicity of notation.
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l1/3-octave bands at the reference polnt and at a simultaneously
recorded point at a glven angle from the wheel axls, Comparl-
Bon of the txyo levels ylelds a measure of dlirectivity. In per-
forming the measurements, we struck the wheel three times on

the face of the tread in the radial direction at the top of the
wheel and three times on the flange at the top of the wheel 1in
the axlal direction. By taking the difference between the level
measurzd at six angular positions (every 15°) arcund the wheel
and the level at the reference pcint and plotting this differ-
ence relative to the average of this difference for all six
angles, one can generate the directivity function of Eq. 2.1-11.
The results are plotted in Flgs. 2.1-23 and 2.1-24. These fig-
ures show effectively the difference between the measured level
and what one would obtaln If the wheel were an omnldirectional
scurce radlating equally 1in all directions. These data show
that within #5 dB the wheel does radlate equally 1n all direc-
tions,

These results are not conslstent wilth data obtalned by
Ungar et al (1970) who measured the directivity of sound radi-
ated from a wheel screeching ln a retarder in the vertileal
plane perpendicular to the rall. The level 1n l/3-cctave bands
at 20° from the wheel axls was 1% dB below the level measured
on the axls in the 1 kHz t¢ 3 kHz range. One would expect re-
sults like Ungar's for radiation from a rlgid unbaffled disk
(Morse and Ingard, 1968, Chap. 7.4), but Lhe railroad wheel is
a far mere complicated structure than a disk. In fact, the
tread of the wheel has a total surface area nearly 3/4 of the
area of the circle formed by the tread of the wheel (i.e., the
web area). Since the vibration levels on the tread are compar-
able to those on the web, the power radiated by the tread should
be on the order of that radlated from the web. Thls of course
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assumes that the radlation efflclencles of the two surfaces are
comparable, which 1s reasonable since the wave speeds in the
wheel are gensrally well above colncldence. One would expect
the web to radiate primarily 1n the axlal drection and the
tread to radiate primarily 1n the rlane of the wheel. Such
radlation 1mplies a relatively uniform directivity pattern wlth
the levels in the plane of the wheel being on the order of 2 dB
lower than levels on the axls. The measurements of Flgs. 2.1-23
and 2.1-24 generally support the model. The discrepancy between
these results and Ungar's may be due to a number of causes. For
example, Ungar measured the directivity of essentlally pure~tone
wheel response, whilch is more susceptible to multipath inter-
ference., Alao, the geometry was certalnly qui.te different., The
measurements here were from a wheel suspended above the ground.
Ungar'™s measurements were cf a wheel ur a4 rall 1n a retarder
wlth the rest of the car structure present.

The results 1in Figs. 2.1-23 and 2.1-24 4hua how much one
would undergredict the SPL at a glven angle assuming the direc-
tivity to be uniform; from these results iU 1s apparent that
treating the whe~1l as having uniform directivity will provide
adequate prediction cf the SPL radlated by the wheel, esrpecially
in the axlal direction.

Railroad Rails

For most applicvations - railrocad wheel can be thoupght of
as a polnt source for which rche slmple iedel of Eg. 2.1-11
applies. % rallrcald rall, however, can be consldered anythlng
froo a point to a line source, dependling upon how uniformn the
radlated acoustir power 1s along the length of the rail. It
the ratl 25 modeled as a line of 1ncoherent sources and if the

radiated power per unlt length 1s W/x)} and x 1s the distance
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along the rall,. then the sound pressure level at a perpendicular
dlstance R from the rail can be written

cp2($)> = pe [ Eiﬁlgi] D($) ,
P m [} H2+X2

where ¢ 1s the angle between a llne perpendlicular te the rail
and the ground plane and D(¢} the directivity. If we asszume
that the rail acts like a line of monopoler, then the above

equation becomes .

- (pe)? 7 wi(x)dx
@(0)> = onlry + rp) [ ¢ fu e ]n(¢) ,

where 9g 1s given by Eq. 2.1-7 and v{x) is the veloclty on the
rall as a functlon of posltion. From the data in Sec. 2.1.2,
it 's apparent that the raill vibration can be modeled as decay-
itng ‘ike e~ "%, Substituting <vR>2 e~ X
above eguatlons ylelds

for <vi(x)> in the

Y2
p(8)> = aplry + ry) LS L p(rRID(8IVE L, (2.1-13)

|

where <v§h is the time-averaged rall veloclty at the excltation

point and

f({nR) = sinnR C1(nR) - cosnR

Si(nR) - %J R
where C1{ ) and S1i( ) are the cosine and sine integrals respec-
tively. The functicn f(nR) 1s shown 1n Fig. 2.1-25. It 1is
apparent that for nR =zmall, f{nR) ~ 1 and the raill is a line
source. For nR large, {nR) ~ 1/nR and the rall is a point
source radlating from a length of 1/n. We approximate this
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dependence by the dotted curve in Flg. 2.1-25 which is

f(nR) = 1 , MR < 1
£(nR) = — nR > 1
nRk

Typical values of n for the attenuation measured at the Pullman

Standard test track and values of R for nR = 1 are shown 1n Table
2.4,

TABLE 2.4. RAIL ATTENUATION VALUES BASED ON
PULLMAN STANDARD TEST TRACK DATA.

Frequency n R For Which nR = 1
250 Hz 0.23 rt~! (0.073 m™}) 4 fe (1.2 m)
500 Hz 0.23 £t~! (0.073 m=1) 4 rt (1.2 m)

1000 Hz 0.12 ft~* (0.037 m")—-_ 8 £t (2.4 m)
2000 Hz very small -
LOoCO Hez very small --

the directivity of the rail in the plane parallel to 1its
length can be inferred frem the ahove Information and will be
dealt with 1n Sec. 2.4 in terms of a scurce belng located not
opposite the recelver but at some distance down the track.
However, information 1s sti1ll reguired for the directivity of
the rail 1in the plane perpandicular to its length. We took
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measurements of this directivity on a 20 ft (6.1 m) sectlon of
AREA 100 1b/yd (49 kg/m) rail, The raill was set on rubber pads
that were lald every 2 ft (0.61 m) on the ground in a dirt
parking lot. There were no reflective surfaces within 50 ft
{15.3 m) in the direction of the raill axis or within 100 ft
{(30.5 m) in the directlion perpendicular toc the axis,
Measurements showed a 1/R dependence of the l1/3-octave band

SPL out to B ft (2.4 m) from the rail and a 1/R? dependence of
the SPL from 8 ft (2.4 m) to 32 ft (9.8 m) fror the rail. The
rall was exclited at the head both vertically and horizontally
with a Goodmen V-50 electromagnetlc shaker enclosed in a 3/4 1in,
{1.9 em) thick plywood box lined with 2 in. (% cm) of fiber-
glass® and driven with white nolse flltered in 1l/3-octave bands.
Constant execltation in a glven 1/3-octave bend was malntalned
by manitoring the current into the shaker, Measurements of the
SPL using a B&K 1/2 in. (1.25 cm) microphone were made at o ft
{1.8 m) from the rall at various angles In the plane perpendlc-
ular toe the rall. The measured SPL at a glven angle minus the
average SPL for all angles, i.e., D{(¢) in Eq. 2.1-13, 1s plotted
in Flgs. 2.1-26 and 2.1-27.

On a thecretlcal basls, by treating the rall as a uniformly
vibrating rigid cylinder, one would expect the directivity for
horlzontal excltation to be of the form 2 cosz¢, where ¢ 1s the
angle from the ground plane (see Bailey and Fahy, 1972)., As
seen in Fig, 2.1-26, this theoretical curve agrees quite well
with the data 1ln the S500-Hz band. At hlgh frequencles the rail
ceases to move like a single beam {the head, veb, and foot be-
gin to vibrate independently of one another) and thils simple
medel no longer applies,

*Previcus measurements taken In a reverberant room conflrioed
the effectliveness of the box 1n suppressing neise from the
shawxer,
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If there were no reflecting surface beneath the vertlically
exclted rall, the rail would have a theoretical directivity
pattern (based on modeling the rail as a uniformly vibrating
rigia cyllnder) of the form 2 sin?¢. The presence of a perfect
reflecting plane beneath the i1decalized rail would change this
directivity pattern to 2cos?2¢. This latter pattern 1s plotted
in Filg. 2.1-27. A8 can be clearly scen, 1t prediects equivalent
levels above the rall and to the side whilch fit the general
trend of the data. Of course, the shape of the pattern 1s
strongly Influenced by the reflectivity of the plane under the

rall; e.g., the strong null at 45° requires that the plane be
perfectly reflecting.

Because we are uncertsin both of the reflectivity of the
surface on wkich the rall may be mounted and of the complexity
of the rail vibration at high frequencies, we make the aperoxi-
mation in the work to follow that the rail directivity is uni-
form [1.e., D{(¢) = 1] for both vertizal and horizontal excita-
tion. Figures 2.1-26 and 2.1-27 zhow that this approximation

wlll lead to only slight underestimation of the SPL from the
rall at low angles.

2.2 Wheel Squeal Predictive Formulas

It 1s generally accepted that a "stick-slip mechanism,”
is responsible for squeal, l.e., as a force on the wheel tends
to make 1t slide, statlc friction tends t¢o make the wheel stick
on the rail. As the sliding lforce increases, 1t eventually
exceeds the static friction force and the wheel starts to
slide. Silnce statle friction 1s generally greater than slliding
friction, the wheel will contilnue to slide until the force
which causes the slldlng drops to the sliding fric<ion value.
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Static friction wlll then bulld until the wheel sticks again.
This sticking and sliding occurs in ve.y rapld succession.

Three different ways have been ldentifled in which the
wheel can slide resulting in three models for the mechanism of
wheel squeal: differential sllp between lnner and outer wheels
on a solld axle; rubblng of the wheel flanges against the raill;
and crabbing of the wheel across the top of the rail. When two
wheels on the same axle go round a curve and Lhe inner wheel has
to travel less dlistance and hence rotate slower than the outer
wheel differential alip can occur. The resulting torque on the
wheel tends to make it slip on the rail. Flange rubbing occurs
when the wheel flange rubs agalnst the outside rail. The slid-
ing of the flange against the rall provides ar opportunity for
sticking and slip,ing to occur. Wheel erabbing occurs on tran-
sit cars having trucks, with two parallel axles. When the
truck enters a curve, the parallel axles cannct both lie upon
the radlus of the curve. As a result, the wheel must not only
roll around the curve, they must alsc slide across the rail,
again with the posslbility of inducing squeal. Thils crabblng
motlon 1s solely a consequence of the finite wheel base length
of the truck, and a truck with . slingle axle would not crab.

Remington et «l (1974) considered these three mechanisms.

The fact that lubrication of the outer rail alone does not al-
ways ellmlnate squeal tended to rule out the filrst two mechan-
lsms. 1In addition, the fact thai a differential axle does not
prevent squeal also tends to rule ocut the first mechanism.
Furthar, 1t was shown that the elastic deformation of the wheel
tread was sufficlent to compensate for the different distances
i.nat the 1nner and outer wheels have to travel,.
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It will be shown that the stick-slip mechanism can be
described as a negative damping. If thils negative damping ex-
ceeds the natural posltive damplng in the wheel, then any small
vibration, once initlated, wlll grow and produce the Iintense
squeal that 1s hesrd. The phenomenon 18 one of instability of
the wheel vibration rather than of resonant amplification:
there 1s only a limited range of ccndltions under which the
vibration 1s unstable and, hence, under which squeal can occur.
Qur intent 1s to develop a model to ldentify these conditlons,
to predict the sound pressure levels to be expected for squeal,
and to predict the changes 1n parametars {(such as the amount of
damping requived) to avold squeal.

2.2,1 Detailed wheel squeal model
Stability Criterion

Let us define the modal mass of the vheel m by

mean kinetic energy of vibration

™ = the mean square veloclty of vibration at the rall

For a simple spatially sinusoidal motlon, m would be half the
mass of the wheel. 1In reality some parts of the wheel {(web) do
not move as much as others (tread) and, hence, the modal mass
15 nearer a third the mass of the wheel, The modal mass will
tend to vary slightly with the mode and, hence, wlth the fr:-
quency of the vibration. Let us define also a modal stiffness
K by

K = mean bending energy of vibration
the mean square displacement of vlibration at the rail




Let us also define a dampling constant for the wheel, C,
and the negative damping due to stlick-slip, -L. Then we can
wrlte down & generalized relation between the force F applied
to the wheel and its velocity V of wibration at a freguency w.

F=(imw + C + - v

£ l=

For a self-sustalned oscilllation F = 0. Hence Vv = (0 or

imw + C + L =290

X _
1w

mw? + 1{C-8)w - K = 0

w = 5% [1(C=2) #4fimK = (C-2)?]
e 1f damping 1is small, l.e., (C-2)? << 4nK,

- K, i(c-&)
N-tﬁ*‘—'—eﬁ—-

The =olutlcon for the motion of the wheel with an initial veloc-
Iy v, 1s

¥ C-¢
v v exp(ii vl-_n—texp- =m ¢}

If ¢ > & then the motlon 1s a decayling sinusold, but if C < ¢
then the motion grows exponentially. Thus, a2 sufficient condl-
tion for the vibraticn of the wheel to go unstable is that

€ < & and the frequency of the instabllity 1s the natural reso-

nance fFrequzncy of the wheel.

75

O i



Magnitude of Negative Damping

By definition £ = - AF/AV, where AF 1s change in frictilonal
force and AV 1s change in whe2l sliding velcclty. Now AF = Pap,
where P 1s wheel loading and Au 1s change iIn friction coeffi-
clent. Furtuermore, we shall call AV/V = Af the creep, where V
ls the rolling velocity of the wheel. Thls fermulatlon assumes
that the fricticn 1s a function only of the creep rather than
of the absolute sliding veloclty. Thils assumpticn 1s known to
be true for elastic deformatilons, but 1t 1s not clear 1f 1t
applies to gross slldling. Hence,

= o 2ty
- v i
Let us now call 4&p,4f = v, the slope of the friction vs creep
curve. v 1s typlcally of order of magnlitude -10 or less. Thus

2:_.13_\’_.

v

The loss factor for stlick-slip Nos is given by

Radiated Sound Power

The sound power radiated from the wheel is given by

Av?
= gpc S ,

wsound c

where o 1s radlation efflclency {z1 at frequencies cof Iinterest),
pc  1s the characteristic impedance of alr A is the area of
the wheel, and v 1s the veloclity -—mnlitn3~ of the vibratlons.



-l a 4t = s L e - " 1

The power digsipated in a dashpot 1s

W= (1/2)Cv? |

Hence, the equivalent dampling constant of the acoustic radila-
tion 1a

Crad = gpel

and the equlvalent loss factor 1s

~ JPCA )

Mpad mw

Loss Factor Due %o Internal Damping

The material from which the wheel 1s made has Jts own
damping that 1s characteristic of the material, For steel the

interral loss factor n, . = 3 % 1074,

Thilis loss factor can clearly be increased by applying
damping treatment to the wheel.

Stable Ampiitude

Once the wheel vibratlons have become unstable, their
amplitude will grow untll nonlineacrlities In the system 1limit
them. These nonlinearitles occur 1n the stick-slip mechaniosm.
The slope of the frlction vs creep curve changes for finlte
amplitude vlbrations and reduces the effective magnitude of
the regative damping. For a stable amplitude of vibration,

wh=re v 1s scme average value of v taken cver a whole cycle.
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L

Vv 18 dependent upon the amplitude of the vibratlon. Now C is
glven by the sum of the acoustle and the internal damplng:

= 1M
c My e + opch .

Hence, for the stable sgueal amplitude

P v

mw + dpech = -

Nymt

Caleulation of ¥

Vv is related to the work put into the wheel during one
cycle, Hence, we can define 1t as

S = {uv‘dt ’

$vidt

where § indicates the integratior over onz cycle, and where Vv
is the vibratlion veloctlty., since vW/V 1s equal to the driving
forre and vww?/V 1s the rate at which work is done, For a siru-
soldal ascillatlon v = v, sinwt

v o= 1/2 ¢ u(

rnoj <

) sinfwt dt

We cannot proceed any further without scme 1informatlon
about the varlation of v with the sllp velocity. The form of
the varlation of the coefflalent of frictlicon p with the creep ¢
1s that for small §, » 1s proporticnal to £; u then reaches a
maximum Mo after wnlch it decreases.
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call E/go = 8, waere ED 15 the creep for the maximum fricticn

U, Then
‘o= uoc exp{(l - 8)
and
W
du 0
= e = — - B -
v 3t E. (1 ) exp(l 8)

Now let

B =68 + ' sinwt ,

where § 1s mean creep/f , &' 1s v/Vi , and v 1s tne velocity

o!
ampiltude. Hence,

|
v = ng ¢ [{1-5-8') sinwt] exp((l-6-8') sinwt] sin~ 2.t g4t
o

Now we can expand tne exponential as a series in sinwt and

integrate the terms separately. 0dd powers of sinwt go to zero,

giving
- My 1.8 [ TV o4 3 (2 F@yar2 5 E_Fygo s -
v=g-e | (1-9) g (3-8)8'% + 57 (5-8)6 ----J

[+

iad]
oM

M
= £ exp(1-E/E ) [(s -y o+ § (3,0 %

2 T
+ 157 (5£°-f,) —

30



Let as now consider three ranges of £ = V sliding/V wheel.

1. E < E, - Vv is always positive; hence, the system has
no negatlve dampilng and squeal cannot cccur.

2. 3¢, > E» E . v 1s negative for small amplitudes of
vibration (£°) but decreases in magnitude as the amplitude in-
creases, Thus, the amplitude of squea) stabllizes at some
finite amplitude.

'}Eo ,g>€°

3. E > 35, V initilally goes mcre pegative as the ampli-
tuade Increases, out at larger ampliruwdes Jecregses in magnitude
2y3in.  This -eans thac if the amcunt of negative Jampling
n~zded for squeal 1s ln the dotted region of the Figvrs bLelow,
*hen the vibratlons wou.d be stable for small amplitudes, Lur
nnstakle only for some finlte amplitude. This means tnat t.ae
vheel might need a rinite sized "kick" to start sgueal bug
would then malintaln itself.
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Calewlarion of Stable Ampiituae

We repeat the expression for negative damplng due to

stick-slip for a stable amplltude of vibraticn:

Py

n T

m + =
int w apch

Applying the expression ror v from above gives

I mw + gpchA = Y EB exp(1l-E/& ) (£ -E) + 3
int VoL Pri=n/t, 0 g
i
5 = E'*
+ 57 (5&0-5) = ]
t‘n
If g < 250, we carn neglect the last t=rm. Then
ve? E-¢
3 I .E.Li— _ﬁo.,n __° 0 f vaeA)
T (3&0*5) o = Ve, uxp( £ ) (ny M + coch
D
8o

(38,-0) >
£°
+ (é-i )

o



. For amall damping we can neglect the first term on the right-
hand side and

oo () 2]

£o~%

o

ol

1.15 (E—Eu)si for E/&, ~ 1 << 1

Thus, for small snueal amplitudes, the velocity of the squeal
vibration 1s Jjust a little larger than the sguare roeot of the
amount by which the mean creep exceeds the creep for maximum
friction.

Order of Magnitude of Quantities of Interest

Maximum coeffilclent of friction (u&: from 0.15 to 0.6; typilcal
value is 0.3.

Creep for mavimum frictlon (£ ): 0.5%7 for d-ton (3630 kg)
’ wheel lcading to 1% for

20-ton (18,200 kg) wheel

loeding; typlcal value 1s

0.7%.
Creep or roundlng curve {£): =0.7 L/R where L 1s length
of truck and R 1s radius
of curve,

: For squeal to occur: ¢.7 L/R > .7%, R < 100L =
i 700 £t (214 m).

Typlcal velcoclity amplitude of 1.15 4 7L _7) v %
squeal: ) ] R 100

where V 1s speed of trailn.

Sound Pressure Level of Squeal

From the previous equaticn for radlated sound power, the
scund pressure level of squeal from 2 single wheel at 50 ft
(15.2 m) 1s glven by
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e ¢ e = e e R - - .-

Lp = 10 log opcAv? + 88 4B re 0.0002 ubar

= 10 log gAV? + 114 dB re 0,0002 ubar

Setting v = £'V

=[] o

LP = 10 log (mA)V ( )

1
- TE_) + 113 dB

Typical values are

agA

it

0.5 m?

<
i

15 mph (24 km/h)

c
"

7 ft (2.13 m)

o
t

300 ft (91.5 m)

Substituting these values 1nto the above expression for SPL
glves

SPL = 95 4B re 0.2002 pbar at 50 ft (15.2 m)

2.2.2 Magnitude of damping required to eliminate squeal

For the relatively large amounts of damplng needed to
eliminate squeal, we can neglect the damping due to acoustic
radiatlon. Then, the logs factor needed to avold squeal 1is

Pvmax

n > o

int mmmiAV
Let us take typilcal values of P = 10,000 1b (44,500 N), m =
200 1b (91 kg), Brgp = 3,000 rad/sec, and V = /aR, where a =
lateral acceleration of car (about 3% of g) and R = radius of
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curve. Then

v
max
n »
int © SR/

Ymax wlll vary with the amount of transverse creep on the curve
and will typlcally be a maximum when macrescopic slipping Jjust
starts. Then v 1s typlcally about 30 and R is about T00Q ft
(214 m) in which case

yng = 0-6
In thils case the damping ratio relative to critical damplng 1is
30%. If we have a damping ratio of 30%, squeal will not occur
on any curves. However, for a curve radlius of Z00 ft (61 m) with
a conslderable amovnt of slippage, the value of v 1s greatly re-
duced to about 2 or so, and a value of damplng that 1s 3% cof
the critical damplng will ellminate squeal.

In summary, damping equal to 3% of critical dsmping may
e.lminate squeal on tight curves, but more damping will be
needed on icrger curves, up to the maximum radius at which

squeal can ouccur.

2.2.3 Conditions under which squeal can occur

It was sihown above that for sgueal to occur

Mw + opch ¢

Py(&)
Mint -V

where the creep £ 1z zpproximately glven by 0.7 L/R. L 1s the
length of the truck, and R 1s the radius of curve. If we take
a glven curve, the amount of creep 1ls approximately defined

8s
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and then the ocecurrence of squeal is a functlon of the wheel
locadlng P, the velocity of the car V, and the frequency w.

The rfrequency w can take on only certaln well-defined values
corresponding to the rescnant modes of the wheel. For easn
mode there 15 then a minimum value of the ratio P/V which will
produce squeal, Thus, there 1s a minimum wheel loading for a
particular veloclty or a rmazimum velocity for a particular
wheel loading which willl produce sgqueal. These relations are
shown in the sketch below,

w,
. w (IJI < l'.l.lz<ﬁ|s
- 2
L
o
S| No squEaL wy
w
>
o«
<
hod
>
SQUEAL
0 P (WHEEL LOADING)

Squeal Occurrence Diagram for Given Curve Radius
(Squeal occurs to the right of the lines drawn above)

If we keep the wheel loading constant and vary the curve

radius and speed, then the squeal occurrence diagram locks like

the one below.
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@

=
5 NO SQUEAL NO MACROSCOPIC
9 Y2 SLIP
$
@ .
e |
o
>

SQUEAL

R (RADIUS OF CURVE)

Squeal Occurrence Diagram for Constant Wheel Loading
{Squeal occurs below the Yines drawn above)

For an undamped wheel, the theoretical values of the maxi-
mum velocltles for squeal tend to be so high that they glve
unacceptably hlgh lateral accelerations ¢n passengers., Hence,
these maximum velocltles are not observed in practice, and

squeal occurs cover th: whole range of velccltlies emploved.

Sometimes a minimum velocity for squeal can be found.
This situa%icn generally cccurs when a car is close to the
squeal boundary. Increasing the speed will increase the wheel
lcading on the outer wheels, by welight transfer, and at the
same tlme reduce the creecp, ané hence lncrease v as a result
cf centrifugal forces. These comblined effects can cause a car
to> ¢ress the squeal occurrence boundary from the no squeal to
the squeal reglon.
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2.2.4 Predictions of squeal levels

Figurer 2.2-1 and 2.2-2 show the predicted Intensities of
agqueal as a functlen of cuvve radlus. The flrst flgure predicts
the levels of squeal rcr different lateral accelerations in the
curve and a 7 ft (2.13 n) wheelbase truck. It willl be noted
that there 1s not a very large difference 1ln levels for the
two gpeeds. The second flgure predicts the levels of sgueal
for different truck wheelbases, The shorter trucks do not

squeal aa loudly or on as large a radlus curve as do the longer
trucks.

2.2.5 Information on the friction-creep curve

The ability of thls model to predlect the occurrence of
wheel squeal depends upon a detalled Knowledge of the friction-
creep curve. Very little experlmental informatlon 1s currently
avallable on this phenomenon. All the 1nformation for this
report comes from Jjuct two references [Darwell and Woolacott
(1963) and Friedrich (1970)], and one of these rcfc<rences con-
siders longiltudinal creep rataer than the transverse creep we
are concerned with. There has been much work conducted on
transverse creep without macroscople slip but practlcally none
on transverse creep wlth some slip. A thorough, careful ex-
perlmental study needs to be conducted 1nto the exact varlaticen
of friction with creep, as slipping starts. The effects of
humidlity, surface roughness, and luh-licatlon need tc be found.

Many of the predictions of wi.eel squeal, surh 23 Lhe max-
imum radius for sgueal, are based upen a value of 0.7% for the
"hreak' point at which macroscople¢ sllding starts. There 1ls
very little experinental evidence to support this value and ae-
curate predictions of the levels of squeal as well as the lilke-
lihood of 1its occurrence require that thls evidence be obtalned,
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2.2.6 Minimum curve radius to avoid wheel squeal

Thils model of wheel squeal predicts that the smallest
radius curve that a traln can traverse wlthout the wheel sgueal-
ing 1s considerably tighter than the 2000-ft (608 m) radius
at whicn wheel flanging occurs. Estimates, based upon scarce
data, indicate that the tightest curve 1s about 100 truck wheel-
bases or (00 ftr (213 m). However, this minimum radius can be
affected by the state of the rall and alsc by the amount of
gage relief employved on the curve. Employing gage relief
actually increases cthe minimum radius whilch avolds wheel squeal.
Therefcre, thils technique 1s not sultable for noise control.

2.2.7 Preliminary verification of squeal levels on subway
systems

Figure 2.2-3 compa "es the measured sound levels on various
subway systems to the sound levels predicted by the theory.
The curve radlus was well documented and varied from 50 ft
(15.2 m) to 500 ft (152 m). However, the speed of the train
in the curve was not well documented. For reasonz of passenger
comfort, the lateral acceleration around a curve 1s generally
kept below about 6% g, with a typlcal value of 3%. Accordingly,
we calculated the theoretical squeal levels, assumlng a speed
such as to glve a lateral acceleratiocn of 3% g. The length of
the truck varles from system to system, with a value of 7 ft
(2.13 m) being typlcal.

The prcdicted sgueal levels appear to correspond to a
maximum of those cbserved, The explanatlon could be that the
tralns round the curves even more slowly than assumed or that
the stick-slip condition 1s less severe tharn assumed 1n the

model.
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2.3 Impact Noise Predictive Formulas

Impact excitatlon of the wheel 2»i raill cccurs if the con-
tact surfece of the rall and/or the wheel i.as discontinuitles,
The wheel does not need to sepirate from the rall to generate
impact nolse. The 1mpulse excltation response for the sounc
radiation 1s characterizea by a very short dynamle 1nteractlon
between the wheel and rall. The duratlion of th: rforce pulse 1s
controlled by the mass of the wheel, the equivalent mass of
the rall, and the Hertzlan contact stiffness of the wheel and
rall, Thils impulse force, characterlzed by the toval change in
momentum of the 1lmpacting wh=el and rall, acts simultaneously
on both rall and wheel, which respond to thils excitatlon and
radiate dimpulsive nolse according to thelr respective dynamic
and a.oustlec properczies.

The dynamics of the rail-wheel impact depends strongly
upon whether or not the rall is rigid or r=sllient. Accord-
ingly, the rizid and resillent rail case wlll be handled sep-
arately. The rigid rail case is less complicated and thus
can help to prepare the reader V'cr the more complex resilient
rall case.

2.3.17 Rigid rail case

In the case of a rigld rail, by definition, the rall head
is not capable of movling and the whoeel must elther fclilow the
discontlnuities of the contact surface or seaparate temporarily
from the rall. Since the magnitude of the renerated impact
force follows completely different law:s Jdependling on whether or
nct the wheel 15 separated, we wil. Virst establish the criterla
fer separation,



{riteria for Loss of (ontact

Generally, the wheel will separate from the rail whenever
the vertical fecreces (i.e., gravitational and spring forces)
acting on the wheel are rot capable of producing the vertical
acceleration needed to follow the irregularities.

If the wertical positlon of the rigld rall head y as a
function of the distance x along the rcadway is described by
;he function y{x), then, for a constant train speed V, the
vertlical position of the wheel contact point as a function of
time 1s given by

y{x) = y(x = vt) . (2.3-1)

The separation criterlon, based on the fact that the foce keep-
ing the wheel in contact with the rall 1s the wheel lozding
P = Mg and gravity acting on the wheel mases m, 1s gilven by

2 2
d 12 = V2 i_lf_ , (2.3--2)
dt dx
Aly/dt? - g(l + %) s (2.3-13)

ylelding the c¢ritical tralin speed in general form:

X
v, = [Eil_ﬂ'hifﬂl] _ (2.3-4)
d?y/dx?

If the raill irregulsarity has a raraonle spatial varlaticn of
the form A, coskix = Ay cos(Ev/Ai)x, Eg. 2.3-4 takes the form
of

g4



Note that for lightly loaded cars, the wheel separation occurs
at a lower traln speed than ror fully loaded cars.

0.4 m

"

As an example, let us evaluate Egq. 2.3-5 for A

(1.3 £t), Ay = 2 107* m, and M/m = 3, which yield

i

1
Vo = (0.4/2m) (9.81 x 9 x 19® x 0,5)% = 4B km/h = 30 mph
This example 1indicates that for rigld rails even a gently curveld
rail irregularity of smsl) ampllitude can cause wheel separation
at reasonably low tra.. speeds.

In the case of a level or step-down rall joint, the wheel
may separate frum the "upsiream" rall end before 1t impacts on
the "downstream" rall. Separation will occur at and above a
certaln critical traln speed V = Vc, where the vertical wheel
acceleratlion required to keep the wheel in contact wlth the up-
stream rzil end cannot be produced by the gravitational and
gpring forces acting on the wheel, Thls critical traln speed
v, is determined from the kinematics and dynamics of the wheel
motion, Filrst, we will determine the vertical ocomponcnt of the
wheel veleocity and wheel acceleratlion required to keep the
wheel 1n contaczt with the downstream rail end as a function cof
the truln speed. The criterlon for rceparatlon is that the
combined gravitational and spring forces acting on the wheel
ire no lorger sufflcient to bring atout the vertical accelera-
tion required to keep the wheel in contact with the downstream
rall.

Tne klnematic model of the situation 1is i1llustrated below:
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The vertical dilsplacement of the wheel required to malntailn
contaet with the downstream rall as a function ol tlne 1s glven
by

y(t) = a - (a-y) = a - (a2-V?t2)* (2.3-6)
The vertical veloclty 1s
ddﬁt) = Vzt(az_vth)_;ﬁ (?3_7)
and the vertical zomponent of the wheel acceleration is
2.2
, 1+ 47t
. 2 1p242
d___.v_(.E.)_ = y? I Bl {2.3=8)
dat? (a?-v2t?)

The wheel acceleration in the vertliecal direectlcn at t = 0 1s
the acceleratlion that the gravitatlonal and spring forces must
be capable of producling to avold immediate separation, This
critical acceleration is given by

<
~

a. = d?y/dti(e=0) =

c (2.3=-9)

o
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Since for every practical rall joc?~t the gap W 1ls always
negligibly small compared with the wheel radius (i.e., Vt << a),
Eq. 2.3-8 can be simplified to

d’y vt
(t) = — for 0 < t < w/V {2.3-10)
dt 2 a

Equation 2.3-8 indicates that the vertical acceleration
required for retalning contact does not increase signifilcantly
from its initlal value at t = 2 durlng the time interval re-
quired for the wheel to cress over a typlcalt rail Joint.
Accordingly, for all practical purposes, the width of the gap

w does not Influence the critical train speed whare separation
will occceur,

The vertical acceleration that the wheel can achieve 1s

governed by 1ts mass and the gravitational and spring forces
acting on 1t; namely,

), (2.3-11)

FN=

a, = g(l +

where g 1is acceleration of gravity, M 1s the porticn of the
spring mounted car and truck mass supported by a wheel, and m
iz the mass of the wheel,

The crictical train speed where the wheel wlll separate
from the down-tream rall is cobtalned by equating the two accel~
erations given in Egs. 2.3-9 and 2.3-11 respectively and solv-

ing for V = Vc, yielding

(2.3=12)

a7
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Equation 2.3-12 indicates that the critical speed increases
with increasing wheel radius and with 1lncreasing mass ratilo
M/m.

As an example, assume a mass ratlio of M/m = B and a 15 1in.
(37 cm} wheel radius. The speed for separation 1s

V =4¢/0.81 -2 __0.38 m(1+8) = 5.8 m/sec
¢ ‘[ sec?

= 21 km/h = 12 mph

Vertical Wheel Veloeity at Impact

For a level joint, the vertical speed of the wheel when
1t impacts on the upstream rail 1s obtalned by dlfferent
methods below and above critical train speed.

Level Joint, below ceritical train speed

Below the c¢ritical train speed, the wheel remains in con-
tact with the downstream rail end as 1* rnlls intn the gap.
The axle of the wheel moves con the perimeter of an imaginary
2ircle of radlus a centered on the downstream end cof the rail
Jolnt. At the moment of lmpact, the rail will, for =~ -=ry
short time, have centact with both rall ends. The 1
compenent of the whesl velcclty at the moment cf' i ar. be
caleculated fror the geometry and from the train speed as sl'own
schematically In the sketch belcow.

3



7/
w2z ¥x
o-h Vy
a
a
e — w M —

The geometrical simllarity of triangle v v v and tri-

x, y,
angle (a-h), w/2, a provides the needed relationship between

Vy and vy. From the veloclty vector trlangle, we obtailn

Vy = v, tea (2.3-13)

and from the geometry we find that

tga (w/2}/(a-h) . {2.3-14)

Furthermere, there exlsts a flxed relationship betweer a, w,

and h, namely:

a-h

1\
(a2 - HE) X (2.3=13)

Combining Egs. 2.3-13, 2.3-14, and 2.3-1¢, cne obtains the
vertical velocity of the wheel at the time cof inpact:

1

Z\— 2
vy = Vx(w/2) (a2 - ‘-"74—) . (2,3=16)

Jince w/2 << a, for all practical purposes Eg. 2.3-16 can bte
well approximated by

g4
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Note that we have substituted the traln speed V for vy and that
vy increases with increasing traln speed and gap width and de-
creases wilth lncreasing wheel dlameter,

Level Joitnt, above eritioal train speed

Above critical traln zpeed, the wheel 1mmedlately separates
from the downstresm end of the rall and takes on a tralectory
until 1t impacts on the upstream rall. The trajectory 1s deter-
mincZ by the constant tra.n speed V 1n the horlzontal direc-
tion and the parabolically increasing vertical velocity due teo
the action of the gravitatlcnal and spring forces acting on the
wheel 1n the vertical direction, namely.

M

vy(t) = g(l + E)t T g't . (2.5-18)

The time cof 1mpact 1s obtained from zecmetrical considera-
ticns as shown In the sketch kelow.

G'V‘,l w=-vy ¢t

chservine the above sketch, one notes tho [ullowing relation-
shlp at the moment of impact:
2

rvg 2
a? = (a - tjl—) + (w=vt? . (2,3=1y"



Selving Eq. 2.3-18 for t and inserting this value into
Eq. 2.3-19 yleldsa the followihg relsgtinnshlp between the vertl-
cal component of the wheel velocity at the impact (vy) and the
traln speed:

2
vio LY _2a) o, (2 vt (2.3-77)
yqsnz y 512 g ¥y g

This equation can be solved for particular values of V, a, and
w, but It i1s not very useful 1n providing a general overviasw.

An approximate relationship between vy and V can be ob-
talned by assuming that the transit time of the wheel 1=
T w/V. With thils value of t, Eg. 2.3-18 ylelds the approxi-
mate vertical velocity of the wheel at the moment of 1mpact:

vy S g(l + %) —% ) (2.3-21)

Equation 2.3-21 indlcates that vy increases wilth increasing gap
~idth but decreases wilth lncreasing train speed. The decrease
of Vy wlth 1ncreasing traln speed 1s attributable to the fact
taa- the tirme avallable for the wheel to gather a vertical
speew due teo the gravitational and spring forces actlng on 1t
durirg 1ts "flight" over the +»all Jolnt decreases with inecreas-
inr train speed.

Sir."& observations indicate that the 1mpact noise at rail
Julnts inurcases rather than decreases wilth ilncreasing train
speed, one 41 draw the follewlng concluslons.

1. Rall j-ints should be malntained as level as possille
to reuvce 1mpact nulse.

2. Most prcevzbly the lack of levelln; 1s responsible for
the Impac* solse at practical rall ‘oints.

lul
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Accordingly, the next sections of our Investligatinn will deal
with the analytical meodeling of rail Joints which are not level,

Step-down Joint

For a sten-dowh Jolnt, as sketched below, the wheel willl
roll down the Jjoint at low train speeds and will take on a tra-
Jectory when the trailn apsed exceeds the critical traln speed.

ey e—
w

Step-down joint, above critical truin speed

If the traln speed exceeds the critical speed glven in
Eq. 2.3-12, the wheel Immediately separates frcm the downstirean
rall and 1its vertical veloeity at the lmpact is deterriined by
the actlon of the gravitational and spring rorces which accel-
erate the wheel during 1its fall. The vertical velcecity of the
wheel 1s glven by

kA .
vy(t) = 3,t = p(l + E)t . (2.3-2)
where t = { corresponds 1o the time «~hen the axle 1z exactly
abcve the upstream rall end. The average veloclty I
Vy(t) = _% ;'(1 + E)L . (2.3-23)
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The tims of 1impact 1s given by

_ n R .
Cymp = = \/mmy - (2.3-24)
y

o

The combination of Eqs. 2.3-23 and 2.3-24 ylelds the vertical
velocity of the wheel at the time of impact:

vy = Yehg(l + M/m) . (2.3-25)

Note that vy increases with lncreasing vertical rall displace-
ment h and wlth inereasing axle load M, but that it 1s inde-
pendent of the traln speed.

In derlving Eg. 2.3-25 we have assumed that the wilidth of
the gap w 1s small enough that the wheel completely "jumps" the
gap. it 1is easy t. show that thls 1s always the case if train
speed cbeys the relationship given In Eq. 2.3-26:

g1l + M
v 2 W h m . (2!3_26)

At and atove the critical train speed V = vV, as given in Eq.

2.3-12, Eq. 2.3-26 ylelds the following geometrilcal reguire-
»
ment:

w? Vc 2
h 2 -yl B ior vy 2V ., (2.3=-27)

For a typlcal gap wildth of 0.25 in. (.635 cm) and a typi-
cal wheel radius of 1% in. (37 cm), at critical speed Fg.
2.3=-27 requlires that the step-down helght h nust be larger
than 0.004 in. (0.1 mm). Accordingly, for all joints whi-h
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may be classifled as step-down Jolnts, one can apply Eq. 2.3-25
to calculate the vertical veloclty of the wheel at the time of

impact for all train speeds whilch exceed the critical train
speed.

Equation 2.3-27 alsc indilcates that for speeds abcve cri-
tlcal speed, very small helght differences are sufficlent to
vield a complete jump of the wheel over the Jount.

Step-down Juint, below critical train gpeed

If the train speed 1s below the critical spscd required
for immediate separation of the wheel from the downstream rail
end, the kinematles of the situation can be described as follows:
The wheel starts to roll down the rall downstream of the joliut,
retalning contact until 1t separates from the upstream rzil
and tzakes Zi. a4 trajectory before the im-aect. Whatever the
case, the vertical aspeed of the wheel at the time of irmpant ig
always sraller than that given in Eq. 2.3-25 for the critical
speed.

1
For small ~aps where w < (2ah-h?)%, the verti. 1 velocity
of the wheel zt the time of impact can be calculated from the

ceometry and from the traln speed as shown schematically in the
sKketch below.

a. V
Vy
a
a-h
20h-h?
|

T =
W

1ok
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The sketch 1indicates that

v

Vt =
y ga

Vv

deah-h’-

a-h ’

Since h << a, Eq. 2.3-28 simplifies to

5

|

Vv

Vy =V

for

vV < V
C

(2.3-28)

(2.3-29)

\ o g T

To galn some 1inslght into the relative 1importance of the rolling
and separated wheel traverse 1n respect to the vertlcal veloc-

ity achleved by the wheel at the time of impact,

let us con-

slder the ratlo of these vertical speeds for rolilng and for

traverse at the critlical traln speed as given in Egq. 2.3-12:

v. (V= V) 2h M
Y3 c =\/'E Vagil*ﬁj
v M *

ylelding

(2.3-30)

(2.3-31

indicating a smooth transition from rolling to separation,

Step-up joint

Tre geometry of a rigld step-up .ail jolnt and tne vector

components of the wheel veloclty at the moment cof 1mpact are
lllustrated 1n the sketch below,

b4
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The velocelty vector trilangle indlcates that at the moment of

imnact, the whecl hias to have a veprtlcal veloclty v, to roll

up on the upstream rail end:

+ vteq o o V2an-nt Y s
Vy = Vtga = 7 —h (2.3-32)

Considering that a »> h, Eg. 2.3-32 simglifies to

-r ;_-’?_H 2 =
A L7 3-33)

dote that this veloecity e=juals 1 wi.nltule thoe vertical

wneel volz2ivy 2ciulred by the wheel when it 122123 «d~w 2

47

Zrer=22We Joint oF the same h2dlcehr difPerence when rhe whee!

ratgling -ontizt wWith the downstrear rajl emd zee fags. o.03-08

il L3090, vthe bpasic difference is thar feroa o storr=dlwn

Sotny, ar low vtraln speeds, Lhe vertloal cwvecd o the wheot

Inersaces rrgdually intil 1t reaches 1tvs naryivrarm vio e 37 Toe
Jrent o tarazi, whllie in the czse orf a rletd step-wm oo
vhe vaewl wauld be preguired Foochiince 1to vertioal e ity
zuiddenly fram zere '7 (o8 value piven o 3. CL5-30 an the
Torent yhen the wheel Impacts or ches upst eear radl oena, an
initcated ir the sketehes bel w, this suwnlen cose 0 wepetical

spewl would rojulre 1 senl-intindts wheso cocelerst o
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Flnze the rail is not infinitely riglz, 10 will deform to
it least par:ilyv izcommciate the impacting wheel mass, ano rhe
change in the vertical velecic¢y of the wheel will be Tist bu
not discentinuous. One would tnus expect "he “ime hls-cry of

rre yvertical wheel veloedty t¢ have a Tinite Initial sloire.

The 1517 ive linpurtancs 7 the heirhs i{frerepcs~ :nd rix
wiirth can Ly foovad By taklng the prarilc 2o rhe Inmpact voeooertd

25 omiven 1o Ly oL FL23=17 and 2L 3-13 respectively, whirn ylelds

Shen
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h = o . (2.3-35)

For example, a step-up Jolnt with 2 height difference of

n =5 x 10=* in. (,01l2 mm) produres an impact veleocity which is
equlvalent to a gap o w = 0.29 1In. (0,834 cm) of & perfectly
level Joint. Thizs example clearly indicates the predomlnant
nature of the height dilfferences as compared with the gap wildth
cf a level Julint.

#ased on E3. 2.3-3%, one can safely cenclude that as long
as the jolned rills are a2ligned, the gap widths usually found
ir practice have a negligible effect on the necise gerneration.
Fractically always, the lack of vertlcal and/or horizontal
alignment 1s responsitle fer the impact nolse generarted by rall
discontinuities. 7The horlzontal mlsalignment cof the 1olned
rail ends may 2ontribute to the vertical impact tecause of the
conlesl szhapings of the wheel tread. Slnce horizental misalign-
rents are especlally dangerous for rlde stabllity, railroads
usually have tlecht spe.ificaticens for this type of misalignment,
g2 that rtheir contribution to vertical impacts may be negll-

The tmpacn behzvicor of wheel flats 1s simllar to vhat ob-
served for rlpie step-down rall jeints. J - Jow train speeds,
rhe upsttezr end of o~ Yloat, gerirnated ©0 1 ir the chevr-

telow, retzinsg ccntact with the rall and the whee. axle moves
iz codiraular path of redius 4 fertered on ocoentact Polnt 1
until the cther end -t the flar, desimatena by &, Impactes on
the »gil, Fropr this moment orn, tho wheel *szkes on ansther

clroular parh of radlus a centered arcund contack Folnmt 2 ourtil
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tne center line of the wheel axle passes aver thilsg contact
polnt, After this. the rcund portion of the wheel ceomss into

contact with the rail whlle the axle pocition remains level.,

2 1
W
1 1 2

Below the critical train speed glven in Eg. 2.2-12, 1the

-

wheel rerains contact with tine raill. The vertinal wheel veloc-
1ty at irpact VV is obrained from comparison of the two eguul-

anfle trlanyeles shown ln the sketeh below, rleliing

v, = V {2n/a) far Vs W D.3-36)
Y 2
ax v
a
v
a ¥
a-h
! 2
A the inzlare when Folons O ¢ onraera the vall, e voed oty
thie Whese D e e podnt chopee s cidroctdon Ve b wnwae 1 -

woredl, Mo e g el Y e oove bty T e i, Pl e



the lmpact veloclty of the wheel glven above., Accordingly, the
total change 1n momentum 1s given by

mde = 2mvy = 2my (Zéh,/'ez);5 for Vv < V., . [(2.3-37)

Above the critical traln speed, the wheel immediately
loses contact with the rail when the flat 1s reached, and the
rotating wheel takes on a trajectory determined by the train
gpeed and the spring-and-inertia foruss acting on the wheel.
Both the time or the impact and the impact veloeclty will depend
nct only on the flat height h, the wheel radius a, and the saxle
loadlng, but also on the angular positlon of the wheel at the
end of the separation time,

After a stralshtforward but lengthy calculation, cuae can
shcew that above the critical speed the total change 1In momentum
i1s piven by

mdv, = 2mv for vz v, ., {2.3-38)

where Vc is the eritlcal train sreed glven 1n Fg. 2.3-17. It
13 1lnteresting to note that the lncrease of impact due to the
hQlgher rotaticn rate 1s exactly compensated for by the shorter
separaticn tlme, which reduces the vertical velr Tty the wheel
Fathers durlns itg separatlcr because of the gravitational ana

spring forces actlne on it,

Z2.3.2 Resilientiy supported rajl

The resilient suppost of the rall by an elastic buallast

bed or by elastilc rubber mounts is of prluary mpoers weoe 1n
reducin, the Jdynamle loadine of boeth the rall and wheel, I
nas been ghown that the statl- and Jynamic behavior o ratl

1ind



rounted on tie and ballast as well as reslliently mounted raill
¢an be well described by & beam resting on an elastic founda-
tion (Timoshenko, 1626, D8rr, 1948; Crandall, 1959).% The
differential equaticn déscrlbing the free rail motlon 1s given
hy (Timoshenko, 1926¢)

Rl a'y + 0y diy + Ky =0 , (2.3-39)
dx* dt?
where y 1s the vertical rall displacement, x 1s the distance
along the rall, E 1s the Young's modulus and 1 the moment of
inertia of the rail cross section, P, 1s the mass of rail per
unit length, and K 1ls the f¢rce per unit rail length required
to producz unit rall dilsplacement. The last quantlity 1s often
referred to as the foundation modulus 1n rallroad engineering
terminoclogy.

The form of rall displacement due to a static force of F,
acting at x = 0 on the rail is giver by (Timoshenko, 1926)

Fo@  _kx
yi{x) = =% € (cos8x + singx) , (2.3-40)

where

g = (I%i)k . (da3=-h1)

The freguency ot free rail vibratiocns is

l‘:
W = ( E i . 3=l
e

¥leelion 2.1 shows that at high requency the rall can be
mndeled even more simply a< an inflnite beam.
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For sinusoiaal forcing the rall Jd.splacement can be obtalned by

replacing the statlic foundatlon modulus by 1ts dynanic eguiva-
lent:

2
Kq = K(l -4 ) . (2.2-43)

=
w
0

Equation 2,3-U3 indicates that belcw the resonance frequcicy
W, the rall displacement 1s controlled by the foundatio:n stiff-

ness and that well above w, the rall acts like an infinlte
beam.

Critisal Tracn Speed

The vertical acceleration needed to overcome the curva-
ture of the lcaded rall 1s obtalned by insertinpg x = Vt 1nto

Eq. 2.3-40 and differentiating 1t twice Iin respect to t,
yielding

q? F0 -8Vt
——% = g 8'v? e (singvr - cosSBVE) . (2.3=44)
dt

The 1nitial vertlcal acceleration nesded for the wheel to
fullow tnils curvature of the rall 1s obtalned by comblnlng
Fgs. 2.3=4N" and 2.3-44, resulting in

yc(t=D] = L’yoﬂzv? s P8 3=45)

where y = F B/(2K) 1s the statlc deflertlcn of the rall under
the statlc load F . The Initial vertical aceeleration of the
rall when 1t is suldenly freed froon the statlc load can be
approxlmated by



T ———— =

Ygplt) 2 w:yo .

It a perfectly round wheel travels over an elastically
supported raill with a rall head irregularity characterized by
the radius of curvature, d?y/dx?, the wheel will separate from
the rail when the upward acceleration (d?y/dx?)V? becomes equal
to the asum of the downward whecl acceleratlors due to the
gravity and spring faorces g(l + M/m), the upward acceleration
of the suddenly freed rail m:yu, and the upward acceleration
of the wheel needed to overcome the "uphlll" deformation of
the rall due to the statice load; namely, 1f

g(l + M/m) + m:yu + Eyaﬂzvz = v¥3{diysdx?) . (2,3-46)

Solving Eq. 2.3-46 for V ylelds the critiral traln speed for
the elastlcally supported raill:

PO 0,
Vogp = s(1+pf1/m)/ 9--"}] — (2.3-47)
i axn- 2y Bt
1 =« — %
diy/dx?

Nocte that the first term on the right side ol Eq. 2.3=47 1is

exactly the c¢ritlcal speed fc. the =zgulvalernt rilgid rall Vog
as #lven In Eg. 2.3-4. Since d7y/dx? > ?yadz 1s a necegsary
requirenent for scparation, the second term on Lhe right side
ol Eq. &.3=U47 18 always larger than unity. Accordingly, the
eritical speed of an elaatically mounted rii' fa always larger
than thar ~f an equivalent rigid rai/!. lurthermore, one can
show that four typleal tracks the denominator 1n Lhe sevond termnm
of Ej. 2.3-U47 dves not 41ffer much {ro unity and VUE a4an be
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well approximated by

]
Vo = vﬁR(l + %— %) , (2,3-43}

o

where VCR 1a glven in Eq. 2.3-4,

Evaluating Fg. 2.3-48 for m = B80 1b (400 kg), Py = 100 1b/
yd (50 kg/m), k = 8.5 x 10° 1b/ft? (3.5 x 107 N/m?), E = 30 x
10% 1b/in.? (2.18 x 10'' N/m?), aand I = 49 in.* (2 x 107% m")
ylelds VCE = 2.2 VCH' lnd?cating a more than twofold increase
in ¢ritical speed from rigld to resllient rail.

I'he critlcal train speed for step-doewn rall Joints and
flat wheels 1s obtained by replacing V¥(d®y/dx?) on the right
side of Eq. 2.3-46 by Vi/a and solving for V, yilelding

.
Vop = [ga(l+t/m)1® (1 + %; g) : (2.3-49)

Here again, the flrst term on the right side of the above
eguatlon 1s exactly the critical spesd for the equivalent rigild
rall case, VCR’ as glven in Ekg. 2.3-12. Tne second term, which
indicates the extent of 1ncrease 1n critlcal speed for the
elastlically supported rall above the eriltlcal speed of the

equivalent rigid rail, is the same as in Eq. 2.3-48.

Wheel Impact

Below crlnical speed the wheel retalns contact with the
rall, In cortrast to the rilpld rali case, where the wheels
have Lo fullow the shape of tae lrregularity, In Cthe case of

an elastleally supported rall both wheel and rall Jeform and
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move up or down 1n order to follow the shape ot the disconti-

nulty. The degree to which each deforms or nmoves out of the way

depends on thelr relative impedances, It was shown in Sec¢c. 2.1
that below 1000 Hz the wheel impedance 1s much greater than

the rall lmpedance. In addition, as wlll be shown in 3ec. 3.2,
the duration of the Impact 1s generally on the order of a few
milliseconds, Iimplying that mest of the frequenny content 1s
below 1000 Hz. As a result, one would expect that Auring Iim-
pact the whee® virtually retains the vertical position while
the more deformable rall 1s pushed down {or permitted to 110t
up).

Although Sec, 2.1 has shown that the rall 1s besat modeled
as g beam above the resonance fregquency Wy conslderable sim-
plifiation with minimal lcss 1n accuracy can be obtalpned by
modelling the rall with an equivalent mass, Accordingly, the
formulas deserivin

nditlea ror elastl

the 1impact caus2d by the varicus diarnnti-

e

ally supported raill are obtained Ly replac-
lng the wheel mass m by the equivalent 1lmpact maes of the rail
Men in the corresponding formulas derived feor the rigid rall

n

Ccale.

The equlvalent impact mass of an elastleally sapported rall

has been calculated by Jenkins (1974} as

'7’3 14 '/‘5 .o
~ i " - El . 2 L3=500
meq = OQLT{0.7‘J)T(1.,5)V{9] (—‘k]{)
where kH s the Hertzian ~ontact stiffness. For typleil values

of kH and EI, Ha. 2.3-50 ;ields (Jenklns, 1974)

qu = 0.4 pg‘ ¥ LE:’.j-—Sl)

where Ry 13 the mass ol one meter ivmrth ot rall,

—aa, vy e
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Above the critical speed glven 1in Eqs. 2.3-47 and 2.3-49,
the wneel will separate from the rail. To restore the raill
deformation caused by the formerly applied static lcad, the
rall moves upwards with nltial veloci.y which can be approxli-
mated by

valt) =y w . (2.3-52)
Asszumlng that the heavy wheel willl not change 1its vert:cal
pesiclon during the short time of separaticn and that the
helght difference h is smail compared with the static defllec-

tlon ef the rail Yo the tilme of separation t
culated as

1mp can be cal-

t
J 1mp v(t)ds = h = -y
1]

(1 - cosw,t) , (2.3=53)

o

ylelding

L
- _+ {20 o
Yimp T & (&a) : (2.3-54)

Inserting thls value of t Into Eq,. 2.3-5¢ ylelds the rail speed
at instant of impact:

vr( )=y w (¢,3=-5%)

G

t1mp

At the time of lmpact, the raill and wheel have momentums which
are approximarely of the same magnitude bhut nopposlite 1n phase.
Accordingly, beth bodies virtually lose thelr velocity atl the
#clllslon and the total chanpge 1n nomentuin can be well approal-
mated by



o D
2vr(timp)me 2y, m

, h. 2 )i
. Y- (1 - ——) ‘ . (2.3-56)

eq¥

Combining Egqs. 2.3=40, 2.3-41, 2.3-42, and 2,3-56, one can

show that the fotal change 1n momentum 1s

ym : 2/?hmeqFo

2vr(timp eq

(2.3-57)

Accordingly, the impact sound generuted increases with
{noereaging height di fference, inercaeing impaet mass of 1ail,
and incereasing axle load. GSince arle load and rail mass are
ueually determined by static cosgiderationyg, the only param-
eter gvatilable for contrelling the impact noise at train speeds

above eritical apeed is the height difference h,

The impact formulas for elastically mounted rall are sum-
marized in Table 5.2 on paze xxxlv.

2.3.3 Prelimimary voeitication of impact formulas

Limited scale-model and full-scal= exmerl.ents have been
carried out to verify the impact feomulas tresented 1n the
previous two sectlons, As discussed in deta in Sea. 3.3,
the results of these preliminary experlnents indlcate that the
analytical model properly describes the derendence of the peak
sound pressure raused by raill discontinuiries on traln speed,
gecmetry, and tne dynamlcal characteristics of the wheel and
rail,

No experiments have been carried oul to verlify the impact
nrolse mudel for flat wheels, However, the close peometric
simllarity between the wheel flates and step-down rall Jclints
makes 1t wery likely that the analytical model tor prealetine

Impact nclse rzused by flat wheels Is alzo aorrect,
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2.4 Roar Nolse Predictive Formulas

Roar or rolling nolse 1s the name glven to the wheel/rall
nolse produced by the microvoughnesses on wheels and ralls. In
thls section, we analyze the vibration caused by these wheel
and rall roughnesses and estimate the wheel response, rall re-
gponse, and sound radiation, drawlng heavily on the simple
nodels and measurements described in Sec. 2.1.

2.4,1 Wwneel/reil interaction and rusponse

In order to determine how wheel and rall roughnesses gen-
erate vibration, conslder a smooth wheel moving along a rail
at constant veleclty, V. If th: wheel encounters a bump on the
rall, the whe . will be dcflected upward and the ratil downward
by amounts -ua. depend on the size of the bump and upon wheel
and raill resistance te motion (impedance). If wheel/paill
contact 15 maintalilned, the sum of wheel and rall displacements
1s equal to the helght of the bump,

Figure 2.4-1 1llustrates the guneral case of a rough wheel
rolllng with a speed V along a rough rall. The roughnesses of
the wheel and rall are shown as (exaggerated) perturbations of
a smgoth circular wheel and smooth rail surface. At any ln-
atant, the vertical position of the wheel refelence circle, Vs
depends on the position, y , of the rall, and on the wWheel and
rall roughnesses, w and r,hwhich are measur=sd wlth respect to
the smoo-h wheel and raill reference lines:

Yy S ¥, v bW (2.4-1)

When both sides of Eq. 2.4-1 are diffzrentiated with respect to
time, wheel velaclty Vi Is defired as posltive upwa:d, and rail

veloclty Vi, 45 posluive downward, the followlne relaticnship
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applies between wheel and rail velocity and the rate of change
of wheel and rall roughness due tc motion of the contact polol

Vi + v, = o+ ow o, (2.4-2)

If the roughness of the wheel and rall 1s a sinuscidal funetion ol
fregquency w, then the amplitude of the sinusoldal vertical force,
F{w), at the wheel/rail interface can be related to the amplitudes

of the sinusoidal wheel and rail velocities Vw and Vr respectlively
as

Fla) = 2V = 2oV, (2.4=3)

where Zw and ZR denote the point impedances of the wheel (curn-
nected tw the vehlcle) and rall {(in sizu) at freguency w,

respectively.
when we solve Rgs. 2.4=-2 and Z.4=3 for the interactlion
f2rze and resulting wheel snd rall velocities oo thie contact

p>int in terrs of the roughnesses, we ~btalin

oo
HH‘-”.NT s . ~
Flu) = 5= [rlw) + w()] (2,u=b?
I,
. =y . . . L
Lw(w) = [r{w) + w(w)] (o.4=7)
“HTW
and
7
"W - .
AR - | + L
“I"(LU) ZH+Z|F \-r’("‘d) N(“U)J ' kh.hl r-)
In fact, the rail vcwhness 1s a randon virdiari=s, ing 10 0 ay
Justiflatly be characterizeaq as a staticnary A FIB IS (e T
with a wavenuriber spectrur, ¢ tkl. liere, v 1on -28 aqvernimter,

rr
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Mcre care must be e¢xerciced in characterizing tlie whee]
reughness. 1f the rcughness were uniform acrosc the running
surface but varled clrcumferentialiy, 1t would be characterlized
completely by a Fouriev serles. However, since lateral proflle
varlarions are significant, one would not expect the circum-
frerential rourshness pattern te be repetltive as the wheel coscll-
lates laterally over a rall which alsc centains lateral irresu-
larities. Accordinegly, we can also model the wheel roushress
45 3a statlonary randem functlon. By doing so, we can Writs a
simple expression for the relatlonship between the frequency
sapectra of dependent variables Ilnvolving Iinteracticn forzes
{e.g., wneel veloelty and rzil veloglty) and of indepoendent
variables {e.r., wheel and rall roughness veloricles).® How-

vver, the f{rejaency spectra ol wheel and rall roughness veloco-

itles depend 2nn the speed wlth which the wheel travela Jver the
rail Ivn is nwore 2onvenient o Jdedi with an irvirliant messure
of the roughness, Such a measure 13 tne wavenurmber s.ectrur

of she mignituide of the roughness,

The relaticon betweer a freguency and wavenumber spectrum
is uviven by

by lerde = e (k. (8 4=T )

Zquatirn F.d=7 rellcers a reguipensnt for - qual mean-gjazre

va.ues in orrresponding rreguency ind wavenumber bards, Do

¢oF KV

A e spectoum, ¢ddﬂﬂj, aF 3 dependentr vaviavle 1s ped

wced ¢
the spectrum, ¢i‘(u3’ ol an independent voristle be b
i ‘

ij\u)
[iiw) | - bygiw), whiree Hiw) Is tne transyer Punctlon relqd b
teotwo variables, LEguations 2.6=8, S 4-5 and 2.4 provig

the rejgulred transfer functlons as ratd s 20 the wheel iy
rall Impedances.,



wtttm) ' V-l¢xx(ﬁ) . (2.“—8)

Since 5 veloclty spectrum is simply w? times the displacemeit
spectrum, we may apply Eq. 2.4-8, alcung witn the general rela-
tion between an lnpat and output spectrum, to Egs. 2.4-4 -
Z2.4-£ to obtain:

K
2 A
. - w | _RTW r > !
¢F?<“) Voot L¢rr(k) * ¢ww(k1] ’ (2.4-5)
ool wm . . . B Ca L
¢J'\’ ‘v’_fﬂ'J Y zﬁ"‘l. LJLHI’I““‘\':| * i‘\,‘“[]‘_,] [P h=100
WoOwW t

and

'y

—
4
A
-
£
—

1l

= [: i + fwd] . TR BN
%‘+Z | L+FP(K) iww A 4 >

wnile Ege., 2.4-9 to 2.4-11 se=rinely sugeest that at a
imiven rregquengy tne £ roe and veloelty spectra decrease wlith
Inereasing venlcls speed, thils 1s non 'he oaseo. R STRE R T
Lhe 2apn 32t that 1o oa gleen Preqasnzy oan Lnrr-ase inosreel lo-

nld

Q)
03]

2 detreasc 1In wavoerootber, As 2 reudalt | toe o way o hie

i

speotid -2 dAnceracrtion force and wneel and rall oelosities v

]

with tv3in sre-d depends fntimately 1 the onaricter o 1 the

wheel zna »ill roughnosses,

If one were -0 messure wheel and ralr » owebinese epect ea
and use Mgr. Sub=U - o d—0l te predler wheed o wnd crilow b
ana interadtion Coree s b owouldd Lee bnoooosiaerande oo

High fregu-reles,  This =reov peaulte Froe dha Dar vhet erep



the wheel ¢of a rapid tranclt cacs rests on the rail the conta. !
area between the two 1ls finlte 1n size, Consequently, those
components ¢f the roughness spectrum that have wavelenpgths on
the oprder of the dinensions of the 2untact pateh orea are ef-
fectively flltered cr averaged out. Wwe discuss thils concept
In more detall below.

Centuat Patohk Yavenawber Filtering

When a repid transit car wheel rests +n a rail, the loecal
elastlc deformations o+ the surface ol rthe wheel and rall pro-
duce a finite area over which the vheel anid rail are in intlimate
contact. The area of -~ontaet 1s usually an ellipse in shape,
the maJor and miner axes of whirh Jdepend co the lcadling applied
to the wheel, P, the modulus of the maverlals in the wheel, E
and rall, E

W

p» the radlus or the wheel , a0 and the radius of

curvature on the head of the ra'i, a,.,.

ilrng these ades can be founue in Timesheake and ioodler (1951,

Fermuias for ecaloulst-

Thapy L3, A-tdiele 120, The form of the oguaaticns o the

length o the axts o2 the «1llpse ig

3 1 A 1—\,‘2 1w
3 o _wir i fy 3
TS a +a \ E T TE ) ConTes
ST a u .

wrnloh shoews o weik Jdeponrience on all o f the gloe quantitles,
Y otypieal trarolt car wheel 30 In. (e s In diam ter droor
W00 I LA 500 Ny Uan o rertlnye onocoral s with oo radius of
arvature nan the head oF 10 2o, (30 omgopronites A tognd et

pateh ~0,35 I, ¢ 0006 T Ctmm v £ LB e

A o the rummdng su o ie P ot Whee!l jaaanes tortelsh Lo o nre

tact pateh and the ¢oriact pateh moves uerr the surtace of e
r=l1l those corponents o8 the rouchness srectrur whone waveleihye

are much preater than e cimencions o the ool ptel are



essentially unuftected. Those components wnose wavelengths are
less than or on the crder of the dimension of the contact patch
may ve conslderably attenuated, simply I'rom an averaglng process
over the area of the contact paitch, Not only the wavelength
along the rall Is 1mportant In thls averaginy process, The Jde-
sree of corrvlation between roughness preflies swawured in par-
allel paths along the rail and arou:nd the wheel 1s also imporo-
ant in determining the degree of wavenumber [llter!ing. If
parallei paths separated by a distance on the order of Lhe lat-
eral dimension of the contact patch are well zorrelated, then
the contact pateh 1s a less effective wavenumber fllter than 1n
the case where patns separated by that amcunt are poorly corre.
lated,

Apprendlix B presents the detalled mathematics for rthe derdva-
tion of the characteristics of the z2onta2t pratch waverumber
tilter, Tt 1s ashown that for a ¢ireulsar corntavco paich of

radlus %, the filter transfer furcrvion ls piven oy

4 , tanT

I Ji Gk usecyidy 5 (0 khesy

wWiere k“ s the wivenumper along the lenplh of the vrall orp

araynd rthe olrcueference ar the wheel and o ls 0 curs ant de—
terednlne the depre~o o0 ccorresiation between paraliel royghneasa
prorlles gt a wolven wavenumber [Loe Appendix 1. Lo o in-

rLles ooor oopreelacion and gmall o Amplics stronny coovelation,

sywatloon J04-13 has beer numericoally it crated Por vl

cus ovaliaes o f oa o and s prosented In e, o 4=l when e ex-
amines the curve o = 19, It ia appa.rent that ciendtd ome f111er -
ing can oocur. wher, wavelenirthe are on tre opder o0 - Loy

the diameter ot the ccrntact patch (kb = 1) v it peducting 1n
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level 1s achieved. [or the contact patch sloce caleulated above,
thls reducticvn would ocour for wavelengths on ‘7 order of

0.75 in, (1.9 em) to 1 in. (2,54 em)., Tor 1 rapid translt car
traveling at 40 mph (04 km/hr), these wavelcnsthe correspend to
TH0 to 1000 He. It should be emphasized Lhdat the derlverion of
Eq. 2.4-13 and Fip. ¢.4-2 regulres muking s.ome assumptlons
about the roughness wavenumber speciruam acrouss the rall nead or
goross the wheel tread. In Egq. 20«13 1o has been pssuned that
For a glven wavenurber component Rx alony the lengtly o f rhe
rall or around the clrcumference of the whee!, the corvelation
length across the ratl head or wheel head {5 procortional Lo
1/ak, . “ther assumptlons are alsu pesslible, 03 Is discussed

Iln Apprendlxs B,

Conbining Eq. 2 b4=13 witn Eas. J.d4-9, S4=10, and JLh=11,

we obt 31 il
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Havling recognized the role of the locral deformati-ns av
the wheel/rall interface In effectively filteriny the short
wavelength components of roughness, we laonediately speculatred
on the effect of thia logal leformation on the wheel and raill
Impedance whilch appear in the above response 2quations. We
have examined this effect in Appendix C and found 1t t. be ney-
ligible except at high frequency. Af a 1resault no carrectlons
for the contavt stiffness will be made in the response equa-
tionsg.

2.4.2 Sound radiation

The preceding response equatlons, Eqa. U 4=1% and 2.4-16,

-

are, o zcourse, for the response at the poulnt o' contact between
Lhe wheel and the rail, It remalns to translate these responge

spectra Into sound pressure levels (UFL) gpectra at the waysiie,

The Rai

The acoustice radiation from the rall has already been ex-
amined "n some detall In Sec., 2.1.4 11 the discusszlon of direc-
Fivity, Recall thab the geoustle pressure spectran at Jdistance
W rreom " he rall due to g single point of exeltation dlrectly
gppeslite the polnt where the pressure s meaxsures e wolvern by
o) (79;”- A T N NN 2

v

whe e the direetdvivry function DY has beon Taken s un'ty das

deseribed 1o Sec. S04 and where
firit) = 1 ; nho o«
{nRk) = 1l/nR , nrR oo
[

T ST,



In general, for multiple exciltation polnts, such as the
many wheels of a train, one gimply adds the mean 5quul'e pressure
produced by each, since *‘he sources are Independent. Unforcu-
nately, Eq. 2.4-17 15 not valld unlesa the point of oxcltation
1s directly opposite the recelver, 1.e., the positiong fur mea-
suring the aconsti: pressure lies on a perpendlouldr te the
rall at the point of excitation. If che point off ewcitart o
actually lies a distance L down the r (] we distingeutiat 1we
cases, 'The filpst case, L << R, can bo approxtmer =1y delormd el

by Eq. /.4-17. The second case, L »> R, "an '« dorived rroen

the "exact" expression fors the pressure svectidm o o o
. {pz)?* .
@P(uJ L‘.IHI_UH + '-\'F) L ¢VPVI‘L»)

amm - , -
) AT “nl v e Ty

* ¢ ok il J - oo - o ,
LR -1 xT4RS

whiv . for L > B ooan be owell appr o simo g Ly

y: Yoo - 7

where I*.lf"\l“. Laolhe ooxr0 et L Y
[2Y)
- 1
“
. |4
LA [}
The bLracker o Loy 4o by, il it T i Y
._YIH . .
Multiplylong the valuez Ly that 1, 1 by v Y :




Liv

L>>R

nl =10

—m
[y
"
.|
*~

1

!

AN

— O
\k
prrti———

3]
“
-d

L]
"

-
P

3

)
l

&

=

4
(e )y + [(2)'3_ 8k -1 ] 26y w0 .3__

o

|
|

D
‘80 01

SRS

LV R,

[STANCE CORRECTION FOR RAIL &

n
L

2.4-3

FIG.



perpendlicular dlatance fron th= raill to the receiver, vives the
appropriate distance correc! lon Tfor the sound pressure 1evel
radlated by the raill, Figure 2,4-3 showd a strong tendency at
large rlL. r'or the SPL 'rom the ratl, to remaln constant with 1isw
tante from the yvaill., This results {rurm the fact that the cune
tribucion Lo the rall nolse 1s primarily due te¢ the ra'l vibria-
tion at the excltation polnt andt for L o»>> R the distance [rom
the excitation polint to the recelver adves not change slenifi-

cartly as one moves away from +he rail.

by netng BEgs. 2. 4-27 or £.04-13%, then, wne can calend e
the SR from the 1o dl due to a silnple exci{tration polnt, Fur
many excltatlon polite, one simply sums the mean sguare proti-

sure from eacn,

The whee!l

Roar acceurs when the wheel 13 exelted at the rread In the
radlal directlen.  The reaponse iln k. 2 8-1- pererc to the
radlal metlon of the wheel tread surtface. Howsver, the prio vy
radiating surface of the wheel (prestest arsg) Is the waet
Fortunatoly, Ln See, &0 L.0 Lt wias ohewn that vibe tion leve s
Averdeod aver 'he wheel tread o tne rrbial divest o ane
esgentially =34l to the axla. viteratden levels qvepnood oyver
Liie Web, Thizw, astines ko cLol=n ol tret i the wWhe ol s
ronzpo e source with unltfovr rectlvlity Cuoe Seo 0 010480 pe-
sudts In wne Uollowlne sxprescion rer The pressur s et gl

dlvtanee B oUpor the whesl:

e T .



where ¢ {w) is the spectrun ol the radial velocity of the

Vv

cr
wheel tread at the peoint of contact between the wheel and the
rail.

Predictive Formulas

Fquation 2.4-16 appropriuately combined with Fns. 2.2-17 or
2,4-18 and Egq. 2.4-16 combined with Eq. 2,4-19 yileld an ananlyt-
1:al predicticn of' the pressure spectrum produced by a sinvle
wheel lnveracting with a rail, 1Tt 1s usetul to rewrire these

]

expresslcens In terrs of the HPL In a glven frejuency biand Aw,
Combining Equ. 2.4<17 and £, 4-18 with Eg. Z.4-1t, ana hg.
2,04-19 with Egq. 2.4-14 ) diviaing fne pressure are*irum by

pd(2 + 107 N, the standari reference pressure), mult.ply-
Ing borh sides ot the egquation by Aw, and talkine *en times the

lagavithm of both sldes ylelds Jor the w»af.
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G{nR,nL) = e"“I‘ [2—E cosh nL(l—nL)er'Ii E.(HL) + f‘(nR)]
for T, =» R#

whers K 1ls the pernendlcular dilstance Crom the rall to the re-
celver and % is the distance ulonpy the ruaill from thiat perpen-

dicular to the excictation point., Fer the whee!

(w) a? . :
SFLA._._\ = 1N lUg‘, DW + 10 lth" :—)ﬁz"' 10 Lo 77—

a2
+ 10 low |Ho (kEY(2 + 10 1.0 2=
OF | op )I F T

e b _(k)Ak

~R » (2.4=1

where R ols the distance from the wheel to the recaiver.

Equaticons 2.4-20 and 2.,4-21 censtitute the rarmulas Yo
the prediction of roar noise due to wheel, rall Interaction,
They reldire knowledyge of:  the radiation efflzierey 3 oF
wheels ard ralls, measurernen's ¢ f whish arce Jdescriced In oo
i.1.3; the veonetry (wheel rodius, rail fesa apd oot wlithas
ligtun- v to the recelver); the wheel and rall impeaanoe D, it

Thire rocret

:q, measurements of which are found In dee, 11
&

1othe s-ontart patch (which Jdepends on whoee! il e ooy and
1yad); aind the rodehness spectrun o nothe whes Jooanz ol oo
mtii rerartly oL oniasurenenty OF P"R(k\ exlated, T
Seetiom o decertter q odevies bullt durleee rnio e e oot e

b Jdara,
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2.4.3 Wheel/rail roughness measurements

During the program described in thls report, we developed
a device for measuring the roughness spectrum on wheels and
ralla. With the device we cobtalned s-me representative measure-
ments of wheel and raill roughness ecn wheels and ralls in revenue
gaurvice transit systems. Additlonal data appear In Sec, 3 where
the Pullman Standard verificavlicn tests are described.

Jeneral Deseription of the Koughness Megsuring Device

‘A siketch of the roughness measuring devite 1s shown 1In
Fig, 2.4-4. It conslsts of a probe pulled -long by o carrlage
meving alone a smeot! trach {I-peam) parallel to the ral. at
constant speed u. An acceleromet2r i3 artached Lo *he probe
which 1z 1n sontact with the "rough" rail surfuace, The nraobe
13 attached vo the carriage by mearns ©f 1 hince Jolnt (1 strip
of teflon). The roughness of a wheel 1s weasared in a similar

war, 1l.e.

g , Dy mounting *the carrlaee to 2 tatle with the prube
fouching the surfses of 4 rotating wheel.

The ospatlal flucrtuat!ons >f the pall -pr wheel zurface are
converte? to temporil flurtuatilonsg or acgelerition at thne probe
50 that the power rocomded L Mreguenty w corpelponds 1oy

spati:L viriation of waselenso b oa Slven oy

it
N
Troobeth o rases, the torrl wmTiroal o veelovde Ly L oo ierp ot e
Ta partially du Vhee o Leninee D U e muen e andeer rea
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The extraneous vibration transmitted from the carrlage to
the probe was minimized by the cholice of a hinge to couple
the carrlage tco the probe. The hinge is effectively a low-rate
spring that with the mass of the probe forms a spring mass
vibration 1sclation system, 1.e., effectively a low-pass filter
for relecting carriage-generated vibration. In general, car=-

riage-generated vibration was not a problem, primarlly because the

roughness of the I-beam was much lower than the roughness on the
wheels and ralls beling measured. A detailed laboratory evalua-
tion of the device was carried out to verify its proper opera-
tion., Appendix D presents the results cof that successful
evaluation,.

Preliminary Rail Roughnecss Measurements

The roughness of typlcal rall sections under normal use
was measured during fleld trips to the Boston and Malne raill-
road yard at Ayer, Massachusetts and the Massachusetts Bay Trans-
portation Authority (MBTA) station at Forest Hills, Massachuetts.
The data were stored on magnetic tape that was later used to
obtaln 1/3=-cctave band spectra.

The first set of data was not flltered before belng
recorded, because z relatively constant spectrum level was
anticipated. Thls "all pass" record proved, however, to be
undesirable because the useful slgnal was masked by high-
frequen:y nolse. Thils nolse was partlalliy produced by small
plts which are abundant cn all rornally used rails and parti-
ally vproduced by a contact resonance which was e.tirat-1 t> be
in the vilcinity »f ! kHz. When the hl,h frecgiaencles were later

filtered out, the actual low-freguency sl,na. wa3z <co> -~.ic0

Ff

e LI

the system nolse flcor to prcduce any meaninerul results.
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The results of the background nolse and carrlage signal
measurements are in the form of 1/3-octave band accelzration
spectra. It ls desirable to transform these measurements into
wavenumber spectra of roughness amplitude which are invarilant
with probe vcloelty. Egquating energy 1n equlvalent srectral
bands, one can show that

1

¥

= - -22)
- Voo (waw = @ o (k)ak , (2.4-22)

where AK = Aw/u, u 1s the probe velocity, ¢aa(w)bw is the
1/3-0ctave band acceleratlion spectrum sensed by the probe, 4w
is a 1/3-octave band bandwidth at frequency w, and ¢mR(k) is
the migioroughness wavenumbel spectrum. “The gquantity ¢mR{k)Ak
1s the exact measure of roughness required in Egs. 2.4-20 and
2.4-21 to produce a 1/3-octave band SPL spectrum in which k and
w are related vy k = w/V, where V 1s the speed cf the train

for wrilch predictions are made.

Uslng Eg. 2.4-22 we have reduced the data taken on a num-
ber of segments of MBTA main-line trolley tLrack at the Forest
Hills Statlon, In Flg. 2.4-7 these data are compared with an
estimate of the rall rcughness on the Staten Island Rallroad
{based on rall vibration) presented 1n a recent paper by
Bender and Remingtoen (1974). The agreement between tne measured
and estimated roughnesses glves us further confldence In cour
device. The discrepancy st high frequency 1s expected, since
Hender and Remington's estimation procedure breaks down above
~1000 Hz. The data from which the estimate was derived were
taken during passage of a train at 35 mph (56 km/h), Av this
speed, frequencles of 1007 Hz are produced by roughness com-
penents having a wavenumber of ~10 rad/in. (~4 rad cm) which 1s
Just where the data and estimcocte start to diverge,
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Peeliminary Wheel Roughness Measurements

We took prelimlnary wheel roughness measurements oh a
24.5-1n, (62.2-cm) diameter, 1200 1b (540 kg), surface-line
{(streetcar) wheel during a one-day field trip toc the MBTA main-
tenance plant at Everett, Massachusetts. The tested wheel was
in falrly good condition wlth no excesslvely rough spots.
Roughness spectra were recorded on the wheel tread befcre and
after the ..eel was finished. During the data acquislzizn,
the roughness measuring device was statlonary and the wheel
{(actually two wheels and the Jolnlng axle) was rotated on a
heavy-duty lathe, as shown in Filg. 2.4-8.

The rotational speed of the wheel was 30 to 100 times
slower during these tests than during actual tris- operation.
The lower speed 1s undesirable 1in that 1t means a reduation of
the frequency generated by a speclfic roughness wavelength A
a3 well as a decrease of the resulting aecceleraticn, thus 1m-
palring the signal-to-noise ratloc. However, too hiph a speed
results In such high acceleratlion levels that the prebe Jumps
cf ' the wheel surfacs. When the tread surface of the wheel ls
plitted, the Jjumplng-off problem 1s especially bad. All wheels
tested for roughness, except {'or the finished wheel, had pltted
surfaces; therefore, we reduced the gpeed unti’ the "no-Jump-
off" conditicon was satlsfied for mont of the 1 rorded signal.
The speed cof the probe relatlive o the measured -nrface was 1in
both cases (wheel and rall) approximately 15 In./s = (38.1 cm/
sec), There were still occaslonal spikes 1n some cases which
resulted from the Jumps, but they were isclated enourh that
thelr effect on the long-tlme average was insignificant,

We next tested the wheel set, 2U4.5 and 24 in. {(C.E?

and 0.61 m} 1in dlameter Lefore and after turning, respectively,
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that together wlth the Jolnlng axle, the axle casling, and the
lass transmission gear was mounted on a heavy-duty lathe, The
axle casing was tled to a flxed structure so chat only the
wheels-axle-transmission gear combination were 1ln mctlon when
the lathe was runnilng at 12.2 rpm. The probe was set 1n con-
tact with the wheel surface as shown iIn Filg. 2.4-8, Vibration
1sclation between the carrlage and the floor was provided by
the heavy support Q (& stack ol plnlon gears) and an underlying
layer of foam rubber, The carriage was mounted to a channel-
shaped beam, H, that rested on Q and was held firmly in posi-

tion under the 1400 1lb (630 kg) welght of a main-line wheel, W, .

The acceleration levels 5, SA= and SB measured at polnts
P, A, and B, respectively, are shown in Fig. 2.4-9 for the un-
polished whee.. Each curve 1s the average of three 3j2-sec runs.
The line of contact between the wheel and the prcbe was near
the fiange; a llne of contact farther from the flange gave
similar high-frequency readlngs but locwer low-frequency read-
inegs.

Thz reading SB ls taken with the lathe 1n operaticr but
with the probe and wheel not in contact. Tne contributilon of

S to 5 is hpS

funetion. Clearly, HpSB 1s much lower than Sp and car be
readlly neglected. The level of S, Is conslstently hisher when

B
the prcbe and wheel are 1n contact; 1n this case the high SB
reading 1s caused by vibration transmitted throush the probe

arm, not through the carrlage foundatlon.

5 where Hp 1s the carriage to prche transfer

The accelerometer A was placed at numercus locations on
the lathe and axle casing; cn-spoct comparison showed that the
vibratlon was highcsg on the axle casinrc, particularly near
the rotating transmission gear. We chose polnt A (Fig. 2.4-8B)
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on the axle casling because 1t was closest to the whzel-axle
Joint. As shown in Fig. 2.4-9, the results for SA are qulte
close to Sp between 50 ard 100 Hz. Hcwaver, the proximility of
SA to Sp 1s not s0 real as 1t appears 1r these plots, It 1s
reasonable to expect that the masslve wheels wlll be less
responsive to the stimulus generating the type of vibration
plc«ed up at polnt A. <Consequently, SA should not be taken
literally as nolse contributed tc S, but rather as a maximum
upper bound. Assuming this 1s true, we can then use the total
value of Sp to calculate the wheel roughness, whlch will be
slightly overestimated.

After tests on the unpolished wheel surfaces were completed,
the wheel was machined with a layer approximately 1/4-in, (0.6
cm) thick being rermoved. First, a rough finish was performed
at low spoe¢ and then a finer finish at a higher speed.

As stated earlier, the tested wheel was 1n fairly gocd
condition even Lbefore it was polished. The reason 1t was
machlned was to keasp 1t the same diameter as the cther wheel
on tne axle, whlch was in derinite need of repair. This was
3 rather fortunate coincldence, because the majerity of the
other wheels scheduled for repalrs were too rough for our de-

vice and weculd require a much lover turning speed.

The 1l/3-cctave band wavenumber spectra for the wheel be-
fore and after polilshing are shown in Fig. 2.4-10. The data
were reduced from the zcceleratlon spectra in the same manner
as for the rail. The results are slightly unexpected, because
the polished wheel appears to be slightly rougher than the un-
pollshed cone 1in the mid- and high-frequency range. We do ob-

serve a definite improvement, however, at low freguencies.
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Two factors are probably responslble for the pecallar re-
havior 1n the mid- and khigh-frequency range. Flrst, as stated
earller, the *ested wheel was in fairly geood ~onditlon to start
wlth and, ctherefore, no major change in 1ts roughness cculd be
antlcipated. Second, there was evidenge of occaslonal surface
chattering with a spatlal wavelength of the order of 1 ir.

(2.5 em}). This could explain the two distinet peaks a% £ and
16 radlans/in. (3.1 and 6.2 radians/cm) which correspcond to3

A~ 0.75 and A ~ 0.375 in. (1.9 and 0.95 em). Tris machine-
created "roughness'" 1s probably smoothed out during an 1lnitial
period cf operatlon before the overall surface condition of the
wheel commences to deterlorate agal.t.

In any event, the wheel roughness after lathe *urning 1is
about equal to the rail roughness plotted in Fig. 2.4-7.

2.4.4 Prediction of roar noise

With rhe roughness data of Figs. 2.4-7 and Z.4-1C and the
analytical formulas cf Eqs., Z.4-17 and 2.4-18, 1t is possible
to make a prediction of roar nolse for the B

] -

4, We can then
make an crder of magnltude compariscn with the data of Mickley
and Quinn {1972) taken on the South Shore line ~f the MEBETA
(weldea rail) Just after that line was opened,

We will calculate the SF° at 25 fr (7.5 =) from the track
fur a traln composed o {our META Type I fouth Shcre Rapid
Transit cars. These cars are 70 It long (21.L m}; have trucks
with a4 6.83 ft (~-2.1 m) wheelbase; have a center -c center
truck length of 51 ft (15.6 m); use 2B 1in., (0.71 m) diamoter
wheels; and welgh ~F0,000 1k (27,700 kg). We will use the rali
and wherl roughness data in FigFs. 2.4-7 and 2.4-10 {=.0oth

wheel data) and assume a 50 mph (80 km/hr) traln speed. Lheae
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speelfications correspond to a number of measurements performed
by Rickley and Quim {1972).

Predictive Formulas

Taklng the rail to be ARIA 115 1b/vd {56 xg/m) and the wheel
to have 1000 1b (454 kg) mass wilith a head cross section 5.5 ‘1.
wide by 2.75 in. thick (13.9 =« £.,9 cm) and using che impedance
models of Seec. 2.1,1, we obtaln the impedance amplitude shown
in Fig. 2.4-11.

Taking the load per wheel to be 10,000/1b (44,500 N}, we
obtain a contact paten of 0.32 = 0.26 in. (B mm x 6.5 mm). In
order to use the filter characteristics of Plg. 2.4-2, we will
1tse an equlivalent radilus deflned oy

r
H
rJj

Yed = 0.15 in. (6.8 mm) ,

where ¢ and d are the length of the major and minor axes of

the elliptical contact patch, Thils relation 1s based simply

on equivaient areas in the cirele and ellipse. Adding the
roughness spectra for the smooth wheel in Fig. 2.4-10 znd the
cughest rall In Fig. 2.4-7 and multiplying that result by the

wavenumber [ilter characteristic Hcp(K) for @ =10 in Flg. 2.4-2

and (pcmfpoiz, we obtain the rcughness excltation plotted 1n

Rig. 2.h-12,

Taking the wheel radius a2 = 14 in. (35.5 cm),the raill head
width wy = 2-73/32 in. (6.8 em), the foot wiath w, = 5.5 in,
(14 ¢m), and the perpendicular distance f{rom rail‘to the ob-
server R = 25 ft (7.6 m), we can write the equation for the
SPL from 2 single rall and wneel:
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2
(R) Ty ’ [ pew \?
SPL 10 log oy + 10 log |———| + 10 log (——
ﬁu H Zw"‘ZE' p°
. Hcp(k)¢mﬂ(k)Akl - 21 + 10 log G(nR,nL)
) Ze | :
r (W R pew \* \ :
SPL, 10 log ZR+Zw + 10 log (-E:) Hcp(k’¢mﬂ(k)ﬂk,

Rf
- 26 - 20 log 7T >

where R' 1s the linear distance from the wheel to the ohserver
and L l1ls the distance parallel toc the rall from the observer to
the wheel.

We must now sum the contribution from the 16 wheels on the
traln. We wlll ignore the wheels and rall on the oppcsite
slde of the track, assuming that the car body effectively blocks
their contribution.® The geometry of the situation when the
traln is opposlite the observer is shown in Fig. 2.4-13.
Further, we only cconsider the four wheels directly opposite the
observer as slgniflicant wheel sources. However, all slxteen
wheels excite the rall and we must account for each. Al some
frequencies, when the loss factor 1, which determines the decay
rate along the rall, 1is large, the exc!catlon of the rull by a
wheel far down the track will not tontribute significantly to
nolse perceived by the otserver., However, 1f n is small, the
excltation produced by a wheel far down the track will result
In silgnificant vibration in the rall directly oppcsite tlre
observer. The distance for sound propagation 1s than E as

#This will, at most, lead to a 3 dB underprediction.
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opposed to R' (see Fig. 2.4-13) and, as a result, the excitation
in the rail produced by the wheel may be a significant source
of nolse.

The mathematics for the process have been worked out
approximately 1in Sec. 2.4.,1. Using the values of n measured
in Sec, 2.1.2 and Figs, 2.1-25 and 2.4-3, we find that below
2000 Hz only the excitaetion produced 1n the rall by the four
wheels directly opposlte the observer contributes significantly
to the radiated nolse. Abcove 2000 Hz the execitatlcon produced
by all sixtesn wheels 1s signiflcant.®* The result of carrylng
out the above calculations 1s shown in Filg. 2.4-14. Both the
wheel and rall contributions and thelr sum are shown in the
figure and compared with the range of sound pressure levels
measured during five pass-bys (Rickley and Quinn, 1972). The
predlctions fall acceptably within the range of measured data.
The wheel contribution domlnates at low freguenciles and the
rall dominates at high frequenciles., However, thls should not
be taken as a general result. The relative contributions of
wheel and rall nolse depend on the distance of the observer
from the rall and the relative magnitude of the wheel and raill
impedance,

S3ince the wheel 1Is predominantly a polnt scurce and the
rail (when n 1s small) 1s predominantly a llne source, as the
observer moves away from the rall, the wheel contributicn to
the SPL decays more rapldly (1/R?®) than the raill centribution
{1/R). As a result, one would expect the rall to become a
more slgnlflcant scurce as one moves away from the rall. We
wlll address thls and sther polnts 1in Sec. 3 when a more

#This 1s an approximation based on gulte limited measurenents
of n. Extrapolatling measurements nade uvv~or™ 7 5 o lorgth OF

track to 40 m is gquite necessarily fraught with danger. But
at most we are introducing a £ dB overestimation of the SPL,
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complete comparison with measured data will be carried out-
Sec. 4 we willl discuss the nolse control implications of the
roar nolse model.

155

in



