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PREFACE 

This final report ~resents the results of the last four tasks 

under a seven-task pro~ram to study wheel/rail noiee corllrol tech

nolog) in urban rajl transit systems. The first three tClsks, 

dealing primarily with a compilation and assessment of sl3te-of

the-art information on wheel/rail noiee and its control, the 

development of an acoustic rating scale for wheel/l'aii 'h)ise, and 

the development of a methodology for as"esEing the economic impRct 

of wheel/rail noise control measures, are the subjects cf two 

interim reports, Schultz (197~) and Remington ot "l (197Q). The 

four tasks dealt with here are concerned with the devel:pnlen~ and 

verification of analytical models for the predldion oj' .,heell 

rail nOise, t'le development of innovativ" measures {or' 'Ie con

trol of wheel/rail nOise. and technlc;.'les for assess1nf~ ~ :.c- ....... cous

tic performance of these measures. 

The report has been prepared by Bolt Beranek and :J~~'lan :11~. 

(BBN) unde~ contract DOT-TSC-6QQ as part of the l·rb.n R~l. Sup

rort,ir,g Techr:ology Program managed by the Tr~1nSpl..'ptatlo!-1 :SySt~--l:l~ 

Center, Cambridge, Massachusetts, under the s~onsorshlr ~f the 

8.9.11 Pr8gr.J.:;:G E!"'u.r:c:r-., Urban [·jaB:::. Tl"d.rl:jpui·LHllon AGl"'lln1str'A.tJon, 

'fiashin"tDn, D.C. 

The report 1s organ1 zed ir: two vol urnes and a sll:',rl-lr,v is rro

vi,jed in Volume I for those who wish to obtai'l an overvle~ 0f the 

major results an~ rlndln~s without going into thp det3ils con

t.ined In ti,e main body of the report. 

'rhls e:"fort was tec'hnlcally c00rdinateJ at the TI'11J~"Pl>'1''u3.1 1\'ln 

Syn""lS Center b.y Robert Late (Code TMP), 'l.nu W3S rcr'~' !'"'' j rrl::

olpally by Paul J. Reml~[ton (Program Mana~er), MI,h1pl .'. ~uJJ, 

.'nJ Istv1n v~r, with eontributlons froCi F>rjch K. I'endt'l'. '\'111 hOIl:: 

J. GdlaHsls, MI'hael Alakel, Hark :1. M'yles, r:,'1" E. 1",. '" 

Preceding page blank 
1!.i 
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SUMMARY 

Conventional mass transit systems which cunslst of vehicles 

with flanged steel wheels running on steel rails offer an ecunom

ical, durable, safe, and well-tried means for rapidly transport

ing large numbers of people In urban areas. A major drawback to 

these systems is the intense noise produced by the interaction 

between the "heels and the rails. This pl'oJect was undertaken 

tc' develop analytical models of the wheel/rail noise flenera-

tion mechanisms, and fro," these models, to idelltify mean,' for 

.uppresslon of wheel/rail nol- Th. result. of that program 

are presented in this report. This summary presents the major 

findings and conclusion. of the report for those who wish R 

cotlcise ovel'vlew. 

Models of the Wheel/Rail Noise Gener~ting Mechanisms 

~heel/rall noise Is commonly divided into three very general 

categories - squeal, impact, and roar - each resulting from ex

citation of the wheel and r~il by a different mechanism. 3q~eal 

is the intende noise composed of one or more pure tones that, 

occ~rs whp~ ~heels of transit vehicles alternat61y stick and slip 

as they ,,,ss through short radius curved. Impact is the lmpul-

sive nelse prod~ced by wheels encountering discontinuities, such 

as rail joints or flat spots on the wheels themselves. Roar 1s 

the ccntlnuo~s noise caused Gy the ","all-scale rcughnesses on 

~heels and rails. 

Figure 3-1 shows schematically how the noise is produced. 

Each excitation mechanism affects the interaction between the 

wheel and the r&ll and results in a forr~ •• ..,1- .... ""-, I .... ~~ 
.... ~ ...... , - :.I. ... ~ 

interface. 'I'h::" .. fcrce tuen causes the wheel and rail to respond; 

tl.ls response, I.e., mechanical vibration, is transformed !~to 

xix 
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sound radiation; and the sound from the wheel and ra1l sum to 

produce the total resulting wheel/ra~l nolse. An understanding 

of wheel/rail noise generation requires a quantification of the 

mechanisms producing the excitation that results in the interac

tion foroe at the wheel/rail interface and a quantification of 

the wheel/rail dynamic ~ystem which transforms the excitation 

into s0und radiation. 

The wheel/rail dynamic system 

The response of the wheel and rail at the wheel/rail inter

face 1s determined by the relative magnitudes of the wheel and 

rail impedances, i.e., their resistance to motion under harmonic 

forcing. The spatial distributions of response in the wheel and 

rail must be known, so that the response at the wheel/rail inter

fa~e can be related to the response at the principal radiation 

surf~ce of the wheel (the web) and the rail (the head, web, and 

foot). In addition, the distribution of response along the rail 

must be known, so that the length of rail that radiates can be 

determined. OnLe the response of the appropriate surfaces of 

the wheel and rail are known, one can determine from the radia

tion efficiencies of the wheel and rail how this mechanical 

vibration is transformed into radiated acoustic power. Knowled~e 

of the directivity then enables one to calc~late the sound pres

sure level at a known distance away. Below we list the simple 

models used to describe these wheel/rail dynamic properties. The 

specific formulas can be found in Sec. 2.1 of tt .• report. 

Ra.il impedanoe 

The impedaClce of a rail On ties and ballast undec· vertical 

or lateral forcing can be modeled as the impedance of an 

infinitely long beam having the same vertical and lateral 

xxi 
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bending stiffness as the rail. This simple model 1s qui.e 

good in the 200 Hz to 4000 Hz frequency range and, in fact, 

is also appro. ximately valid near rail JOints. 

The impedance of a rail on resilient fasteners under verti

cal forcing is best modeled as the impedance of a beam on 

an elastic foundation, where the beam has the same bending 

stiffness as the rail and the foundat10n stiffness is the 

fastener stiffness at the operating load di~ided by the 

fastener spacing. The model will predict too low an imped

ance near th~ resonance frequency of the ra11 on the fast

ener owing to the neglect of damping in the fastener, but 

otherwise is a good model in the 200 Hz to 4000 Hz frequency 

range. 

Whee l Impedance 

The rad1al wheel impedance in the 200 Hz to 1000 Hz fre

quency range can be modeled as that of a simple mass equal 

to the wheel mass plus one-third of the axle mass. Above 

10JO Hz the wheel impedance is very approximately modeled 

as an infinite beam having the same bending stiffness as 

the wheel tread (without the web) for deflections in the 

radial direction. 

No simple model has been developed for the highly resonant 

axial wheel impedance. 

Wheel Response 

Under radial forCing at the tread, the web and tread of the 

wheel respond the same, l.e., the web accelerati.~n levels in 

the axial direction are of th. same magnitude as the tread 

acceleration levels in the radial direction. 

xx!i 



Ur-der axial forcing at the side of the tread, the axial ac

celeration levels in the center of the web are 6 to 10 dB 

below the axial accel~ratlon levels at the side of tha tread. 

This fact ~uggests a cantilever-like motion of the tre~d and 

web about the hub. 

Rail Respollse 

Under vertical forcinb at th~ head of the rail, the head and 

foot of the rail respond the same way in the vertical direc

tion in the 200 Hz to 3000 Hz frequency range. The web re

sponse is negligible up to ~OOO Hz. This ~otion is consis

tent with the simple beam impedance model. 

Under lateral forCing at the rail head, the horizontal ac

celeration 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. Vertical acceleratior 

levels on the foot are negligible to 2000 Hz. Again, this 

motion is consiscent with the simple beam impedance model. 

The decay of vibration along the length of the rail is high

;st at low frequency. Below 1000 Hz the effective lengsh 

of ~ail that radiate" sound is approximately 4 ft (1.2 m), 

from 1000 Hz to 2000 Ez Lhis effective length iR about 8 ft 

(2.5 n), and above 20UO H. it is in e~ce3S of 30 ft (9.1 m). 

Rail Radiatio~ Effiaienay 

The rail radiation efficiency for vertical forcing at the 

rail head is well modeled by the radiation efficiency of 

two rigid cylinders (vibrating independently and at the same 

levels) having diameters equal to the rail head wid~h ~nd 

rail foot width, respectively. 

xxiii 
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The rail radiation efficiency under lateral fOI'clng at the 

rail head is well modeled by the radiation efficierlcy of a 

rigid cylindEr having a diameter equal to the height uf the 

rail. 

Wheel Radiation Efficiency 

The wheel radiation efficiency is well modeled by the radia

tion efficiency of an unbaffled rigid disk vibrating normal 

to its plane. 

Wheel and Rail Directivity 

For estimat.1onF of wayside noise, the wheel and rail direc

tivity can be taken as uniform. 

Squeal noise predictive formulas 

A typical rapid transit rail car is supported on two two

axle trucks. Since the axles are rigidly attached, the truck is 

not well-suited to steering around curves. However, because the 

tread of the whedla is tapered, when the truck enters a curve, It 

moves outwards between the rails; due to the taper, the outer 

wheel had a larger effective radius than the inner wheel, which 

enables the truck to roll around the curve. This mechanism only 

works, hnwever, for curves of a radius greater than about 2000 ft 

(608 m). On tighter curves, one or more of the wheel flanges rub 

against the rails. This situation is illustrated in Fig. 5-2. 

On a tight curve, with radius less than 2000 ft (608 ~), the 

inner and outer wheels of the truck will attempt to roll at dif

fere~t velocities, which will Bet up a torqup 1n the wheels. :he 

effect of this torque is to co~press the ~read on the inner wheel 

and extend it on the outer wheel, thus changing the effective 

xxiv 
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radius of the wheel. It was shown by Remington et aZ (1974) that 

this elastic deformat!on of the wheel was sufficient to allo. a 

wheel set tu roll around quite sharp Curves without any macro

scopic slipping of the wheel. 

Since the axles of a two-a~le truck are nominally parallel, 

even in a curve, it is not possible for both axles to lie alon~ 

• radius (see Fig. 3-2). This fact means that one or both aX~es 

must ellp sideways en the rail as well as roll around the curve. 

It is proposed that this lateral slipping of the ~hee~ is the 

mechani"", whi~h produces squeal. Because the slipping is nan,al 

La the wheel, the wheel will tend to vibrate in this same dlrec

tion and its acoustic radiation efficiency will be very €ood. 

~hi9 model predicts the very high sound levels which are, 1n !act, 

observed. 

The theoretical model used to describe wheel squeal is one 

of mechanical instabllity rather than resonance. The friction of 

the wheel on the rail can be described as a damping in the gen

eralized equation of motion, albeit the damping is nonlinear. 

When the wheel starts to slip, the friction decreases and th~ 

slope of friction versus slippage is negative. For small vibra

tion amplitudes, this situation can b9 represented by a rlegative 

damping ccefficient. If this negative damping is lar~er ~rl ~ag

nitude than the positive d9~pin~ in tJle hneel, whlctJ ~s ~ ~esul~ 

cf interrla: losses and acoustic radiatlo~, then vibrations wl:1 

~row 1n a~~litude with tjx~ and the wheel is "onsider~d vibra

ti~nally u~stable. 

::t wiil be show:l tr.at, as tilE.~ ar:.plltude of vibraticn t~,'::I'e5.ses, 

the nCbi:itl'!e damping decreases u~t:il an amplitude is !'eaC'~:ed a' 

which the n-?gative and pcs1tlve damping are equal in magnlt',de·, 

after which time th~ amplitude remains constant. The whep) is th~n 

vibrationally stable. 
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The acoustic radiation efficiency of the wheel has been mea

su~ed (Sec. 2.1); hence, if the amplitude of the vibration is 

known, the radiated sound can be predicted. At the high frequen

cies of interest for squeal, the wheel is a very efficiency radi

ator. 

The mndel requires that the negative damping of the stick

slip mechanism excite the wheel or rail at a resonance, since 

then the imaginary parts of the impedance must disappear. The 

damping in tpe rail is very large. A wneel is much more lightly 

damped and, accordingly, much more easily excited at a resonance. 

Hence, the model assumes that the wheel becomes vibrationally un

stable in one of its natural resonant modes. 

There is very little expe-imental information available on 

the nature of the stick-Slip curve for transv~rse sliding. 

Accordingly, an arbitrary analytical function was employed in 

the model, which had the correct apprOXimate ferm, yet was analy

tically tractable. It was found possible to calculate analytic

ally the chan~e in negative damping with vibration amp"itude and 

then calculate the stable vibration amplitude Q priori. The 

sound pressure level at 50 ;t (15.2 m) can then be caloulated 

from the known acoustic radiation efficiency of the wheel, assum

ing spherical spreading; 

+ 113 dB re 0.0002 ~bar , 

where a is acoustic raJiation efficiency, A is the area of one 

side of the wheel, V is train s~eed, L is length of track wheel

base, R is the curve radius, and ~ is slippage for maximum frio-
o 

tion (about 0.71). This res~lt applies to a wheel with very lLtlle 
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damping and so the damping parameter does not appear. A plot of 

SPL at 50 ft (15.2 m) versus CUrve radius for var1~UB truck wheel

bases is shown in Fig. S-3. 

At the same time it is possible to predict how much damping 

is required in order to stabilize the wheel and suppress sq •• eal. 

This is given by 

where n Ie loss factor of wheel, P is whe~l loading, vmax is 

greatest slope of stlck-sli~ curve (between 2 and 30), m is 

modal mass of wheel, W i is lowest resonant angular frequency, m n 
and V 15 train speed in the curve. 

It has also been found that the ma~imum curVe radius on 

which wheel squeal will oc~ur i8 about lOu times the length of 
the truck wheelbase. although this radius will vary aomewhat with 

the state ?f the rail and the gage relief. Increasing gage re

lief will worson the occurrence of squeal. 

Impact noise predictive formulas 

Impact excitation 0f the wheel and rail occurs if the con

tact surface of the rail and/or the wheel has disccn t inulties. 

Typical rail discontinuicies are rail jOints, switches, and 

frogs; wheel discontinuities are generally restricted to wheel 

flats caused by locking of the "heel during braking. 

In the case of a rail discontir.uity, a strong impulse sound 

is generated each time a wheel of a long train passes over che 

dlscontln"ity, resu~ting 1n a quasi-periodic impulse train e.nanat

ing from the posi~lon of the rail d1scontinuity. The frequency 

xxviii 
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of the repetitions and, up to a certain critical speed, the 

amplitude of the pulse increase linearly with increasing train 

speed. 

As a wheel with a flat spot rolls on the rail, it produces 

an impulse each time tile flat spot comes in contact with the rail 

head, resulting in a t~ain of periodic pulses, where each pulse 

is radiated from a different location spaced a wheel-perimF.ter 

apprt. Here again, the frequency of repetition and, up to a cer

tain critical speed, the amplitude of the pulse increase linearly 

with train speed. 

Tpe generation of impul~e noise by rail discontinuities is 

analogous to harrunering on the rail head by a person stationed or, 

the grcund at the location of the rail disuontinuity. The gener

ation of impulse noise by wheel flats is analogous to ~arrunering 

on the rail head by a person stationed on the moving car. IL 

both cases, the strength of the impacc and the frequency of repe

tition is proportional to the train speed. 

The harruner blow not only gives a good analogy for the temp

oral and spatial pattern of the impulse tr&in but also describes 

to a large extent the dynarni~.s of the rail/wheel interaction at 

discontinuities. The time period during which the dynarr,~c inter

action responsible for the sound generation takes places betwepn 

the wheel and rail is very short. This duration is controlled by 

the wass of the wheel, the equivalent mass of the rail, and the 

Hertzian contact stiffness. Because of the short duration of 

the interaction, most of the dynamic force acting on the ratl is 

compensated for by the irertia of the equivalent rail mass. Only 

the low-frequency compon~nts of the force pulse, which do not 

contribute much to the sound radiation, are transmitted to the 

tie and ultimately to the ballast bed. Accordingly, in studyinf, 
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the excltation forces responsible for the generation of impact 

nOise, the ral1 can be consldel'ed dynamically decoupled from the 

tie and the ballast, 

According to this impact mode', the duration of the force 

pulse is practically fixed. The repetition rate is a simple 

function of tpe train speed. A more difficult task is ~o charac

terize the impulse force, which depends on factors such as ge0m

etry of the rail and whe~l, axle load, c.ynamic properties of the 

rail, and train speed. Consequently, the main thrupt of the 

investigations was directed cowards determining the characteristic 

dependence of the force pulse On these variables for various cat~

gories of the rail and wheel discontinui:ies, This impulse !orcc 

acts simultaneously on both rail and whe~l, which respond to thls 

excitation and radiate l~pulsive s~und accordir:g to their respec(lve 

dynamic properties. It will be shown tha~ this force puls~ can 

be characterized by the total change ir. momentum of the impacting 

wheel and rail. 

Rigid Rail Ca8e 

In the case of a r1~id rail, the rail head does not move and 

the wheel has either to follow the discontinuities of the contact 

surface or to separate temporarily from the rail. Since thp 

magnitude of tne ~enerated impact force follows completely oif

ferent lawJ depending On whether or not the wheel 1s separa,ej, 

the criteria for wheel separation and the dependence of the i~

pact force generated by various types of impulse producing 1r-

re~ularities have been calculated Table S-l shows the ~eon,etry 

of the confi~uratlon, the critical train speed for separation, 

thE total change in momentum mbv of the lmpactin~ wheel above ~na 

br1.ow crieieal speed, and the shape of the typical peak sounJ 

pressure level versus train speed curves caused by a smooth 1'111 
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irregularity, level rail joint, step-up and step-down rail joint, 

and flat wheel. 

E~a.tica~~y Mou~ted Rai~ 

RR11s of rapid transit and railroad tracks are elastically 

mcunted. The finite bending stiffness of the rail and the re

siliency Qf the tie and the ballast bed permit the rail tv deform 

under the ~tatic as well as dynamic loads, The resilient nature 
• of the r~tl increases the critical train speed needed for loss of 

contact and decreases the peak amplitude of the impact forces 

produced by the various kinds of ccntact surface ir~egularities, 

Table 8-2 provides a sununa .... y of the relevant impact formulas 

for the elastically mounted rail in the same form as presented 1n 

Table 8-1 for the rigid rail, Compartng the critical train speeds 

and the magnitude of impa~t forces for the rigid and elastic rail 

cases as given in Tables 8-1 and S-2, respectively, one notes: 

For the same contact surface discontinuity, an elas~ic~lly 

supported rail requires a substantially hi~her train speed 

for wheel separation than does a rigid rail, This is te

cause the deforlned ra11 is free to move upward and retains 

contact with the wheel up to much higher speeds than the 

rigid rail, The increase in criti~al speed is rou~hly pro

portional to the square root of the pqulvalent wheel-r:lass/ 

rail-mass ratio (m/meq)~' 

For the same contact surface discontinuity and train s!,pod, 

an elastically supported r.il produces substantially smaller 

impact forces than does a rigid rail, This is because the 

lighter rail, but not the rnor'e massive wheel, must b(' i',-,r:'·_~d 

to follow the shape of the contact surface irregularity, 'rhe 

reduction in impact force i. rroportional to the ratio of 

the equivalent l'ail mass 2nd wheel mass, m~q/m. 
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Glossary of Symbols in Tables 5-1 and S-2. 

a = wheel radius 

E • Young's modulus of rail material 

F, = Mg = static spring force per wheel 

g = acceleration of gravity 

h = joint height difference or wheel-flat height 

I = moment of inertia of the rail cross section 

K = foundation stiffness per unit length of rail 

m = equivalent mass of single wheel 

meq = equivalent impact mass of the rail 

M = spring supported mass of car per wheel 

r = radi'~s of curvature 

SPL = peak sound pressure level 

Vy = vertical velocity of wheel at time of impact 

v = train speed 

= critical train speed for wheel separation; elastic 
rail case 

= critical train speed for wheel separation; rigid 
rail case 

w = joint ~ap width 

y, = static deflection of rail under load 

B = [K/(4EI)]" 

Pt = rail mass per unit lengt~ 

~, = (K/m')~ = resonance frequency of the resiliently 
supported rail 

xxxV' 

-, 
, , 



----.----- ._- .-- --- - - ,-...:..- - . _ .... _._- -. -.- -_." 

Comparing the magnitude and characteristic shape of the peak 

sound pressure level versus train speed uurves of the various im

pact producing contact-surface irrF.lguiarities for both rigid and 

elastically supported rail and noting that the sound pressure 1s 

directly proportional to the quantity m~v, as given in Tables S-l 

and S-2, one can conclude that: 

Because the peak sound pressure level increases monotonically 

with increasing train speed and is not masked by the rolling 

noise at high speeds, the step-up rail joInt can be consid

ered the most serious impact noise oroducinR geometry. 

Step-down rail jOints and flat wheels cause separation of 

the wheel from the rail at and above a critical crain speed. 

Above this critical speed, the peak sound pre9sura does not 

increase with increasing train speed. Accordingly, the im

pact noise generated by these geometries is masked by the 

monotonically increasing rolling noise at high train speeds. 

For the same height difference h, step-up joir.ts, step-down 

jOints, and wheel flats generate the same impact nOisp be

low critical "peed. The peak sound pressure increases with 

increasing axle load and height difference. 

Even smooth irregularities can cause separation. '~he criti

cal train speed where separation occurs increases with in

creasing axle load and increasing radl~s uf curvature of 

the irregularity. ThIs special type of impact noise may in 

fact be part of the rolling noise Observed. 

Impact noise generated by level jo1nts is much less than 

that generated by joints with even the sm~llest height dif

ference. 

xxxvi 



Roar noise predictive formulas 

Roar noise is produced by the micro roughness on wheel and 

rail surfaces exciting both structures as the wheel rolls over 

the rail. Taking into account ~he geometry of receiver position 

relative to the wheels and rails and the dynamic properties of 

wheels and rails d~scribed above, we have developed formulas pre

dicting the sound pressure level at the wayside. The rail con

tribution to the 1/3-octave band sound pressure level percdived 

by a receiver at perpendicul~r distance R from a rail whict " 

excited by a single wheel a distance L down the track i. gl. 'y 

+ 10 log G(nR,nL) , (3_11 

where oR is the rail radiatiDn efficiency, wH and wF are 

the widths of the rai: head and foot respectively, Zw and ZR the 

wneel and rail impedances, respectively. pc the acoustic i~ped

ance of air, w the frequency, Po the reference pressure (2 • 10-' 

~bar), and ~mR(k)"'k the ~/3-octave band roughness wa'Jenumber 

spectrum,- i.e., the sum of the roughness spectra on the wheel 

and the rail. The function G(nR,~L) dE~~~~incs the decay of n:1se 

!fitl distanc'! R from th~ rail, i.e" whether the rail behaves like 

a paint or a line source. This functiDn depends strongly 0n the 

'The varJable k is the wavenumber of the roughness G,.en by 2n/\, 
W!lere A 1 s the wavelength of the roughness or w/V ",here V is ',he 
train speed. 
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decay of v1bration along the length of the r&ll ~nd is de"cr1bed 

fully in Sec. 2.4.2. The function H (k) reflects the fact that cp 
the con~act area between the wheel and the rail effectively fil-

ters the short wavelength roughness. Typical filter character

istics for a circular contact patch of radius b are shown in 

Fig. S-4. T~e variable a reflects the degree of correlation be-

tween parallel roughne. 

implies poor correlation 

profiles at a given wavenumber. Large a 

and small a good correlation. We find 

that the curve for a = 10 provides the best agreement with data, 

reflecting the well-known fact t~at parallel roughness ~rofiles 

on machined surfaces are poorly correlated. 

The wheel contribut1on to the l/3-octave band sound pressure 

l~vel perceived by a receiver a distance R' fro~ a single wheel 

is given by 

a' = 10 log Ow + 10 log 
2R' 

I 
z 

+ 10 log '2 +~ 
I '-' R 

+ 10 log r (P~:)' IH (k) 12~ R(k)6k 1 cp m (S-2) 

where Ow is the wheel radiation ~fficlency and a the wheel radius. 

Equatlcn S-1 must be used to estimate the rail contribution 

due to the exc~tation from each wheel of the train and Eq. S-2 

must be used to obtain the contribution of each wheel. 

The quan:lties oW' OR' Zw, and ZR can be estimated from the 

formulas and me.·'"arements given in Sec. 2.1. The f'.netion 

G(nR,nL) is given in 2e8. 2.4.2 and Hcp(k) is shown in Fi~. 8-4. 

The wheel/~ail roughness 'mR(k16k has been measured with 3 de

vice that was built especially for this task and that 13 Jescr'oed 

fully in Sec. 2.4.3 of t~e re~ort. Typical 1/3-octave ba~d whee! 
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and rail roughness spectra measured on the Massachusetts Bay 

Transportation Authority (MBTA) in Boston ere 

and S-6. These data heve been used with ~qs. 

shown 1:1 Figs. 

S-l and S-2 to 

estimate the noise due to p~.sage of a four-car train at 50 mph 

(80 K~/h) "t 25 ft (7.6 m) fro~ the track c~nterline. Thps~ pre

dictions, shown in Fig. S-7, are compared wi~h date measured by 

Rl"kley and Quinn (1972) en t~c Suuc~ Shore line (welded rajl; 

rf the MBTA. 

A numb,,· of fairly general conclueion" have been obtained 

from this and other sirn11sr calculations: 

At low frequencies (around 200 to 400 Hz), the wheel oon

tribution dcmlnates, because the radiation eff1c1en"y o~ 

t~e rail is low at these frequencies. 

At mid frequ9ncles (below 100e H2 but above 200 !o 400 Hz), 

t~e rail contributicll dominates. The reason is that the 

wheel i~pedance 1s much greater t~an the raIl impedance, 

which causes the rail response to dominate. Since tj'le radi-

atioD eff1cienoies of wheel and rail are comparable, tne 

rail sound radiation dorrinates. 

At hL;h fre1uencies (above 1000 Hz), 'ehs wheel impedance is 

.nuch 1e38 than the rail impedance, which w)uld 1mpl~' that 

the wheel response d~mina~es, However, at these hl~h ~re

quencies, the vl01'ation on ~he rRil decays very slow~y al('~F 

its length, maK~r.g the r~il appe~r like a l~ne source. The 

sound p~cssure level of a line source dec~ys like 10 IcC ~, 

where R is the dista~ce from the ~ail to the observer, w~il~ 

the sound pres5ur~ !evel fr:m the wheel] essentially a 

p0int scui'ce, decay:.- like 20 lOf R. As::t. res Jl t! ~ ... 'hc-t her 

or not t~e ~Gur1d pressure level fr~m wheel or l'ail do~lnstt·s 

der'ends on the discanr~ of the obser'/er fro~ t~jC w11eel ~rl,t 

raU. 
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Verification of predictive formulas 

Conf1dence in the valid1ty of the predictive formulas for 
wheel/rail noise wa~ obtained through measurements of wheel/rail 
noise. These measul'ements were made with a small (de~lgned for 
4 to 6 passengers) steel-wheeled person~l rapid tran31t vehicle 

(PRT) built by Pullman Standard for the Depc.'tment of Transporta
tion. The vehicle was run on the Pullman Standard test track at 

the Champ Carry Technical Center in Hammond, Indiana. Although, 
ideally, the verificat.1on measl.:rel.,ents would have been perrormed 

on a full-scale t'ansit system, considerable economy and ease of 
operation were ob.ained by using tne small vehicle. Furtllermore;, 

the wheel/rail interaction shculd be the same for both Ph' and 

1'l'll-scale vehi~les; theref0re, if th~ predictions can be shown 
to agree with the measured data from the PRT vehicle, it is very 

likely that the predict:!. ve formulas will be accurate 1n the full 

scale. 

Measurements were taken of squeal noise on 30-ft and 90-ft 

(9.2 m and 27.5 mj rad1us c~rves, of impact noise at an adjustable 
rail joint, and of roar noise on a se~tion of welded track where 

roughness measurements had been taken. The PRT vehicle was 
equipped with three different types of wheels - standard flanged 

steel wheels, Penn Cushion resilient wheels, and dampe~ wheels. 

Details of the instrumentation, PRT vehiclp, test track, and 
wheels can be fo~nd in Sec. 3.1. 

Wheel squeal predictive formulas 

The theoretical model for wheel squeal cnntalns no empirical 
constants, except for the stick-slip data which we~e obtained by 

independent authors. Hence, comparing measured squeal s' und levels 

to predicted levels is a valid test of the model. 

xliv 



Squeal levels were mensured as the PRT vehicle passed through 

the 30-ft and 90-tt (9.2 m and 27.5 m) radius curves with as wide 

a speed range as practical Figures S-8 and S-9 compare predio

tions with these measurements. On the 3D-ft radius curve, the 

measured and l,redicted sound levels were within t5 dB in spite of 

a large amoun~ of variability in the data. On the 90-ft radius 

curve, the le~els predict~d were about 5 dB higher than those 

measured. 

The measured frequencies of squeal were compared with the 

frequency of the wheel resonanc~s measured in the laboratory and 

were found to be a little lower and variable. 

~n une~~ected and very intense squeal at 25 kHz was also 

observed on the 30-ft radius curve. 

Tests were conducted usi~g resilient and damped wheels to 

determine if either type reduced the levels of wheel squeal. The 

resilient wheel, which had a loss factor of 3J, eliminated squeal 

at the highest speeds and greatly reduced it at lower speeds. 

The damped wheel had a very high loss factor at all frequencjes, 

except its lowest resonance at 1850 Hz, where the loss factor 

was 1.3%. Only faint squeal was observed at the lowest speeds 

on the 3D-ft radius curve and no squeal on the gD-ft radius 

curve. 

Impact predictive formulas 

ID the CU3e of the Impact predictive formulas~ two sets of 

verification tests were conducted: scale-m0del experiments using 

BBN's 1:8-scale rail noise research factlity ~~d experiments with 

the PRT vehicle at the Pull~an Standard test track. The results 

confirmed the validity of the pred1ct1c~ fcr~ula~ givEn 111 T~ble~ 

S-1 and 3-2 conce~ning the characteristic dependence 0f the peak 
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impact sound on train speed, geometry, and axle load. Figures 

5-1) and 5-11, which plot the peak impact noise verSU6 speed for 

the 1/B-6cale model tests, show the predicted 20 log V dependence, 

where V is the train speed. Comparing the peak impact noise 

levels in the two figures for the same speeds, one finds that for 

a .10int height change of 0.039 in. (0.010 nun) (Fig. 8-10), the 

peak levels are _ dB higher than for the JOint with a ',eight 

change of 0.023 In. (0.006 rnm) (Fig. 8-11). This reu1t agrees 

very closely with the 10 log h dependence of tIle pmak impact 

noise on the JOint height change, h. Figure 5-12 confirms the 

fact that impact noise at a step-up joint is indepenclent of the 

axle load. 

The precUction of the time histor'y of the contact force at 

impact and the corresponding magnitude and spectral distribution 

of the radiated impact sound would require detailed knowledge of 

the dynamics of both wheel and rail at the interface and was be

yond the scope of the present program. However, if one experi

mentally evaluates the impsct noise prod~cej by a certain vehicle 

at a well-documented step-down Joint as a functiD'l :>f train 

speed, .he formulas given in Table 5-2 enable on~ to estimate the 

impact noise which would be generated by the same vehicle tra

versing any other type of disco~tinuity at any train speed. 

Roar predictive formulas 

By comb ining meas urements 0 f wh ee 1 roughnes sand rai 1 rOlle;ll

ness on a section of welded rail at the Pullman Standard test 

track with the analytical formulas for roar nols~, one can pre

dict the wayside noise due to passage of the PRT ve~tcle. Mea

surements ~f the sound pressure level 3 ft (0.91 m) from the face 

of one of the wheels of the vehicle (on the wheel axis) were 

obtained by mounting a m,crophone and winu screen on a buom at-

xl v11i 
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attached to the vehicle. Predictions were compared ylth measure

ments of the vehicle equipped with standard wheels cnd traveling 

at 10, 20, and 25 mph (16, 32, and ~O km/h). In general, the 

agreem.nt was qUite good, as .hown in Fig. S-13, for the vehicle 

passage at 25 mph (~O km/h). Measurements were also performed 

with the vehicle equipped with damped wheels. ~he analysis sug

gested that there would be no change in the roar noise. 

Measurements generally confirmed this prediction. Fina~ly, with 

the vehicle equipped with resilient wheels" no significant reduc

tton in roar nO~3e was observed. Again, predictions agreed well 

with measurements. Section 3.~ of the report presents the details 

of the predictions and measure.aents. 

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 for the 

generation of wheel/rail nOise, a number of innovative s~ggections 

for control of this noise have been made, These suggestlons are 

summarized below. Details may te found in Sec. ~, 

Wheel squeal noise 

Wheel squeal can be suppressed in two ways: by eliminating 

or reducing the tr,nsverse slip of the wheels or by stabllicing 

the wheel vibrations. The former can be achieved by: 

articulated trucks 

short trucks . 

The wheel vibrations ca~ be .tabiltzed by: 

reduced wheel loading 

rail lubric'Ition 

111 
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reo :1 tent wheels 

damped wheels 

- application of viscoelascic material 

- insertion ~f ~ dQmping ~ing 

- attachment of a damping plate 

The most promising method" are the wtleels Jamped with a visco

elastic material and rail lubrication. 

Impact noise 

Since lmp~ct noiGe 1s generate~ by discontinuities In the 

contact surface of rail Mnd wheel, it could be Virtually elimi

nated by perfect maintenance. Observat~c .IS maJe by listening to 

passages of well-maintained rolling stock on well-maintained tra,k 

with welded rail have proven that impact noi3e can be reduced to 

such an extent that it ble~ds into the rollin~ noise and becomes 

indistinguishable frem it. On ~he other hand, intense impact 

noise 1s a very goed indication of th~ need fer maintenanCE of 

track and rolling .tock. 

The ~ea~ures f~r c0ntrol~~ng impa,~t raise are lis~ed tel:,w 

in crder cf their relative importance: 

1. Use welded rail to e:imi.naLE: rail j,~ir.t3. 

:vJainlai:". 1"''3.11 ,i')ints ":.::: minim::":.e \,f:'!~~il;'81 an'} }-.'_;!"~::.r.l-:~l 

mi.~ali~r.mel;t . 

3. ?l~vide ben~fjclal ~0nt)uring of the r~n-·on rail end ~t 

rail ,."cints. 

~. Chouse ~Dler3nces fu~ vertjc~l al~gnnlent of rail ,jolrjt~ 

under lOhd so that the ~olnt j8 a step-down rathrz' tha~ 

a step-up JOi!lt fDr the prln,,::~p;il dlT'ectlcn of tra"vel. 

~hls :neaSl...!l'e c('Illld br.:. easily jIT'.ple"'j(~nt(;·j in 1~.0St T'a~,id 

transit ljnes. 
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5. i,imit the max ~mum permtssible whe"l-fJ.at he! ght by 

periodic l~.pection and truing of damaged wheels. 

6. Limit the maximum permiss!ble train speed. 

7. Limit maximum permissible axl" loed. 

8. Choose the largest practica~le wheel radius. 

9. Use rBsllient wheels. 

Implementation of anyone of the above no~se control measures 

may have a substantial effect on the initial investment or cost 

of maintenance o~ railing stock and track. Formerly untried mea-

sures, such as 3 and 4, may introduce new problems in installation 

and maintenance. Accordingly, the impact of each nolse control ... 
measure contemplated for an exlsting 0r planned vehicle or track 

must be carefully studied by the design englneer, the mPintenance 

specialist, and the acol.!stical consultant to ensure that all as

pects of 00st, safety, eno noise-reduction benefits are consld

erE>d. 

Roar noise 

Roar noise is produced when the microroughnesses on wheels 

anJ rails eocite the w~eels and rails, which then radiate sound. 

f}'l'ree a~pruaches for r08.r noise control are suggested: a lew 

rail barrier to block rail radiation, a resi.lently treaded 

wheel to reduce wheel and rail response, and wheel tru1~g and 

rail grl~ding to reduce the rou~hn~ss pxc1t~!icn. 

SaiZ b~rriep. I! has been shawn that, when the sr:~~trjr, cf 

roar ,",01se peaks, the rail is the dominant sc'urce. C'o",,~

quently, a low barrjer -6 In. (15.:' r:T~) fro:1] the rail "1.1 

"·6 1r:. (15,:) C::1) hi.::;nel" than the rail he-ad and 0:1 l'::t.h ."2 Ijes 

of the rail could resu t in a 6 to 8 J~(A) reductlo~ jn 

wheel/rall noise 25 ft (7.6 m) or mor~ from the crack. 
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ResiLientLy treaded wheeL. Considerable reduction in roar 

noise can be achieved if the contact patch between the wheel 

and the rail can be enlarged. One method of enlarging the 

contact patch 15 to 

a resilient wheel. 

thin ~-1/2 In. (12 

use a wheel similar in some respects to 

The tread of the wheel is faced with a 

rnn)] resilient layer (probably neoprene) 

and thea this layer is faced with a thin tread of steel 

[-1/2 in. (12 mm)) for wear resistance. The result is a 

compliant, yet durable, tread that con;orms to the shape of 

the rail head and thereby i~creases the size of the contact 

patch. This method is expected to ach'eve -10 dB rEduction 

in roar ncise. 

WheeL ~ruing and raiL grinding. The combined use of wheal 

truing and rail grinding at regular intervals has the poten

tial f0r considerable (10 to 20 dB) reduction in roar noise. 

Unfortunately, it is presently unknown how often these oper

ations must be repeated to maintain the noise be10~ a ~1ven 

level. Consequently, it is not presently known whether 

truing and grinding is an economically viable nolse control 

technique. 

Procedures for Testing Wheel/Rail Noise Control Measures 

From the kn~wledge galn2d through the previous analyses and 

field measurements, procedures are suggested for the reprod~c

ible testing of measureS for the control of whe~l/rail nolse. 

Section 5 presents these procedures. Since it is a brief section, 

the reader is referred there for details. 

Future Work 

R€::commendatlof!s for future work E'mp~-laf-ize the des::!.sn, c.cr:~,trL..ol.'~

tl0n, and field t~sting of the noise contrel suggestions described 

above. Section 6 gives the details. 
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1. INTRODUCTION 

In recent years attention to increased popular ion and traf

fic density in cities has created renewed emphasis in this coun

tr;v on the deve'.opment of safe, fast, reliable, and comfortable 

urban mass trFnsportation systems. Most existin~ urban mass 

transit syst·:ms, as well as those planned Or under construction, 

consist of vehicles with flanged metal wheels runnin~ on metal 

rdils. The durability, self-guidin~ capability, low rollin~ 

~r' ~stance, and hi~h load carrying capacity of this arrangement 

make it very attractive. Furthermore, steel wheel on steel 

rail systems have been commonly used in urban mass transit for 

so many years that there exists a well-established manufactur

ing and operational technology that tends to encourage new 

transit systems to b~ designed using the steel wheel on steel 

rail concept. 

A major drawback of this arrange~ent for use in urban 

areas is the intense noise ~rnduced by the interaction between 

the wheel and the rail while the vehicle 1s in motion. rnh1s 

noise is co~nonly divided into three very g~neral categori~!: 

squeal (or screec~), impact, and roar. 

Squeal is the term used to describe the intense nois~ 

conAlstlng of one or more tones that 1s associated 111th trans~t 

ca~s rounding slnall radius curves. The excitation producin~ 

Jqueal app~ars to be associated with the fact that, as a tra~~lt 

car rounds a curve, its wheels, because they are att&ch~d t.o a 

rigid t~UCKJ canno~ run tanient to the rails. ~his situaticr 

t;c.use.s Wllat Is called l!i.,;rabIJingtl (illustrated in cX::tgr;era.t('~1 

terms in F1.F;. 1-1), where the wheel both l'olls 810ng thr pail 

and slides laterally across thE"; rail head. Tt,p ~lidinr: of' the 

·"heel across the rail heed results in tilne varv!n..,. forePR ""1"," 

applied to the wheel and rail (d~e to the stiek~nf'" an~ "ljnnin~ 

1 
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at th~ interrace); this excita~ion of the whe~l ~nd rai: results 

in sound rad!ation. 

Impact describes the noise associated with wheels rollin»: 

over their own rlat spot~, over rail Joints and over other track 

discontinuities. Figure 1-2 illustrates a wheel encounterin~ a 

step-up ratl joint. As the wheel encounters this chanv~ in 

elevation, it must either rise up over it, push the r~il down 

out of the way, ~r do a little or each. In any evert, the 

rapid chan~e in vertical velocity or the wheel and/or rail results 

in a large rorce at the interrace, which excites the wheel and 

rail and causes them to radiate sound. 

Roar noi~e 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 encou~ters 

small bumps alld valleys, it must (as when it encounters the much 

larger rail Join") either rise up over the bump, push the rail 

down out of the way, or do a little of both. The result is a 

force at the wheel/rail interface that excites the wheel and the 

rail and causes them tG radiate sound. 

Up to the present time, the mechaniSMS by which wheplirail 

noise ts generated have been poorly understood, hinderin~ the 

development of cost-effective advances in its ~0ntro!. The 

purpose of the present study is tG imrrove our underst.ndin~ 0f 

wheel/rail noise mechanisms and apply it to tile develon","'nt of 

new wheel/rail noise control devices and procedures. 

The first major step in our study of the wheel/rail noise 

mechanisms was to develop analytical model s of saueal, lmr,1c~, 

and roar, so that the noise from a ste",l wheel rnlllnO' nTi n 

steel rail could be predicted. These models, when vert r led by 

laboratory and field measurements, provided us with th~ under

standin!, nf the noise ;<eneration :nechanisms we needpd ill nrder 

3 
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to develop innovative suggestions for the control of wheel/rail 

noise. The insight provided by the models also aided us in 

designing testing procedures to evaluate noise control me" 'Uh' S. 

Section ~ presents the analytical models of squeal, impact, 

and roar. The major intent of this effort was to provide an 

anal~~ical framework that would quantitatively predict trends 

1n wheel/rail noise 1n relation to changes in the parameters 

defining the wheel/rail system. For examole, what would be 

the effect of increased wheel loadin~ on roar noise, of shorter 

wheelbase trunks on squeal noise, or of increased joint ~aD 

spacing on impact noise? To answer ~uestions such as these in 

a quantitative manner, we undertook both analytical and empirical 

studies. In order to trace the noise r,eneration process from 

excitation to wheel/rail resronse and then to wheel/rail ra~ia

tion, it was necessary to define the mechanical and sound radia

tion properties of thE wl,eel/rail dynamic systen. through measure

n,ents of the impedance, respon~e, radiation efficiency, and direc

tivit~ of wheels and rails. Briefly, the impedance is required 

for definil,Z the interaction between the wheel and the rail at 

their interface; a Knowled~e of how the whepi ~nd rail re9rond 

is necessary for defln1rl~ Lhe principal radiating surfaces rf 

wheels and r~11t;; the radiation efficiency Is j'(~utl-~d ~(r 

aetermining how mechanical vibration i. tran.r0r~pd jnt~ Rcnus

tic radiated power; and directivity is reluir~~ fer obta'n~n~ 

from the radiated power the sound pressure level (SPL) Rt a 

given distance away from the wheel cr rail. ('f c0ur~e~ undgr

standing 1s not "=,,nh:J.ri':L'U by the slrnple acau1:.:;it~('n of jqta .'11n!1E'. 

One must relate these data to slmole an~lyt\cal mnd~l" -f tho 

impedance, response) radlatlo~ efficiency, and dlrect1v~r'; r-:' 

wheels and rails. In tnis l(ay, one gains Insl~ht ~n~n thr:

physical mechanisms operating durin~ whe'?l/r~11 irtprart i, n 't:, 
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well as the capability to predict the chan~e5 in the above 

properties when parameters definin~ the wheel and rail chan~~. 

Since unverified models are unconvincin~ at best, we sou~ht 

to verify these analytical models throu~h comparison of their 

predictions with field measurements. Ideally, these field 

measurements would have been car'ricld out on a full-scale tran~1 t 

system. However, considerable economy and lo~istjcal advanta~e 

was obtained by performing the field testin~ on a test track 

us1ng a small personal rapid transit (PRT) vehicle constructed 

for the Department of Transportation by Pullman Standard. In 

many ways the PRT, which runs en four flan~~d steel wheels, is 

~imilar to a single transit car truck, alchou~h there are 

differences in gauge, wheel size, wheel loe'Unp:, and suspension 

details. The differences are such that the nol~e produced b~ 

the PRT vehicle will be different from that of a full-scale 

transit car, but the mechanisms for wheel/rail noise ~~nera~ion 

will be the same. If the predict~ons of the analytical models 

are found to agree wit~ we~surements of wneel/rail noise from 

the PRT vehicle, then it 15 reasonable tn exuect nredlctions 

baseJ on those models to a~ree with full-scale measurements. 

~easurements of squeal, impact, and roar noise from the 

PRT vehicle were made with the vehicle eaulDDed with s~an~Brd 

steel wheels, Penn Cusilion resilient \,r1}eels, and damr·ed ·".,.tjl~eJ ~ I 

Por input to the roar noise predictive ~odel, the roughness o~ 

a se~~lDn of the test track was ~easurect with a device Jesi~ned 

during the pro~ram. Squeal and impart required only track 

geometry for inputs: curve radius, rail ,101nt ran, p:,~. ~pc

tion j ae~ai~s ~he PRT measurements ard their R~reement with 

che ~reoictlve models. 

* , 
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As mentioned above, ~a8ed on our understandin~ of the 

mechanisms of whe:el/rail noise generat~on ar1sinl< "1'0'" the 

development of f.he n0W verified analytical models, we s~ught 

to develop innovative suggestions for the Gontrol of wheel/rail 

noise. In Sec. 4 the difficulties Inh0rent In the oroblem are 

discussed with reference to existing noise control approaches. 

In addition, a number of new approaches are sugl<ested, estimates 

are made of their anticipated effectiveness, and potential 

problems with their imp!er.lentation are discussed. 

Section 5 

for 

of the report deals with the developMent of 
\ 

testin~ the acoustical effectiveness of wheel/ procedures 

rail noise control meaRures. While referenctnl< standara testinl< 

procedures for the noise from rail-bcund vehic!es, Sec. 5 draws 

heavily on the kn~wled,e gained from the analyse. In ~ec. 2 and 

the laboratory and field testtng in Sec. 3 to presen~ sUl<l<ested 

procedures for obtaining reproducible acoUl tic",l pe)'formanc" 

data. 

Section 6 presents conclusions and sUl<l<eRted new work and 

the appendices present details of measurements and analyses 

too involved for inclusion in the text. 

8 



___________ 0 _______ .. __ 

2. DEVELOPMENT OF rREDICTIVE FORMULAS FOR WHEEL/RAIL NOISE 

Ih this section we discuss the measurements and analyses 

required to develor formulas for the prediction of the n~ise pro

duced by the interaction ~f metal wheels and rails. In all cases 

we have sought t;o relate measurements to the simplest allalytical 

mod?ls consistent with the required accuracy, hoping thereby to 

develop practic~l formulations to enhance our insight into wheel/ 

rail noise. In later secti0ns we use these formulas to predict 

wheel/rail noise for compariBon with measured data. 

2.1 Charactc.'lzatl0n of the Wheel/Rail Dyn~.'ic System 

In order to understand and predict the noise generated bJ 

rail transit systems, we must thoroughly Quantify the dynamic and 

sound radiation characteristics of wheels and ralls. HEre; 

dynamic characteristics refer tD how the wheel and rail respond 

to a dynam1c point forcE such as Dccurs at the interface between 

the ra~l and roll1r,g wllep]. Sound radiation 'characteristics 

"efer to the transformBtion of the mechanical vlbratloh ~"oduced 

by the interaction of th~ .. hee) and rail into acoustic radiatior.. 

One important dynamic characteristic of wheels and rails is 

thei., point impedance, a meaSJre of their resistance Lc motion 

when excited by a harmonic point force. A knowl~d~e of Lhe rela

tive magnitudes of wheel and rail impedance is crucial to an 

und~rstanding of wheel/rail interaction because these impedance. 

affect the dynamic behavior 0f the wheel and rail. Take, for 

example, the case where the wheel impedance is much greater than 

the rail i~pedance. If the wheel encounters a bum~ as it rolls 

along the rail, the wheel will not ",OVe up over t.he bump but .. 1.1 1 

push the rail out of the w~y. If the lmp~ctances were rev~l's0d, 

the rail would not move but the wheel WOUld. 

'" 
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Another lmpcrtant conside~atlon is the manner in which 

different parts of the wheel and rail resp"nd to various e,oi

tations. Both are complex structures and it is particularly 

important for makidg predictions to know how the different parts 

or the rail (e.g., the head, web, and feat) respond t~ excitations 

applied in various directions to the rail head and also how dif

ferent parts of the wheel (in particular the tread and web) re

"po~d to excitations in various dIrections at the face of the 

tread. 

When the response of the wheel ar.d rail are known, one can 

calculate the transformation of their mechanical vibrations 

into ac0ustic radiation. A quantity often used to predict this 

transforr,'otion is the radiation efficiency, which relates the 

sound power radiated by a vibrating structure to the velocit~ 

of vibration averaged over the structure and the radiating area 

of the structure. The sound pressure level radiated to the 

wayside can in turn be derived from the scund ro~er level pre

dictions when the directivity of the so~rce (both the wheel snd 

the rail in this case) Bnd the distanc~ from source to the 

observer are kn0wn. 

In this se~t1on we will describe 80:::e measur~~ents and 

simple analytical "'Ddels of ];heel and rsi: in,redanoe, raJ, £ttion 

efficiency, and directivity. 

2. 1 . 1 impedaolce 

As mentioned above, the ro1nt impedance of whee18 8'1.i rj~ls 

controls the dynamics of their interaction as rhe whel"'l r'tl..l.l::; (,t! 

the rail. Various mea~urelnents of rail impedance ~r~ a~311381c 

in the lIterature (Berlder and Remidgtoll, 1974, ~JJ.ake, l'.1'lj) :~nd 



several new measurements have been made during the course of Ihis 

study. 7he only available measurements of wheel impedance are 

the ones perfo~med during tllis program and reported belew. 

Ra.i~l'oa.d RaiZe 

We discovered dur1ng the course of an extensive literature 

review (see Remington at ai, 1974) that measurements of th~ im

pedance of rails on resIlient fasteners are well modeled analy

tically by the impedence of a beam on an elastic foundation. 

This impedance may be expressed by 

" ' J ZR. J212 (EI) K" 1 [1- (wlw )2]" 
W 0 

w < w 
- 0 

~ :;- W 
- 0 

(2.1-1) 

'hhere J is the square :,oot of -1) E."is l:le mo,julJ.s -:f elds+J..;

tty of the rail material, I is the bending mo:nent of "nertia, 

K is the foundation stiffnes3 per ~n1t len~th,. 

and Pi is the rJil mass per unit lerj~·tn. 

Although in the literature nu such cDJ:'~'t'l-?,'[icn .... !' :IE:':..5 ... ;~~-

ments and 3.nalytlcal ITlodels '""as 3.vail3.ble ~:,~. I'a~~l::; ,:,n '. ~e ·...::10 

ball~st) ~ne would eX~lect th~t [he 1!"reJa~c~ cf 2 be1! . . n 2~ 

elastic foundatl::n would s:.ill cc.rrel:·~te ' ... ;(''';'1 with :~f'e3L..r~":J(j 

impedancE's. 

rail mass on the fOl1ndation stiffness, O~:L~r~ Qt a lOWEr' f!'p

quency (less than 100 H::) for ra1:s \)n tif' 'lnd b.'il~_.,,,, t::h'1r: 

I'or resiliently rastened v~il., 

*Irhe resilient fa3tencr stirrn~s,s divlded lJy the fa::::t~n'?~' s~ 'J 

ing. 
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H~), the impejance of audible :requency ran~e (above about 200 

rails on tie and ballast s~0uld simplify L0 ( i . e . J fur r...., ;;. > l..,.' ) , 

(~·.1-2) 

which is the impeda!1,;e of an toqu.iv:ilent infini ".,ely .l.-.:nE Lf'a;l,. 

The fact that the foundatlon ~tlffness dJ89 not gppe&r as a 

parameter is fortult0Lis, becaJ.se estirnatl'l,K that stlffnes::; f;:,r 

different ~ie ana bal:ast arrangements woulJ rrove La b~ diffi

cult. 

The unly existing dat2. Ol: the ir.'lpeda!'"lce of rails on ':..i2 

arld tgllsst were obtained by rJaak~ (1953). The nl~asurements 

were tJer'fOrffied in the vertical and horizorltal d~recticn orl 

rails Or) t~es and ballast with a tie s0acing Jf Z.J rt (0.65 ~). 

The l)endir~g' rroLE:rti~s of tr..e rail 'Tleu.::ured by Naake are ...:"i verJ. 

in Table 2.1 Ids Gate a:c'e comDared wIth the simple-beam ar.3.-

Arree~ent ~etwcen ~he 

:tJh~iDe :':e3.~Urt::l-,ents '3.!ld p!"e.jj .'ti':'l!'lS is 1='0,"11', bu.,- t.he ir:-!pedance 

a.r:~plltude is fairly 'f,'ell pred1,~ted by the L;imple-beam mcdel 

f~x~ept for stI'on,_t dir',:; in tn,~ i:",.p,=,dan':-'c at -=tt,rut 8uo Hz for ~ Le 

vertlc&l i~ped3.n~'~ ~~Ij about ~OO an,j 600 H~ ~l)r ~he horlzcntal 

TABLE 2,1. BENDING PROPERTIES OF rHE RilL IN THE 
IMPEDANCE MA~UREMENTS BY N'\AKE (1' 53). 
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of the rails by the ties, i.e., a half bending wavelength- in 

the rail correspolld3 to the tie spacing. 

Because the frequency range of Naake's data is quite 

limited and because there are no da~a available on the impedance 

of rails at rail jOints, we made arrangements to perform these 

measurements on the test track at the Champ Carry Techn!,al 

Center of Pullman Scandard in Hammond, Indiana. The test track, 

a 1/3-mile (0.54 ~m) oval, contains both welded and bclte~ ASCE 

60 Ib/yd (30 kg/In) rail on almost new tie and ballast (see Spc. 

3.1). This rail is about one half the weight of rails cGm~Qnly 

used 1n rapid transit systems. however the excellent condition 

of the test tracK and lhe ease of obcairing electrj~cl power made 

it 0ne of the best sites available. Measurements ~ere perfGrmed 

on a straIght section of the oval by excitIng the ral1 both 

laterall~ at the side 0f the ral1 head and vertically at th. 

to~ of the rail head with a Guodr.,ar, V-50 electromagnetlc .she:'el' 

(with no static load). Tho .haker WaG attache~ to a stud wn1011 

was connected to a small (~ • 1 • \ in. ohick) (12.5 . 25 • G 

m:n) allJ.minum pla';e glueJ to t~e rail. The entire 1nstY"Jmen'l'j

tion ~etup is shown in Fig. 2.1-3. 

32.5 Hz to 8 kH., We chose 1/lC-nC':3ve band ex-.:i!.at;ic~_ f;'.' t!l;'~ 

we could examine :1ny dcta~le,i ('hang~s in ',he lnpeoance wit:J 

fre'1uer.r:y 'Shut would not ce sh0wn u!' t,y 1/3-_L~tl'l.Ve bar,J In:-ily-

s1~. li'Y"leVel', as will be seen leLcw, .he 1illj"',eo.fi.n2P \0](1.::0 f.",,(,:.-,!,::tl...:, 

S) 31o~vly vary!~)--::: w~th fl'e'1uency t!i.at ,jata were taken unly :it 

1/3-,:)ctave banri. intervals. The force applied t,y the Sil3.kel' t:" 

L'1e ,:,'a11 (generally 011 the \)rder.)f:t few los l'r le~.,s) \,\':3 

"The djp at 800 }-iz for the hOI'l~()nt~il 1rnpt':d3.n:'~ crY'rC'~'r·C'rtt.!J ;-,. 
a full bendIng wave1pnglh. 
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sensed by an impedance head and the acceleration at the point 

of excitation was sensed by a separate accelerometer attached 

to the rail with beeswax right next to the point of excitation. 

These signals were then amplified and mea.ured in broad bands 

by what was in effect an rms ~oltmeter (GR Sound and Vlbr~Lion 

analyzer #lJ64A). The phase between force and velocity W&S 

then measured at the output of' u.e rhase matched preamplifiers 

using a polarity coincidence correl~tor.' Four rail configura

tions were measured: 

1. Vertical forcing Df the top of the rail head in the 

center of a rajl segme~t between two ties. 

2. HDrizDntal lateral) !'crclng of the s ic1e or the rail 

head in tIle center of a rail segment between two ties. 

3. Vel"lical fc..rc1ng of the top of the rail h"Ctd J!1 ':'ne 

side of a rail jOint above a tie. 

4. Horizontal Uateral) forCing of the side of thE' f'Ril 

head on one sioe of 3. rail jCLlt tetween ~iro ties. 

amplitude for these ~)ur cases are shown 111 F'!:ps. 

The polarity coincidence correlatQ[' does llet ~ivg 

;' . I-lj ,> • 1-7 . 

the siIP~-. c,1" 

the phase :3.n~~l>2 - i.f:., it ,juO::-s not tell which :::;l~pn:l..i. it"> :e2,j

ing but ~ive5 Oll]Y the abs~,lute v~lue or the rtl~sP 3nvJ~ ll~

t.WE-en 0° and 180°. As a result, the p!liiSe an,;~,=s t-iver. ~:. 

Figs. 2.1-14 - 2.].-7 c'ollld in fact be f;r1ift.pj hy 180 e • ',',t' ~I""![' 

shown what appeal't. ~,:- be th~ most physicall:! rf::'.3.sLJn~lb 10 r0:3I~2 t. 

*This dt."vice hard ~Ll!-',3 the 1nputs t liJ~1\_11>1 to'') t!lerL t\.~f,,-th·", 
and aver'ages lhf>rl. TrJe r,,=sult 15 :i r!l'ri..~.2J.~:..:t?J l"Jt."'ilt ;':J-

t1 volt (0 derre(-s I_'tl...:.~'=' tlh~ rt) a~l j -1 .;~;. (18,)0 >:l'j,;,-, ~: ;' , . 

j',' 
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It Is readily apparent from examind~iol_ rt the phase of 

tne impedance li.e., where It gOO,3 t.J zero; t.nut t!le reS';:ICiU.:!C 

of the rail on its foundation is between 90 and 140 Hz for both 

the vertical and the horizontal impedance. Pronounced dips in 

the impedance amplitude occur at 800 Hz for the vertical force 

applied at the center of the rail section (Fig. 2.1-4) and at 

400 Hz for the horizontal force applied at the c8nter of the 

rail section (Fig. 2.1-5). These dips correspond to the pdSS

bands mentioned by Naake (1953) for a beam with the rail bend

ing stiffness, periodically and sim~lj .u~~urted every. rt 

(0.6 M) (875 Hz and 32~ Hz for vertical and horizontal response, 

respectively). For a periodically supported beam, there shollld 

be ~lgh-frequency passbands at multiples of 4, 9, etc .• of the 

above frequencies. The reason these passbands do not appear in 

the impedance amplitude at high freqLency is probably because 

of damping, the fact that the measuring bandwidth becomes too 

broad at higher frequencies, or dynamic decoupling of the rail 

from the ties at high frequencies. 

The infinite beam analytIcal prediction o~ the impedance 

based on the parameters in Table ;'.2 1s 3hOlwn as the dotted llT,e 

in Figs. 2.1-4 - 2.1-7. F0r the measured ver!ical impedance iTI 

Fig. 2.1-4, the agreement w!th pr~dlcted amplitude is {COld, bJt 

the variations in phase a~~;le from that of a simple beam ~re 

TPBLE 2.2. BENDING PPOPERTIES OF A~Cl 
60 lb/yd (30 kg/m) RAIL. 

~t1cal moment of inertia 114.6 in.' -(Z~CJ~;;)l 
Horizontal moment of inert]a 1.95 in.' (61.j em") i 
Cross-sectjonal area 5.93 1n,.2 (38 "r-I!~ I 
Mass/unit length ____ . 60_~~/y~~30_.k'-!~"' __ J 

; . r. __ 



t r 

substantial. l~ :'1ay, however, be qUi"Ce difficult to get InUC" 

better phase agr&ement, since that quantity is auite sensitive 

to the details of local deformation. Curiously enough, the im

pedance of a simple beam also fits the measured impedance data 

for vertical forcing at a rail joint (Fig. 2.1-6). It oppears 

that un~er the conditions tested the joint bars farm a very 

rigid connection between rail ends. 

For horizontal forCing, both in the middle of the rail and 

at a rail Joint, the rail impedance predicted by the si~ple

beam model a~rees fairly well with the measured impeda~ce.· The 

low-frequency dips in the impedance are d~e to the rail reS0-

nanc& on the ela3tic foundation (around 100 Hz) or to the pass

bands corresponding to the periodic support provided by the 

ties (between 300 and 400 Hz). However, the meesured impedance 

definitely falls be10w that of the si~ple-bea~ model at high 

frequency. possibly as a result of the fae: (as we e~all coe 

later) that the rail head starts t~ vibrate independently of 

the web and foot at high frequpnc1e~. 

As a result of the abov~ ~'eaSur'E'r1ent5 2nd analysi~, 

will analytically model both the vertical and horizontal iC1re,j

ance of a rail on tie and ballast as the impedance of an i,,

finitely long unsupported beam. iie wlll use this medel ~c,r ,:1e 

1mpedan~e near and far removed fCOIT! the raJ: ~ulnt, b~"'ll'i!lg ':n 

mind that the ~odel 1s subject to err'or in l~~ followin~ re

gions: 

[ t 

'We have also included in Fig. 2.1-7 3n estl~ate nf impedance 
of the rail as if it were an infinitely long beam v'bratjllf~ it 
torsion (the dot-dash line). N'S'lther the- frer-l'Jency J.erf'ndt:n'~1 
nor the amplitude agree with the data, further c"nf~rmln~ thp 
simple beam-in-~.1endlng model. 

... .. 



•• w ..... _ .. _ .. __ , •• __ ._~ w 

1. below about 200 Hz due to the resonance of the rail 

on the tie and ballast foundation, 

2. above 3 to ~ kHz due to the rail head moving independ

ently of tile web and foot, 

3. at the first passband frequency of the rail on the 

ties acting as periodic supports [around Boo Hz for the ver~i

cal impedance of a standard transit rail of 100 Ib/yd (~B kg/m) 

and around 400 Hz for the horizontal impedance of the same 

rall] . 

In all likelihood more compl~x analytica: rr,odels of th~ 

~ail would prcvlde Imoroved ~~reemclnt of predIction" and ~~Cd, 

but additional complexity is not justified at this Lime because 

equally approximate analyses will be involved in modeling other 

aspects 

rails. 

of the dynamic and radiatiJn ~rcpertiel of wheels and , . 

For rails on resilient fasteners, the ~~alyticdl model ~e 

use is the impedance of an infinite beam ~n qn elastic founda

tion in which the fcu,-,datio'1 s'lf!"r"'5s, K ir. Eq. 2.1-1, i8 tlle 

stil'fne3s of the fastener at tl'e opel'iltin;, lead divicied by the 

fastener spacln~. ~his ~odel has ~een s~en tc yield good il~ree-

~ent betwee~ r,'edlctlor1 and tneasu~~n,e~~ Jver the ranee fr~~ 

40 Hz t~ dbOU~ ~OOO Hz in orle case 8rlci ['!:,~ 08 ~~ t.O ~b~u: 

20rJ riz in another case (see RelTlill~t0n ~ t J.~, ..2.974). The.re i3, 

r0wever J a discrepancy at the l'esonance t'l~eque:l~Y of thp rail 

on the fastener (w o ) bec.ause ~.~e ,j3.n:pln~~ 1n the r:-"il1 f;-'lstcnet';:'· 

is not in~luded in the analyt:cal medel. ~!1C "ould lnc,-"ci~ 

this damping sl:7q:.ly by takln,:! K &5 c:url')~'lf::'-X) i.I?, K = K ~]+·n) Q • , 

'Nhere n 1s the loss factor, ill F,t. ~"'.l-l) tut, o!' ~(Jurse, thi. 

would rc-quire measurel::.~nts 'Jf the "':0'l1r1C'x ::;t.lffrH::·6::: 01' tht.~ :"~-

silient fasteners Qf interest. 



However, we shall see later on that the prediction of the exact 

magnitude of the ra1~ impedance in the frequency r~nrp wh~re r~so

nan.ces u.'CUI' may not be critical to the rr·ed:l.ct~cn r,:.f \I;h,=,cl/rail 

noige. 

Rai Z road .'nee Is 

The lack Qf measured data on railroaa whael impedance has 

permitted development of only the simplest models. un. s~"h 

~odel considers the radial impedance of ~ railroad wheel as the 

lrr.pedance of a simple mass 

Zw = jwITI , 

where m 1s the mass of the wlleel. 

are no resonan~e frequencies 0f the wheel lr. tt)e ['re-l.;Jen('~,' 

range of interest, which 15 not tr~~ fOJ' wlleel,'ra!l noise. 

To increase our understanjlng.]1' wh::?f"l imped3.!lf.:=e, "de ie

l:lded lO measure the wh~el L:pedance c,f :l rdi::'road w~ eel :=,.t

tached t) a truck. ArTallgement3 were macE'" • ..,rith Pullr-.ln ':::::T.3.n::.Lll'J. 

to visit their "~ar works" at Illth St., ,'hica,.:;u, Ill. 

they prcvidcd us with a ~assenger car tr~~~ jsrkeJ ur in !'2-

v~de aC~CS3 to the wheels.* 

Th~ ~-w~eel tru~k [36 :n. l'l.U-.il.-_ L ~·e:::.d 

whedls] ·w3.3 a ]eneral 2teel :-''')uTlda.:-'les in3irJ.C" ~·,\lin,:: l,[-.!:,-·::::' 

truck:; ":'crl::il No. 146-NYC P.-t.?37; iL 1~ ~1~:")Hj, gcher!at~'~3.11:,' :r) 
FL!. 2.1-1~, The t.!"'.lck wa::; ra:i.sed a!-'!'.:r·i\i:'UI _.1\' ::.' rt ~CiJ, I;' .·'r 

the e:rc1'J.n.J 3.nd sl..i.ppcrted at th.;:: be:1rin F- UCXCS b:l t.J".ic;,.: l'l,.tlh:"" 

fA tr3nsit ,:'qr tr''J..::k wa:; tlu'v ;lvail:.ble, ;'1,(, ~ (S:3(>:I~:-'-'" 

truck was -l.ulte sl.mil:::r.r' t:.,~ Lr;ll--,~1.t ..:!a~' ""',j:k~; F;:\,.'pr' 1:"1"-' 
absence cf drjve ~ot0rs, 



"
'"

 c
 r I r r: I ! ~ 

rS
ID

E
 

I 
F

R
A

M
E

 
S

P
R

IN
G

 S
U

P
P

O
R

T
IN

G
 S

ID
E

 F
~
A
M
E
 

O
N

 
E

O
U

A
L

IZ
E

R
 

S
W

IN
G

 H
A

N
G

E
R

S
 

S
P

R
IN

G
S

 
S

U
P

P
O

R
T

IN
G

 
B

O
L

S
T

E
R

 
IM

P
E

D
A

N
C

E
 

M
E

A
S

U
R

E
M

E
N

T
 

F
IG

. 
2

.1
-8

 
SC

H
EM

A
TI

C 
OF

 
TH

E 
PA

SS
EN

G
ER

 
CA

R 
TR

UC
K 

IN
 

W
HI

CH
 

W
HE

EL
 

IM
PE

D
A

N
CE

 
M

EA
SU

RE
M

EN
TS

 
W

ER
E 

M
AD

E 



f~rced in the center of the face of thl~ tread ~~ th~ luj1al 

direction and at the side of the tr~Rd in the 3xial dir~ctlon 

witn a Goodma~ V-50 electromagnetic shake,'. A s~ud connected 

1:"tle shaker to a small (~ x 1 X ~L+ in. trI1 r:k) (12.1 ... ~'5 )( 6 mm) 

. lumlnu~ plate glue0 to the wheel, The measureClent Eotup was 

exacr.ly the same as ':he rail impedance nl~:<lS'lr,.-:m['nt setup t::;hown 

in ~'ig. 2,J-3. 

The rcs~lts of the rsdial and axial Impea~nce measurements 

are s~10wn in Figs. 2.1-9 and 2.1-10, l:'~speC'tively. '1'w0obser-

vatiun. are readily apparent, First, t.llere is a substantial 

re~uction In the ra~lal (vertical) wh~el impedance nt -1000 Hz, 

due Lo an apparent decoupll~g of the tread frem the web and 

hub. Se(~()nd, tUere 1s ';ignlft ~El.n~. mod3.1 Cnar~l['te[' .1..1 the 2.xial 

imredarl~e ',:'I;1ny re30rlarlces and antiI'e.s~~nan'.::e!3:, :'Iuch rL.'r'c' than 

in the radial ir;lpedanoe, This is particularly inter"sting be

cause sq~eal noise, which will be ,iiscusseJ i., ~ale!' sectjons, 

1s known to be comrosed of pur~ torleB. ~hE ~trcrl~ly rescnant 

~hara.ctel' ~,t the wheel undel' 3.xla1 i'':Jr'cing-, seell jn Pig. ~'.l-lO, 

1s c!Qnsistent with tIle view that squchl noise i~ pxcited bl' 

Gra'.Jb ~nJo!" as Jescribed in ~)f"c. 1 (which w, ulrl rt'::""u: 1 i!""l axj al 

f\::r'r'~~e lJein~ appl1ed to tlle whe'?l trOFJ.{j). '~\fl t,!I'~ crhpl' IH1nd) 

r~')1r Lcd[Jc, whicr: is known tc' be br'c::tJbanJ tL ~har;l.:ter, 2D 

t,eli'·'!f?d to: bi- e:--. .:.-l t.ed cy thf' ['(jughnes;:; 1,"·1 1 ht' ~'l·;e"'"l s :,}r,..:l ('all ,. I 

;t,J.jal fnr('lnl~' 

wi'·!! ·,.;11f'~j~, 

" r I [J" I'. \1 : '( j '~; j ll' I· J... 

w ... :, .. ,1.:. f'';'!':..,t r, .. wr::r·, ltItJicl, i:..~ Ijl·:'lni It-l.Y' il.l;,.)·-J.:l..kt..:.. 1 i' W'.' 

.l-~', W':' r'jn,j LII:!+- ,Il'~ .... ' .. ' 
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(-750 lb; -3~0 kg) U attached co an ,de (700 Ib; 318 kg). a 

bearing box (375 Ib; 170 kg). and an equalizer bar (9~O It; 

~30 k.;), The tot"l effective mass. of 166~ Ib (756 kg) results 

in too high an lmped&nce, 

wheel and 1/3 of th~ axle 

fits the data 'luite well. 

If we taka just the rna •• of the 

mabS (903 lb; ~~7 kg). this fi~ure 

Apl-'arently the bearilig provid~s some-

isolation between the wheel and the bearing box and equalizer 

at Iligtl frequency, 

The rad~al irnp~dance abOVe 1000 Hz is 1lI0re difficult tu 

mode 1 . In fact, the radical change in impedance cau.cd suff'l-

cit'nt concern that the rneaSllre!lent was repea~C"1 on a 14 in. 

(0.35 nl) runrd.nh t.read diameter wlll"t:'l. Tht' '~'heel h:iS rested on 

its hub on a metal bloc,( and the Imped3~ce ,:,easured by the sam~ 

method used to ln~dsure the larger wheel. Figure ~.l-llJ wtll~h 

shows the l~esu2.tlng ir:lpedance. 15 ~~emart.:,.bly similsr in l'h:1!',)~-

tel:' to ?lg. :'.1-9, ex.:'ept tha~ 1.'12 dl~()~\ it: radial lI1lpo?uJ.nce 

o~cur6 at a s11~htly higher rI·e~~ency. This difference ~s con-

3i~tent w1th the fsct t~at ~he l~-lt~. IJ.35 tn) diq~leter wheel 

is smaller Find st"bbh'r tnan [he JL-ir _ (O,91 Cl) dlar1et.~[' wheel. 

measured radial lrnpe(~.dl1ce abt).Je .1000 11.:: f'l!'st J if I t:' .... plainirl t:.. 

web L r '.I'lt' ',>Ii r"·:.1. ;, j t'j," '_ 11 ~o • ' l' for j ,I' r t .• ' _ V l,: • 

*')lnce tt'f' fl./clE:' EUllj r'.";'.l:ll:.'.t~j :p., 1'lXC',l :1" ·.:IE:' t'r]'l:~, )..: ;'l1_ 

t.achC'd 1...(") t.h,..::. drjvr'tl '.l!:t·,'l, tLI:~t· pfff',.'\ Iv(' T.,'1,·.: 1:. ":rlly I 
of thf"lr Lr'll' :li~:::':-:. 

t The ~re3k rre'-~uc'n':"y .1~: ttlI-: fl't·:l'.l."rJ.'Y ,·It. wl.!:"L 111" ' .... ';J('l-! }1":I'II-
arlc~ abruptly UI'0[·G. 
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about 5(j~ for a factor .of 2.5 ot,ange in rc,:ius of ti,e wheel.

However, since t~e bre3..k frequency ~hanges SU little f..)!' lar~e 

changes in whegl size, it is reasonablE as a firs, approxima

tion simply to take the break frequency ciS -ll,0U Hz fur all 

standard sIze transit car wtleels. 

Analyttcally ".odeling the radial lmpecianc~ etc",." iQ(JU liz 

~resents some problems. In the 11mll at \'ery high l'r'0qu~nl'Y, 

or.e I"lould expect the irr:pedance to approaL: 1 Ihat uf '1') lrlt'1ld t·:' 

beam with the s~me cross sectiun as the t~ond; 1,l'. 

( .:' • 1 -- ~ ) 

wher'e c
t 

is the ccr,1r~ressl...:r:.a.l 'i'l:lves~,eej in t~](, !'I3.'t-'!':.t~ :l;!.l l<

ts the radius of gyrCitlcIl. T~jl::5 f~':'l7Iula glVt'::l rro;;di'':-ll-'':~J ,-'I' 

the jmpedance a".lp11tllde thllt at'':::' ttl lfdS~ tht: ~ar:I·_· :'1rdt'!' ::1' 

:Y1.ainltude as ~he dat:;!. 1:; FitJ;s. ~.l-~ and 2.l_11 t
J 

-:tJth \,~jl .!:f' 

phase 1!'" Fig. ,J • ..i.-CJ 1S r00r'ly ,TJa1.d'rt'J l.ly tt:io..J l'l~,,,it'l. 

llse th.1, slm~,lt~ ;;' JL'~ ill !'utUI't- ,-~:J ... ":'.11 '1' •. 1, !J,'; ,1;, d !'i t· 

.1matl,)n~ beaJ'inr~ 1'1 ":lnol thdt It 

L:J~e~a~cy betwet~n 1',~'f'riarlL~e J r'edlC" 

exist. 

'11. '1.II,j ItlC' l.~ l~r't", I'fll t"Jy 

1,', (' .. , • 1" , .. : I J 

i]np~,!ancf.' 

*;:'ht:.. wetJ ~hl\..kllr=~~~,·, 

dl:':':,;er,t'r wt}t:~'l::-, Lt'!; 

t Tl1 ., l~ In_ ,0. j'. ",) 

r' I.' r I,' 1 

.i:' I ~,r· ! • 

II'" i: 11. ' 

1 1 :11:, t' ~ t' l' ' .... , l t' I 

': I ll" i ,,'jl , . 1'- '. 

': '. 

,j 

re(;'L::ir:,~:~llal' t[''::'J.,j ...:r'r .-1_, ;3t.'I'tJ.'11 '.r' :1 ~II, " '1'1' .... -: :,. :/ 

\L·.~,ll '::'TJ) t[d,~t":, Tl.r~ _~tJ itl. '~.II: Ji'l':"'lt ~,tJ'''': 
rl.:.\(.i~lf'J ,-;;>5 h8.vlr.,? ['~·"t.H:I'~u.lal' :t, ,~,,; '·'t"'T:, 

w 1 rj e tJ y J.~, 1 r., (~, fJ (' J[') t.l Ii '.' J'.. ~ I .I' t' T h' 11 

(,.')1 :") (1ia:lll!f,I;:'I' \..r~If'O~:-J ).:1\'''' '1 : ,','(j In, 
The I.) Ln, (·Lf3 ~1fI) ji"lensir";r, W'j", 1;'111'1 :'1 

the wheel .in 'pl~,,·.l(Jr'. 
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detailed knowl"dge cf tl"1~ dampin!'; W0'Jl d l" 

predlctl,)n at resunaI\ee~ . 

.Jty of most trans..:': wheel') ma~F;'S pred1("r 1\,11.:.,1' ,[.~.I t ~~>-·.~r.atl~f' t. 

J :, ... ,1 ~,:; ~. 

dlrel'tlon ",111 have t.he same relatL)T\ ~.J I.r.~ ,'J:."\b:.'r 

reSDnanCE'" frequt"n~les C' a rlnl?' vitJr':lt I,rl~ ~;'J1 ,,1' 1 t.s 

The !'eSOnarlCI:" f'pequC'n~les of ,1 ring; :-:!,p ~1"·"->.!l ':"y 

tLI :III 

ring a' 
__ 0~0.~_ .:-_l.. L ,-----
\n'+l+~ 

,1."1 I h.i! 

i t ll .... 

where a 1s tll~' l:'ln~ radius. I( 1ts radius of gyrat1c1I:., j..J p(~lss 'f~' to 

ratio, c
t 

th2 comppe~slona: wavespeed in tte material, ~nd 

II the :::ircumfepentlaJ .... ·:}venljmb~:'r. 'Taking th~ rln~~. Cl')~;tl S(·C".1r)r: 

::j ~l> a 'J.'; In.'l( 1,1=", 1rl, (Ill ~~ y, 3.8 l~~) rE"::t::l.r,~lt'" 3.:'~rc~·.ii':l·:

ll~~ ttlt::' '-:'pa,l ':1'0.",>:"; st:'ction C'~. lhe 36 1!1. \0.91 i.l! diaf',t>ter' 

W!'II~'::'l ~ wc- ,·,t;I._l..!.fl ~n"7 ring nat tr'al ":~""'t'L:j:.lC·l"'~Y v~.'eJi ~l()r_'~' :-hown 

~ n F 1 ~,. . . 1- ~ :', 

wi. t~, rf'qll1:-~ ,l 1:. '!'jf'r t .• _ 

;> _ 1 . 2 Responce 

, I r: t' j~) t I 



partic1pates in th~ vibration 1n :>rder ~0 calcul"re th,- attenu

ation of vibration with distance from the point oj' excitation. 

To exanllne the rail response to r0int exclt3l1on suctl as 

octurB in its interaction wiL}) a wheel, we performed measure-

ments on a ?O-ft (6.1 m) section of AHEA-100 rail. "ehe rail 

was supported 

pads which in 

every 2 ft (0.61 m) alol., its .'.en~th by ","s11ier,t 

turn rested on a concr'"::'te flOC,t,. N0 :J.ttempt wa.s 

made to simulate tile stiffness of resilient fastene!'s used in 

trane!t ButhuI'ity operations, bec~use in ttle r\'e~uency range of 

interest for acoustic radiation, th~ rall responds essentially 

independently of the fastener stiffness, The rall was excitea 

by a 50-1b (225 N) ...::apaclty ~lec[.r.Jnlc: sha('.er att3.Lt!t~d Ie the 

rall he:.d. 

r'a!.l vert.teally (to simulate th~ fJrc:e one would i'xpect from 

microroughnesses or impart at JOInts). Then, by aLtaohing the 

shaker to Lhe "Ide of ~he rail t,f'ad, WI" f'xci tt'd the pail ho,'!

eontally "to 8!mulat~ the rocc~ fl'cm cr:'t,bln,,: Clr l'13.n,'" iOlpact). 

The !'ail respunse was measurej at flv~: F,03itl-...:ns On tLE he3.d, 

f1'Je po::iltiLl lif. un t.ne web. :3.nJ !'ivt> ~h):)Ltl ns.)n t:lt"' ~_I,.1.. by 

-:le'l!lS (.If an '.lc'_'elt"'r l )!'1eter. 

::1 J! i " . .. t .. wr ! t, ;." . . , r 

"rl!~.' r·'.:~:..t~ iVt~ :H'l'('lcr:-.t.tl,::rl If'vels =±~'C l::q: .. I\,.":'t.1!:'l ht'r'L', Lt ... d,~:3t.' 

tt,,· ~lt:akp-!,", J'L-.r":'t' W1:::. t,,:.t \{~.J"- '2'_)fl~':.·HJt 1.S tl ,. fl'el,!..;'t·!l"'!" ~L)11 

*f,",r 'l~-: ;-:-:tL1.SI.lrf'rn~'nts the (lr:~:I-,lflPC'l~lf~tL't' "'.Iii:' I, ,':11/"',1 tr. !!w 
cent pr' l1f t.t"iE::' wf:"ll l".Jr ',.,reb a·...:~elerut: '-J!"! '=':.~; rJ.:l.l rW'i,\' t t" W~~,jL 

'(hc:, iIJeb anJ the t"dge ,J:' 1 rle t:)o\ r-'!"' ~ht~ [\·,d al-"~r·I\'l··d 1 f.:'3. 
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essentially the same up to 3000 H~ and th~ web acoel~ration in 

the horizontal jjrec",lulI 111,-':-':-:-,3.2. L ... th·.~ :..,1...111'= or' tf:e weD 1S 

negligible to teyonj ~OOO H.. This behavior implies tl13t the 

rail 

4000 

moves esserltially as a simple beam. At abuut 3000 to 

there i. an apparent resonance of the foot on the web 

8ttffness In wh1C'[1 tlle foot response exceeds the ht:'-1.d response 

by about 5 d~. 

The rail accelerktion resp-nse for horizontal ~xcitation 

of the rail head is showil in Pig. 2 .l-12b. Ttle her·ieontal ac

oeleracicn of the head and the web are essentially Lhe same up 

tc 2:-0J :-1: ..... in":' :"lic vt...l'Llc;a:' ac~elerat.ion of the fOIJt. Is 

n~gligible up to abolit cODa Hz. Except for a peak at 3150 He, 

wher~ the foot res~.onse JamJnat~s~ thp head, web, a~J foot re

spond almcst identloally fro", 25UO to 5000 H~ where ~he we~ 

bet;1n.::; to J.0:::inalt: the response. This response pL-ittern 1s SOme

what ::.ore ~ol:lpllcated than for vertical forcirJg; however J at 

lL'w !'I'eluencies the pattern 15 what one ~l)uld expe~t if the 

r~l~ were ~~vin~ 3S ~ simple beam in the h0I'iz01)t~1 d1r~cllcn. 

The atlerl~~tiJn of vibrati0~ ulon~ thp len~ttl of 3 rql1 as 

1 furlcti0n cf' ,jlstan~e ~way fr2m tile p0~~: 1)[ ex~1t'lt1~~ h3S 

l t-'en r,L'Clsul'ed t\~; :b,'.lKe (1 g~_, 3) ~'n r he !'~~ 11 Je,") '.~ rill L'd ~_tl ~ab":' t> 

, (I • t} '.J r:). 

t· _I 'v't~rl :C'il ,?XL: 1 .1t 

&II ----. 
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acceleration on the rail head was measured at several distances 

fro~ the shaker up to and across a rail JOint. 

excltation slmilar measurernents of the horiz)ntal acceleratllJ~ 

0f the rail head were made. 1'tle Jecrease in the octave banJ 

level along the rail relative to that level at the slJakeJ:' 1.~ 

shown ill figs. 2.1-13 and 2.1-14. The 1.1St ~o!nt Jrl those 

flgur'es, at If~ ft (14.9 r,l), 1s a'C the rail Joint ,)n l}le ~xclt,a

tlon side, 

Fur those cases :n which ::1 1 Ln·23.r ap~'!'2xi'~,~tl::fl '.~' tht~ 

d3.ta can be :;",ade, i.e., in d~},/m. :-he f','sults a!'e ['l~t_t·::>J ~n 

~lgs. 2.1-15 and 2.l-1ti for c.JrnpRI'ison with N.'3.&.ke T ::: results 

[l--je -Jt:Ptical 'i':.,":.enu.:1ticn ,1t low rr'_~_!u".'rlc.i,.3 (Fl~"'. ,-'.1-15) 

:Jaake. The ati:pnuati':Jn '.J~' horl::ontal vi~ !":t:.l':-'!l :!1 C' • 
-! • - - - . ~' 

,'I:! cih:::'...;.l,..l }:l'.i~lt '~!-J t.!"~',.,~~', ':I'-L~ ,,2;-:,'':'"' rc'!" 

fJrmed his ~easure~C:ltf ever 3 

* .. , 1" ~'J.~'1_.l5 ',~_' ',h::tt) 1~1 3.1-:" " ,~1..:("'~ s!:'\.,r~,. 't", 'l,.", .. .,l-
e''''d':ll.'!: ::.:;'.'e~ ."1 .:":C' 1:'1. 1

' ~'~:rp. ~:3 L~,<~>': tr'.1p "I.. ',,' ••• 1 ',',-
rlr:,r::. WiT~h s. f:tral·~ht-lir,.-' ~~;:-. X~:"'-l':,)n' 'hL' :t'~:1,'" ,,' ~:". 

v~L[,3.tl.~il. J.~~'~·~r's '13 h,:'J.~~:~ I ',-:-' ·'rd '!ll' l:L .. ~'r.:' 
,!:ini. were :~1\"=, 
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98.3 ft (30 m)] and scatter of the points in excess of 5 dB 

a;:,out the straight line approximation was common. If or.e allows 

for that much scatter, a straight line could e~sily be fitted 

to the data at frequencies above 500 Hz in Fig. 2.l-I~. For 

example, at 1000 and 2000 Hz one would obtain an attenua··on of 

around 1 dBlm, which agrees well with Naake's results in Fig. 

2.1-16. Unfortunately, though, the low-frequency result< 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 att~nuation data in 

the 1000 to 1700 h~ range) and the data in Figs. ~.1-13 and 

2.1-1~ suggest that below 1000 Hz rail vibration is confined to 

a region 0f 10 ft (-3 m) to each side of the excitation point 

and that above 1000 Hz (to within an accuracy of about 5 dB) 

the attenuation can as a first approxin,ation be neglected on 

the a~proximately 50 ft (15.3 m) length of rail confined between 

the two bogies supporting a typical transit car. 

In cases ~n whiCh 7ail JOints are present, additional at

tenuation can occur across the jOint. Table 2.3 give3 Naake's 

results for the attenuation of horizontal vibrati0n across a 

joint in the rail of Table 2.1 mounted on tie and ballast, as 

well as results for the attenuation of vertical and horizontal. 

vibration across a rail jOint measured at the Pullman Standard 

test track. In general terms, below 1000 Hz the attenuation 

across the joint is negligible; above 1000 Hz but below 8000 H~, 

it may be significant. This high attenuation a~rOD3 raiZ joints 

-Because of instrumentation problems, data for the attenuation 
of horizontal vibration across the joint were obtaineJ at only 
a few frequencies. 

~3 



TABLE 2.3. VIBRATION ATTENIIATION ACRO~S A RAIL JOINT. 

Vertical Vibration (Pullman Standard Test Track) 
.-

~equency (Octave Band) Attenuation 

250 Hz -2.5 dB 

500 Hz -l. 5 dB 

1000 Hz 4 dB 

2000 Hz 12 dB 

4000 Hz 8 dB 

8000 H7. f, ~ ijn 

Horizontal Excitati0n (Pullman Standdrd Test Track) 

Frequency (Octave Band) Attenuation 

1000 Hz 10 dB 

2000 Hz 15 dB 

L 4000 Hz 11 dB 

8000 Hz 4 dB 



r-
I , 

_ .. -----_ .. 

at higll fr87u8ncil and til. lal'ge attenuation of vibration witll 

distanoe along tile rail at tow frequ8ncies implll tllat on jointed 

rail vibration i. confined to tile ezcited rail. 

Railro~d Wheels - Tread and Web Response 

To examine the relative response of the tread and web of a 

railroad wheel to axial and radial excitation at the tread 

face, such as wo~ld occur when the wheel rolls on the rail, we 

took measurements on a wheel s·~t [two wheels and an axle with 

30 in. (0.76 m) diameter wheels] supported by resilient pads 

at two points on the axle and the tread. O~C ~heel was exci~ed 

with an electromagnet.ic shaker driven with broadband noise. 

The shaker was attached to a stud that WBS glued to the cellter 

of ~he face of the tread for rauial excitation and to the side 

of the tread fo~ axial excitation. The Dcce1eraticn was re

corded at five paints on the fac- of the traad in the radial 

direction, at five points on the side of the tread in the axial 

directic~, and at five puil.ts in the center of the web in the 

axial directio~, all under thp same forcing. The average ac

celeration ill 1/3-octave bands on each of these three parts of 

th~ wheel is plotted in Fig. 2.1-17 for radial forcing and 

Fig. 2.1-18 for axial forcing. Note that tt is only the rela

tive aecel _tian levels in the&c figures that are of interest 

because the applied force was not held constant as a function 

of rrequency. 

In Fig. 2.1-17 the mest striking re~ult is that thE aver

age acceleration levels resulting from radial forcing are es

senti~_ly equal on the face of the tread and the center of the 

web. This result greatly simplifies the calculation of wheel 

response or radiation due to radial f~rcing, since once the 

a~celeration levels at the face of the tread are known, the 
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le.ela on the web (the part of the wheel with the greatest 

radiating area) are also known. Figure 2.1-17 also shows that 

~he a~celeration levels on the side of the tread in the axial 

direction (at right angles to the f~rcing direction) are higher 

than the level& On the fa~e of the tread up to about 2000 Hz. 

This result implies that the t~ead 1s rocking considerably, 

which would also account for the close coupling between the 

tread and the web. 

The response shown in Fig. 2.1-1C to axial forclng cannot 

be so simply modeled as the respon~e to radi~l forcing. Again 

it is appar~nt that the center of the web and the face of the 

tread have approximately the same acceleration levels, but the 

side of the tread where the wheel is forced has 7 to 10 dB 

hi~per acceleration levels than the center of the web. This 
result suggests a cantilever-like motion of the wheel disk about 

its hub. For example, the static deflection at the center of 

a cantilever beam due to a force applied to its free end is 

about IO dB below the deflections at thp free end. 

2.1.3 Radiation efficiency 

To pr~dict the transforma~ion of the mechanical response 

of the wheel or rail into acoustic radiation, it is necessary 

to know the radiation efricl~ney, ". of each. Knowledge of the 

radiation effic1ency allows one to pr·~lct the sound power 

radl8.ted W as 

W = apcA<v 2
,) , (2.l-5) 

where pc is the acoustic impedance 0: 3ir, A is the radiating 

area of the body in question, and cu'> is the velocity squarpj 

of the body averaged over time and A. In this section we 
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describe B number of measurements and analytical models for de

fining cr for railroad wheels and rails. 

Railroad Raile 

Analytical calculation of the radiation efficiency of a 

structure with as complicated a cross section as a rail would 

be an extremely difficult task. However, rails do have several 

characteristics that alloM us to make a number of simplifica

tions. First, the coincidence frequency of most rails of in

terest is low, below 100 Hz; second, rails are general~y long 

compared to an acoustic wavelength for the frequency range of 

interest here; and, lastly, the response results of Sec. 2.1.2 

suggest that at le~-. at low frequency the rail responds like 

a simp], beam to both vertical an~ horizontal excitation. 

By tlcating the rail as a cylindrical beam, we may use an 

existing analytical f0rmulation (see Bai"ey and Fahy, 1972) for 

the radlati0n efficiency under the ass~~ption5 that the beam is 

above coincidence and long compared to all acoustic wavelength. 

The expression that results for the radiation efficien~y is 

cr(r) • W • (kr[ IJ' (kr) I' + Iy' (kr) I'J)-' , 
oc(2r)L<v'> 1 1 

(2.1-6) 

where r i. the beam radius, L is the length, k is :he acoustic 

wavenumber, J 1 and Y1 are Bessel runctions of the first a~d 

second kind respectively of order I, and 

We apply Eq. 2.1-6 to calculate the rail radiation effi

ciency for the horizontal forcing of tne rail by takin, the 



... 

cylinder diameter equal to the rail height (Eq. 2.1-6 with 

r = rail 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 radiated is the sum of 

that radiated from each. The diameter of one cylinder equals 

the rail head width and the diameter of the second equals The 

rail foot width. 

comes 

The resulting expression for the radlation efficiency be-

o = vertical 
fa I'C i '1 g 

a(rH)rH + a(rp)r F 
r

H 
+ r

F 
(2.1 7l 

where a(rF ) and a(rH) are Eq. 2.1-6 evaluated for r = '-"r' and 

r H respec~iveJy, where r H is one-half the rail head width and 

r F is one-hall the rail foot width. Since thede an~lytical 

models are only approximations, it is essential that we compare 

them with measurements to validate their use. 

We measured the rail radiation efftcienoy on the same 20-ft 

(6.1 m) section of AREA-IOO rail mounted as described in Sec. 

2.1.2 in a reverberant chamber (- 3100 cu ft; 86 S ",'). The 

chamber WRS Galibrated so that the power r~diated by the rail 

could be inferred f-,'om measurements or the sound pressure levrl 

in Lhe chamber. ~he rail was excited as described in Sec. 2.1.2 

at the rail head in both tne v~rtical Rnd horizontal directions. 

The sound pressure level i~J the room was monitored a~ three 

positions and a rotating vane was employed to enhancp spatial 

averaging of the sound pressure in the roou. The orig! 91 rail 

was toe long (39 ft; 11.9 m) and had to te cut to fit "::to the 

reverber~~t chamber. However, its resulting len~th (-20 ft; 

6.1 m) was greater than an acoustIc wavelen~th at the lowest 



frequency of interest and, hence, this 

no effect on the radiation efficiency. 

shortening should have 

The fact that the raIl 

response ia quite narrowband (distipct r0sonances can be seen 

in the rail response up to about 4 kHz with 1/10-octave ba ld 

analysis) does lead to some uncer~ainties in the resulting mea

surement of sound power when only three microphones are used. 

We anticipate uncertainties of no more than ±5 d~ at around 

500 Hz to no more than ±2 dB at 2000 Hz in our measurements of 

the power radiated. 

The use of an electronic shaker to excite the rail requires 

quieting of the shaker so as to ensure that the power radiat~d 

is primarily from ~he rail itself. To do this we enclosed the 

shaker in a pljwood box with 3/4 in. (1.9 em) thiex walls and 

lined the interior with a 2 ~n. (~ em) thick layer of fib~r

glass. We checked the effectiveness of this treatment by at

taching the shaker to a block of lead, enclosing the shaker anl 

lead in the box, and driving the shaker with the salCP current 

levels used to excIte the rail. We then measured the sound 

power level (PWL) and compared it with the PWL measured when 

the rail was excited.* Above 200 Hz the noise from the shaker 

was on the order of 10 dB or more below ~he noise from the 

rail. 

In order to reduce the data by means of Eq. 2.1-S, we re

quire the mean square raii velocity <v'>, tns time-averaged 

sound power radiated W, and an appropriate Illeasure of the 

radiating area of the rail. For both vertical and hur~~ontal 

f()r\;~n!S ')~~ t.hf' rail, we t3ke~ to be tIle T:"',ean-'::'illJ I]'t' spac.e

average,:} rail hf'ad ve10ctt,v. ~C'l' vCI'~ic.1.l PXl!i.tRt2',)ll, ~he .:1::'F''} 

·The average of the sound prefisure level at the three r1L:~l'O
phone posltlo~s corrected for the rOOm ~haracterlstlc. 
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A is tuken ~s the sum ~f ~he rail head and rail foot widths 

times the rail l~ngth, and for horizontal excitiation A is the 

rail height tlmes the rail length. A comparison of these 

measurements with the analytiGal predi~tlon described above is 

shown in FiRR. 2.1-19 and 2.1-20. 

For vertical ex~itation, the agreement between theory and 

me2surement in Fig. 2.1-19 is quite good, except in the vicin

ity of 5000 Hz where the fact th~t the foot response dominates 

the IF~f.ld response tends +:'0 Inake measured estimates of OR based 

on the head response too hi~h. Note that at high frequency 

the thecretical estim~te of 10 log OR tends to be 2 dB (the cyl

inder r~diates from both side') nnd tha O In general the measured 

radiation effJciency is somewhat greatci' than the theoretical 

estimates, suggesting that the theory would tend to under

estimate the rail radiation. 

For horizontal excitation, the agreement in Fig. 2.1-20 

beoween theory and ~easurement is again good. In the 250J to 

4000 Hz range, the measured wnlues are high, because the foot 

response dominates at ~hese frequencies and basing the calcu

lation of a on tile head response oends to overestimate the 

radiation efficiency. 

We see then that rails are very efficie~t radiato!. of 

acoustic energy above 500 Hz, coincIding well with those fre

quencies to which ct·e ear is sensitive. 

Like rails, railroad wheels hav· ~ very com~lex geometry 

that makes the analytical calculations of their r9dJation effi

ciency quite dlfficulL. Fortunately, as with the ra~l, the 
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wheel haG some chdracteristics that allow a number of simpli

fic9.ti~!'l~ to be made 50 tbaL t.llt= l'adiation efficiency ran be 

calculated app12V!~.tely. First, from ~he results of Sec. 

2.1.2, it is known that ehE wheel moves significantly in the 

aAial direction for both axial and r~dlal forcIng, suggesting 

that modeling the wheel as a disk might be appropriate. Sec

ond. th" ccincidence frequency of the wheel is low (less t'lan 

100 Hz)', further suggesting that modeling the wheel as • rigid 

unbaffled disk might be appropriate for e~timating the radia

tion efficiency. For a rIgid unbaffled disk, the rajiatlon 

efficiency can be calculated for t~o limiting cas€s (see Morse 

and lngard, 1968) 

ka » 1 

crw ;;; 3 (ka)' , ka « 1 , (2.1-8) 

where k i:: the acol.lstlc wavenumber and a ~he radlus of the 

disk. Note that il one uses Eq. 2.1-8 in Eq. 2.1-5 to estimate 

the radiated power, the area A in t~e latter equation is TIa'. 

The "2" 1n Eq. 2.1-8 for ka » I (one would ordinarily expect J 

not to exceed 1) indicates simply that the disk radiates from 

b0th sides. ~O~ a 30 in. (0.76 m) dIameter whapl, ka - 2 at 

350 Hz, implying that for most of the frequency range of inter

es~ here, 0 ~ 2. 

'This state'dent i~ 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 sa~e cross sec
tion ae the tread. The web simply goes along for the ride. 
The tread if modelled as a beam or rin~ in bending has a very 
high waves peed since it Is very thick. 

, 
" 



The above formulation is quite approximate and verification 

measurements of the wheel radiation efficiency qre required. 

Such measurements were performed on a wheel set with 30 in. 

(0.76 m) d!ameter wheels. The axle of the wheel set was resil

iently mounted at 2 points and placed in a semi reverberant room 

(-10,000 cu ftl at the Pullman Standard Champ Carry Technical 

Center. The acceptance testing of the room i5 disc~ssed in 

A~)pendix A. 

The wheel was excited in the radial dir~ction with an 

electromagnetic shaker attached to the t~ead face by means of 

a glued-on stud and in the axial directi~n with the sh~ker 

attached bj the same means to the side of the tread. The shaker 

was enclosed in a plywood box with 3/U in. (1.9 cm) thick walls 

lined with 2 in. (5 cm) of fiberglass to prevent radiation from 

the shaker itself contami~ating the radiation from the wheel. 

To determine the contribution at the shaker to background levels, 

we attached the shaker to a block of steel, enclosed both in 

the bOX, drove the shaker with the same current used to excite 

the wheel, and measured the sound pressure level ,SPL). The 

sound pressure level was negligible compared to the levels gen

erated when the wheel was excited. The major problem WiLh the 

wheel measure~ents at low frequency proved to be the high back

ground sound levels, even though all measurements were performed 

at night. The major rl1fficulty was that we could not excite 

the wheel sufficiently to produce hlg~ enough levels of noise 

to exceed the background levels at all frequencies of interest. 

Four microphone pOSitions in the room were used to obtain 

an average SPL (from which the power radiated could be c~lcu

lated from the room calibration), and the average velocity 

le~el on the wheel was obtained from ecceleration measurements 

at five positions on the web, face of the tread, and the side 

of the tread as described in Sec. 2.1.2. 



· . . __ ~~.-.A--":'~ ___ . ....:., .& __ • __ 

Reducing the measured data to the radiation efficiency by 

means of Eq. 2.1-5 requires a radiating area and an average 

velocit~ of that radiating area. For radial forcing of the 

wheel, the average vibration level On the face of the tread was 

used for the veloc1ty and wa:, where a i8 the w~ee1 rad1u3, was 

used as the radiating area.' Although it would have been more 

consistent to use the average level on the web, the measure

ments of Sec. 2.1.2 show that head and web levels are essenti

ally equal under radi~l forc1ng. Also, as we will show in 

later 8e~tions, the wheel and rail impedance will be used to 

predict the response at the wheel/rail interface. Consequently, 

it is convenient to relate the radiation effici~ncy to the re

sponse at the face of the tread. 

Figure 2.1-21 shows the agreement of ~he measured data 

with the theory of Eq. 2.1-8. Below 400 Hz high background 

noise prevented our taking any reliablp data. t Also, at B~veral 
higher frequencies the presence '_ f dips in the power radiated 

from the wheel (probably due ~o antlreaonances in the wheel re

sponse) caused the background to be within a few dB of the mea

sured levels from the wheel. In general, the data agree well 

with the theory, and a radiation efficiency equal to 2 appears 

valid throughout the frequency range of interest. 

For axial forcing the wheel radiating areR i, again chosen 

to be wa' and the average velocity is taken to be that at the 

side of the tread. Although the results of Sec. 2.1.2 suggest 

'Acceleration levels en th~ adjacent nonDxcited w~eel were suf
ficiently below the excited wheel level~ that ignoring them 
jntroduces negligible error in the frequency range of interest 
here. 

t 
Un~~r axial forcing the wheel ~o~lti t~ ~~de to ~~-~~~c~ 3uf~1-
cient noise that levels well above the background could be 
obtained down to 250 Hz. 
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that this velocity will overestimate the velocity on the web of 

the wheel due to the apparent cantilever-like motion of th~ 

tr€'ad and web about the hub, we f~nd the agreement in Fig. 

2.1-22 bet",een the data and simple theory of Eq. 2 I-B to be 

acceptable. 

The above analyses and experiments result 1n a radiation 

efficiency model of the wheel that is quite convenient. With 

thp average velocity of the wheel taken to be that of the 4heel/ 

rail interrace and the radiating area taken to ~e na', where a 

is the wheel radius, the radiation efficiency for the frequency 

range of interest here is simply 

"w = 2 . (2.1-9) 

2.1.4 Directivity 

Accurate calculation of the sound pressure level at a 

given distance R from a source requires a knowledge of the 

dir~ .ivity of the power radiated from the source, i.e., th~ 

~ariation of intensity with direction. If the source is an 

o~nidirectional point source near the ground, then the mean 

square pressure <p', at distance R from the SOUl'ce is easily 

related L0 the radiated power W by 

~p" = pcW 
2nR' 

(2.1-10) 

If the source is ~irectional and we define a directivity func

tion 

,) ( e ) 
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where I(e) is the intensity in direction el and I. is a refer

ence intensity equal to W/2wR', then the mean square pressure 

in direction 8 becomes 

Raill'oad WheeZe 

<p'(e» = ~ D(e) . 
211R2 

(2.1-12) 

We performed a number of measurements of wheel directivity 

at the Pullman Standard test tracl< in Hammond, Indiana, in the 

center of the test tracK, a large, flat, open are~ with no 

l'eflecting surfaces within several hundred feet of the test 

area. A wheel set with 30 in. (0.76 m) diameter wheels was 

raised off the ground and supported at the axle on rubber pads 

on two steel horses. The only way we could obtain sufficie~t 

signal level (to overcome the background) wao to strike the 

wheel with a hammer and simultaneously meaSUl'e the resul ting 

SPL by recording the output of two B&K qlJ3 1/2-in, (1.2~ cm) 

microphones on a ~udelski Nagra IV stereo tape recorder. One 

micropho~e was placed at a reference pOint on the axis of the 

wheel 10 ft (3.1 m) from the face and the other mir,rophone at 

various ~ositions 10 ft (3.1 m) from the face in a horizontal 

plane at the height of the wheel axle above the ground at vary

ing ang:.es from the wheel axis. We reduced the r!sulting data 

by fin~ing those 1/3-octave bands (using a General Radio 156qa 

Sound and Vibration Analyzer) in which the greatest response 

was measured and then using a sound level meter that holds 

peaks (General Radio 1566a) to ascercain the peak SPL in thuse 

lIn general the directivity will require two angles in spheri
cal coordinates to define it, We restrict ourselves here t·) 
one for simplicity of notation. 
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1/3-octave bands at the reference poi:1t alld at a Bimultaneously 

recorded point at a ~iven angle from the wheel axis. Compari

son of the t.o levels yields a measure of directivity. In per

forming the maasurem~nts, 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 In 

the axial direction. By taking the difference between the level 

measur!d at six angular positions (every 15°) around the wheel 

and the level at the reference point and plotting this differ

ence relativ~ 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 Figs. 2.1-23 and 2.1-24. These fig

ures srow effectively the difference between the measured level 

and what one would obtain if the wheel were an omnidirectIonal 

source radiating equally in all dir~ctions. 'rhes~ data show 

that within ±5 dB the wheel does radiate equally in all direc

tions. 

These results are not consistent with data obtained by 

Ungar et at (1970) who measured the directivity of sound radi

ated from a wheel screeching in a retarder in the vertical 

plane perpendicular to the rail. The level in 1/3-octave bands 

at 20° from the wheel axis was 15 dB below the level measured 

on the axis in the 1 kHz to 3 kHz range. One would expect re

sults like Ungar's for radiation from a rigid unbaffled disk 

(Morse and Ingard, 1968, Chap. 7.4), but the railroad wheel 1s 

a far more 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 radlated by the tread should 

be on the order of that radiated from the web. This of course 
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assumes that the radiation efficiencies of the two surfaces ar~ 

comparable, which is reasonable since the wave speeds in the 

wheel are generally well above coincidence. One would expect 

the web to radiate primarily in the axial d1re"tion and the 

tread to radiate primarily in the plane of the wheel. Such 

radiation implies a relatively uniform directivity pattern with 

the levels in the plane of the wheel being on the order of 2 dB 

lower than levels on the axis. The measurements of Figs. 2.1-23 

and 2.1-24 generally support the model. The discrepan~y between 

these results and Ungar's may be due to a number of causes. For 

example, Ungar measured the directivity of essentially pure-tone 

wheel response, which is more susceptible to multipath inter

ference. Also, the geometry was certainly q~lte different, The 

measurements here were from a wheel suspended above the ground. 

Ungar's measurements were of a wheel ~~ a rail in a retarder 

with the rest of the car structure preser,~, 

The results in Figs, 2,1-23 and 2,1-24 ',hw~ ho~ much one 

would underpredict the SPL ~t a gloen angle ~ssuming the direc

tivity to be uniform; from these results iL is apparent that 

treating the whe-l as having uniform directivity will provide 

adequate prediction cf the SP~ radiated by the wheel, especially 

in the axial ~irection. 

F?lliZroad Rails 

Por most appllc:atiolls :. r3i::'road wheel can be thought of 

as a point source f'or which r.he simple :ocdel of Eq, 2,1-11 

~pplles. ~ ral1roaJ ra11 J however) can be considered anything 

f!'J:1. a puint to a line source, depen.ding upon how unlf,-'!~:rl the 

radiated acoustic power is alonG the length of the rail, If 

thE: rfl"!.~ !.s mode.Led as a l1r.c cf incoherent sources and if the 

radiated power pEr unit length is w:x) and x is the distance 

10' _lOIIIb""'" .. t ... ____ sg ..... ·-........... ___ ........... -' ..... '~.k· ___ I ___ ·~. 
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along the rail" then the sound pressure level at a ~erpendicular 

distance R from tMe rail can be written 

<p2(~» = 

where ~ is the angle between a line perpendicular to the rail 

and the ground plane and D(~) the directivity. If we assume 

that the I'ail acts like a line of monopolep. tllen the abuve 

equation becomes " ' 

+ r ) [JPC)2 f~ V'(X)dX]D(q,) • 
F ~ p,2+ ' o ' x 

where oR is given by Eq. 2.1-7 and vex) is the velocity ~n the 

rail as a fun~tion of position. From the data in Sec. 2.1.2, 

it ~s apparent that the rail 

in! like e-nx , Substituting 

above equations yields 

vibration can be modeled as decay

<v>, e- nx for <v'(x» 1n the 
R 

(2.1-13) 

where 

pulnt 

<V2, R' is the time-averaged rail velocity at the excitation 

and 

f(nR) = sinnR Ci(nR) - cosnRISi(~R) - ;j , 
where Cil ) and Si( ) are the cosine and sine integrals respec

tively. ~he function f(nR) is shown in Pi)':. 2.1-25. It is 

apparent that for nR small, f(nR) - 1 and the rail is a line 

sourCB. POl" nR large, f(nR) - l/nR and the rail is a point 

8ourc~ radIating from a length of lin. We approximate tlli. 
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depend~nce by the dotted curve in Fig. 2.1-25 which is 

f(nR) • I 

I 
f(nR) = nR ' 

nR < I 

nR > I . 

Typi~al values of n for the attenuation measured at the Pullman 

Standard test track and values of R for nR = I are shown in Table 

2.4. 

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

Frequency ., R For Wh;ch ~R 

250 Hz 0.23 ft- , (0. 073 m-' ) 4 ft 0.2 m) 

500 Hz 0.23 ft-' (0. 073 m-' ) 4 ft (1.2 m) 

1000 Hz 0.12 ft-' (0.037 m-') 8 ft (2.4 m) 

2000 Hz very small --
4000 Hz very small --

= 1 

I 

~he directivity of the rail in the plane parallel to its 

"ength can be inferred f~om the ahove infor~atlon and will be 

dealt wit:, in Sec. 2.4 in terms of a source being located not 
opposite t~e receiver but at some distance down the track. 

However, information 1s still required for the directivity of 
the rail in the plane pRrpendicu~a. to its length. We took 
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measurements of this directivity on a 20 ft (6.1 m) section of 

AREA 100 lb/yd (49 kg/m) rail. The rail was set on rubber pads 

that were laid 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 rail axis or within 100 ft 

(30.5 m) In the direction perpendicular to the axis. 

Measurements showed a l/R dependence of the 1/3-octave band 

SPL out to 8 ft (2.4 m) from the rail and a l/R' dependence of 

the SPL from 8 ft (2.4 m) to 32 ft (9.8 m) fro~ the rail. The 

rail was excited at the head both vertically and hori~ontally 

with a Goodman V-50 electromagnetic shaker enclosed in 3 3/4 in. 

(1.9 em) thick plywood box lined with 2 In. (5 em) of fiber

glass' and driven wlth white noise filtered in 1/3-octave bands. 

Constant excitation in a glven 1/3-octave band was maintained 

by monitoring the current into the shaker. Measurements of the 

SPL using a &&K 1/2 In. (1.25 em) microphone were made at b ft 

(1.8 m) from the rail at various angles in the plane perpendic

ular to the rail. The measured SPL at a given angle minus the 

average SPL for all angles, i.e., D(~) in Eq. 2.1-13, is plotted 

in Figs. 2.1-26 and 2.1-27. 

On a theoretical basis, by treating the rail as a uniformly 

vibr~ting rigid cylinder, one would expect the directivity for 

horizontal excitation to be of the form 2 cos'~, where ~ is the 

angle f~om the ground plane (see Bailey and Fahy, 1972). As 

seen in Fig. 2.1-26, this th~oretical curve agrees quite well 

with the data in the SOD-Hz band. At high frequencies the rail 

ceases to move like a single beam (the head, .eb, and foot be

gin to vibrate independently of one another) and th1s simple 

model no longer applies. 

·Previous measurements taken in a l'E'verberant room conf1r,oed 
the effectiveness of the box in suppressing /Jois" from the 
shaker. 

. , 
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If there were no reflecting surface beneath the vertically 

excited rail, the rail would have a theoretical directivity 

pattern (based on modeling the rail as a uniformly vibrating 

rigia cylinder) of the form 2 sin',. The presence of a perfect 

reflecting plane beneath the idealized rail would change this 

directivity pattern to 2cos'2~. This latter pattern is plotted 

in Fig. 2.1-27. As can be L1early seen, it predicts equivalent 

levels above the rail and to the side which fit the general 

trend of the data. Of course, the shape of the pattern is 

strongly influenced by the refler-tivity of the plane under the 

rail; e.g., the stron~ null at Q5° requires that the plane be 

perfectly reflecting. 

Because we are uncertein both of the reflectivity of the 

8urface on wrich the rail may be mounted and of the complexity 

of the rail vibration at high frequencies, we make the aporoxi

mation in the work to follow that the rail directivity is uni

form [i.e., D(~) = IJ for both vertioal and horizontal excita

tion. Figures 2.1-26 and 2.1-27 ehow that this approximation 

will lead to only slight underestimation of the SPL from t.he 

rail at low angles. 

2.2 Wheel Squeal Predictive Formulas 

It is generally accerted that a "stick-slip mechanism," 

is responsible for squeal, i.e., as a force on the wheel tends 

to make it slide, static friction tends to make the wheel stick 

on the rail. As the sliding force increa,es, it eventually 

exceed" the static friction force and the wheel starts to 

slide. Since static friction is generally greater than sliding 

friction, the ~heel will continue to sl!de until tha force 

which causes the sliding drops to the sliding fricoion value. 
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Static friction will then build until the wheel sticks again. 

This sticking and sliding occurs in ve.~ rapid succession. 

Three different ways have been identified in which the 

wheel can slide resulting 1n three models for the mechanism of 

wheel squeal: differentia~ slip between inner and outer wheels 

on a solid axle; rubbing of the wheel flanges against the rail; 

ana crabbing of the wheel a~ross the top of the r&il. When two 

wheels on the same axle go round a curve and ',he inner wheel has 

to travel less distance and hencb rotate slower than the outer 

wheel differentiaL sLip can occur. The resulting torque on the 

wheel tends to make it slip on the rail. FLange rubhing occurs 

when the wheel flange rubs against the outside rail. The slid

ing of the flange aga1nst the rail provides ar opportunity for 

sticking and slip~ing to occur. WheeL crabbing occurs on tran

sit cars having trucks, with two parallel axles. When the 

truck enters a curve, the parallel axles cannot both lie upon 

the radius of the curve. As a result, the wheel ~ust not only 

roll around the curve, they must also slide across the rail, 

again with the possibilIty of inducing squeal. This crabbing 

motinn is solely a consequence of the finite wheel base !ength 

of the truck, and a truck with ~ single axle would not crab. 

Remington et al (1974) considel'ed these three mechanisms. 

The fact that lubrication of the ouLer rail alone does not al

ways eliminate squeal ~ended to rule out the first two mechan

isms. In addition, the fact thaL a differential axle does not 

prevent squeal also tends to rule out the first mechanism. 

Furth~r, it was shown that the elastic deformation of the wheel 

tread was suffiCient to comp~nsate for the different distances 

onat the inner 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 this negative damping ex

ceeds the natural positive damping in the wheel, then any small 

vibration, once initiated, will grow and produce the intense 

squeal that is heard. The phenomenon is one of instability of 

the wheel vibration rather than of resonant amplifi~ation: 

there is only a limited range of cendi tions under wtlich the 

vibration is unstable and, hence, under which squeal can occur. 

Our intent is to develop a model to identify these conditions, 

to predict the sound pressure levels to be expected for squeal, 

and to predict the changes in paramet~rs (such as the amount of 

damping required) to avoid squeal. 

2.2.1 Detailed wheel squeal model 

Stability Criterion 

Let us define the modal mass of the \llleel m by 

m = mean kinetic energy of vibration 
the mean square velocity of vibration at the rail . 

For a simple spatially sinusoidal motion, m would be half the 

mass of the wheel. In reality some parts of the whpel (web) do 

not move as much as others (tread) and, hence, the modal mass 

is nearer a third the mass of the wheel. The modal mass will 

tend to vary slightly with tne mode and, hence, with the f~~

quency of the v1bration. Let us define also a modal stiffne~s 

K by 

mean bending energy of vibration 
K = the mean square d1splacement of v1bration at the rail . 
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Le t us al so de fine a dal~ping cons tant for the wheel, C, 

and the negative damping due to stick-slip, -i. Then we can 

write down a generalized relation between the force F applied 

to the wheel and its velocity v of vibration at a fr~4uency w. 

F = (irow + C + i~ - i)v 

For a self-sustained oscillation F = o. H~nce v = 0 or 

K 
im~ + C + iw - i = 0 

mw' + i(C-i)w - K = 0 

w = 2~ [iCC-i) ± V4mK - (C-~) '] 

0!' if damping is snaIl, 1.e., (C-£)' « 4mK, 

~ JK. + - l' iii: 
i(C-n 

2m 

The .olution fer t~d motion of the wheel with an initIal veloc

ir.y v 1s , 

If C > £ then the motion is a decaying sinusoid, but if C < 1 

then the motion ~rows exponentially. Thus, a sufficient condi

Lion for the vibrat10D of the wheel to go unstable is that 

C c i and the frequency of the instability is the natural reso

nance frequenry of the wheel. 
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Magnitude of Negative Damping 

By definition t = - ~F/~V, where ~F is change in frictional 

force and ~V is change in whe~l sliding velocity. Now ~F ~ p~~, 

where P is wheel loading and 6~ is change in friction coeffi

cient. Furtdermore, we shall call ~V/V = 6~ the creep, where V 

is the rolling velocity of the wheel. This formulation assumes 

that the friction is a function only of the creep rather than 

of the absolute sliding velocity. This assumption is known to 

be true for elastic deformations, but it is not clear if it 

applies to gross sliding. Hence, 

Let us now call 6~/'6~ = v, the slope of the friction vs creep 

curve. v is typically of order of magnitude -10 or less. Thus 

t - -

The lnss factor for stIck-slip n is given by 
ss 

t Pv 
T'lss = mw = - mwV 

Radiated Sound Power 

The sound power rad1a~~d from the wheel is given by 

Av' W = opc --sound 2 

where a is radiation efficiency (:1 at frequencies of interest), 

pc is the characteristic impedance of air A is the area of 

the whe"!l, and v is the velocity c~nljt-"~" of the vib!"ations. 
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The power dissipated in a dashpot is 

W • (1/2)Cv' 

Hence. the equiw,lent damping constant of the acoustic radia

tion is 

C d = opcA ra 

and the equivalent loss factor is 

L088 }~Btor Due to Inter~aZ Damping 

The material from which the whee~ is made h~s Jts own 

damping that is characteristic of' the material. For steel the 

internal 1055 factor "int : 3 • ]0-'. 

This loss factor can clearly be increased by applying 

damping treatment to the wheel. 

StabLe Ampiitude 

Once the wheel vibrations have become unstable, their 

amplitude will grow until nonlinea~ltl~~ In the system limit 

them. These nonlinearities occur in the stick-slip m~chani.m. 

The slope of the friction VB creep curve changes for finite 

amplitude Vibrations and reduces the effective magnitude of 

the negative damping. For a stable amplitude of vibration, 

wh~re ~ is some avera~e value of v taken OVer a whole cy~le. 
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v is de~endent upon the amplitude of the vibration. Now C is 

given by the sum of the acouetic and the internal damping: 

Hence, for the stable squeal amplitude 

CaZculatio1Z of V 

p " = -V 

" is related to the w~rk put into the wheel during one 

cycle. Hence, we can Gefine it as 

\J = i vv2 dt 
~v'dt 

where i indicates the l~tegratior over ona cycle, and where v 

is the vibration veloctty. since vV/V is equal to the driving 

force and vv'/V 1s the rate at which work is done. For a siru

soi1al oscillatiQn v • Vo sinwt 

v = 1/2 ~ v(~) sln'wt dt . 

,,'e cannot proceed any further without some informat~on 

about the variation of v with the slip velocity. The rorm of 

the variation of the coefficient of friction ~ with the crFep < 
is that for small t, ~ is proportional to t; ~ then reaches a 

maximum ~o' after wnich it decreases. 
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call ~/~, = 6, w~erp. ~, i3 the creep for the maximum friction 

~,. Then 

and 

v = 

I' ~ ~ ~ e xp (1 - 6) , 

(1 - 6) expel - 6) . 

Now let 

8 = 8 + 8' slnwt , 

where! is mean creep/~" 6' is v/v~" and v i. tne velocity 

amplitude. Hence, 

v = ~ 1 [(1-9-6') sinwt] exp[Cl-9-6') sinwt] sin-'~t dt . 
n~, 

rJow we can expand the exponential as a series in sinwt and 

integrate the terms separately. Odd p8wers of sinwt go to zero, 

g:ving 

-
v l-! e 

l
r (1-9.) + ~ ('1--8-) 8 "+ 5 (CJ e-) 8 ' ' • J ' 0 - 192 - ••• 

+ _2- (5 < F) ~" • - -]. 
192 '0-' ~' 

c 
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Let ~s now consider th~ee ranges of ~ ~ V slldlng/V wheel. 

1. ~ < ~" v 1s always positive; hence, the system has 

no negative damping and squeal cannot occur. 

2. 3(', > ~ > ~" \i is negative fer small amplitudes 01" 

vibration (~.) but jecreases in magnitude as the amplitude in

creases. Thus, the amplitude of squea' stabilizes Rt some 

finitE amplitude. 

,.r
'L.~_ 

c' 

3. ~,. 3:':0' \.I inltiaL:y go'-'s :norp. nef::ative as the ampll-

~~de jn~rca3es) but at larger' ampli~~j~s decreases i~ ~agnitude 

a",-ain. Thi::, ~Ie~ns thae ~f the amC'..lnt of ~ef-=3.tive j:::iJilrinf: 

11,-'.:dej for squE'~ll 1s .!.n t'r)e dutted r'e~i0r. of 1-he fi t:,1-'l":' t.el,.:-w, 

~hcn the vibrations wou~d b2 stable fer sl~all &mplltlldes, ~~t 

IU1stable only :'or SO""le finite amplitude. This means rnat tde 

Itrrh .... el rni~ht need D. finite sizei l1kick" to st.art sqlJeQ2. but 

~ould then !nain~ain itself. 
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CaZnulation of Stable AmpZituae 

We repeat the expression for negative damping due to 

stick-slip for a stable amplitude of vibration: 

Applyi'1g the expression (or v from above gi.ves 

apc A l' 1I0 
exp(l-F,/C ) r (~o-n n. mw + : 

V lnt . , 0 
~ 0 

If ~' < 2~ , we carl ne~lect thp l&st t~r~. ~hen 
o 

3 (3~ o-n + B" 
L~ 
r;~ 

vc' o 
W gil o' 

+ (E,-£. ) 
o 



For small d<'.mping we can neglect the 1'l.rst term on the right

hand side an.:! 

for (/~ - 1 « 1 . o 

Thus, for small s~ueal amplitudes, the velocity of the squeal 

vibration is just a little larger than the square root of the 

amount by which the mean creep exceeds the creep for m~ximum 

friction. 

Qpdep of Magnitude of Quantities of Intepest 

Maximum coefficient of friction (~J: 

Creep for mavimum friction « ): 
D 

Creep o~ rounding curve «(): 

For squeal to occur: 

Ty?ical velocity amplitude of 
squeal: 

Sound Ppessupe Level of Squeal 

from 0.15 to 0.6; typical 
value is 0.3. 

D .5% for 4-ton (3630 kg) 
wh~el IGading to 1% for 
20-ton (18,200 kg) wheel 
loading; typical value is 
0.7% . 
00.7 L/R where L is length 
of truck and R 1s radius 
of curve. 

0.7 L/R > .7%, R < 100L ~ 
700 ,t (214 m). 

1 15 '(~ -~) vI!:; . , R 100 

where V is speed of train. 

From the previous equation for radiated sound power, the 

sound pressure level of squeal from B single wheel at 50 ft 

(15.2 m) is eiven by 
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Lp • 10 log apcAv' + 88 dB re 0.0002 ~bar 

• 10 log aAv' + 114 dB re 0.0002 ~bar . 

Setting v = t'v 

Lp = 10 log (~A)V (~ - 1~0) + 113 dB 

Typical values are 

aA :: 0.5 m' 

v ~ 15 mph (24 km/h) 

L ~ 7 ft (2.13 m) 

R = 300 ft (91.5 m) 

Substituting thes~ values into the above expression for SPL 

gives 

SPL = 95 dB re 0.0002 ~bar at 50 ft (15.2 m) . 

2.2.2 Magnitude of damping required to eliminate sq~eal 

For the r~latively large amounts of damping needed to 

eliminate squeal, we can neglect the damping due to acoustic 

radiation. Then, the lOGS factor needed to avoid squeal is 

n int > 

Let us take typical values of P = 10,000 Ib (44,500 N), m = 
?OO lb (91 kg), "min = 3,000 radlsec, and V = raR, where a = 

lateral acceleration of car (about 3% of g) and R = radius of 
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curve. Then 

~int > 
" max 

21R 

"max will vary with the amount of transverse creep on the curve 

and will typically be a maximum when macroscopic slipplng just 

starts. Then" is typically about 30 and R is about 700 ft 

(214 m) in which case 

~int = 0.6 . 

In this case the damping ratio relative to critical damping is 

30~. I~ we have a damping ratio of 30%, squeal will not occur 

on any C'lrves. However, for a curve radius of 200 ft (61 m) with 

a considerable amo,'nt of slippage, the value of I) is greatly re

duced to about 2 o~ so, and a value of damping that is 3% of 

the critical damping will eliminate s~ueal. 

In surnnlary, damping equal to 3% of critical j.mplng may 

e~iminate squeal on tight curves, but more damping will be 

needed on Zcrger curves, up to the maximum radius at which 

squeal can ,)(;cur. 

2.2.3 Condi~ions under which squeal can occur 

It was shown above that for squeal to occur 

~1ntmw + opcA 
PI) (E;) 

< --v--

where the creep t i8 2pproximately given by 0.7 L/R. L 1s the 

length of the truck, and R is the radius of curve. If we take 

a gIven curve, the amount of creep is approximately rlefined 
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and then the occurrence of squeal is a function of the wheel 

loading P, the velocity of the car V, and the frequency w. 

The frequency w can take on only certain well-defined values 

corresponding to the resonant modes of the wheel. For ea~n 

mode there i~ then a minimum value of the ratio P/V which will 

produce squeal. Thus, there is a minimum wheel loading for a 

particular velocity or a Mazimum velocity for a particular 

whpel loading which will produce squeal. These relations are 

shown in the sketch below. 

> 
I-
U 

9 
w 
> 
cr 
« 
u 

> 

NO SQUEAL 

SQUEAL 

o -------------~p (WHEEL LOADING) 

Sq~eal Occurrence Diagnm 

(Squeal occurs to the right 
for Given Curve Radl"s 
of the lines drawn above) 

If we keep the wheel loading constant and vary the curve 

radius and speed, then the squeal occurrence diagram looks like 

the one below. 
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-> 
~ 

u 
9 
I&J 
> 
II: 
Cl 
U -> 

NO SQUEAL 

SQUEAL. 

NO MACROSCOPIC 
SLIP 

R (RADIUS OF CURVE) 

Squeal Occurrence Diagram for Constant Wheel Loading 
(Squeal occurs below the lin~s drawn above) 

For an undamped wheel, the theor~tlcal values of ~he maxi

mum velocities for squeal tend to be so high that they give 

unacceptably high lateral accelerations on passengers. Hence, 

these maximum velocities are not observed in practice, and 

squeal occurs over th~ whole range of velocities employed. 

Sometime~ a minimum velo~ity for squeal can be found. 

This situation generally occurs wheJl a car is close to the 

squeal boundary. Increasing the speed will increase the wheel 

loading on the outer wheels, by weight transfer, and at the 

same time reduce the cre€p, and hence increase v as a result 

of centrifugal forces. These combined effeoLs can cause a car 

to cross the sq~eal occurrence boundary from the no squeal to 

the squeal region. 
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2.2.4 Predictions of squeal levels 

F1gurer 2.2-1 and 2.2-2 show the predicted !nt(nsitles of 
squeal as a function of cu~ve radius. Tne f!rst f1gure predicts 

the levels of squeal fcr d1fferent lateral 
curve and a 7 ft (2.13 "I) wheelbase truck. 

accelerations in the 

It will be noted 

that there is not a very large difference in levels for the 
two speeds. The second fi~ure predicts the levels of squeal 
for different truck wheelbases. The shorter trucks do not 

squeal as loudly or on as large a radius curv~ as do the longer 
trucks. 

2.2.5 Information on the friction-creep curve 

The ability of this model to predict the occurrence of 

wheel squeal depends upon a detailed knowledge of thp. friction

creep curve. Very little experimental information is currently 
available on this phenomenon. All the information for this 
report comes from juot two references (Barwell and Waolacott 
(l?63) and Friedrich (1970)], and one of these r~f~rences con

siders longitudillal creep rat~p.r than the transverse creep we 
are concerned with. Tllere has been much work conducted on 

transverse creep without macroscopic s11p but practically none 
on transverme creep with some slip. A thorough, careful ex
periment~l study needs to be conducted into the exact variation 

of friction with creep, as slipping starts. The effect" of 
humidity, surfRce roughness, and lut'~ication need to be found. 

Many of the predictions of .;,eel squeal, such 3S Lhe max

imum radi~s for squeal, are base~ upon R value of 0. 7 % for the 
"break" point at which macroscopiC sliding starts. Ther~ 1s 

very little experimental evidence to support this value and ac
curate predictions of the levels of squeal as well as the like

lihood of its occurrence require that this evld~nce be obtained. 
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2.2.6 Minimum curve radius to avoid wheel squeal 

This model of wheel squeal predicts that the smallest 

radius curve that a train can traverse without the wheel squeal

ing is considerably ~ighter than the 20nO-ft (608 m) radius 

at which wheel flang!ng occurs. Estimates, bas~d upon scarce 

data, indicate that the tightest curve is about 100 truck wheel

bases or rOO ft (213 m). However, this minimum radius can be 

affected by the state of the rail and also by the amount of 

gage relief employed on the curve. Employing gage relief 

actually increasee ohe minimum radius which avoids wheel squeal. 
Therefore. this technique is not suitable for noise control. 

2.2.7 Preliminary verification of squeal level~ on subway 
systems 

Figure 2.2-3 compa 'es the measured sound levels on various 

subway syste~s to the sound levels predicted by the theory. 

~he curve radius. was well docJmented and varied fr0m 50 ft 

(15.2 ".) to 500 ft (152 m). However. the speed of the train 

in the curve was not well documented. For reason: of passenger 

comfort. the lateral acceleration around a curve is generally 

kept below lbout 6% g. with a typical value of 3%. Accordingly. 

we calculated the theoretical squeal levels, assuming a speed 

such as to give a lateral accelerati0n of 3% g. ~he length 0f 

the truck varies from ~ystem to system, with a value of 7 ft 

(2.13 m) being typical. 

The prGdicted squeal levels appear to correspon~ to a 

maximum 01' those cbserved. The explanation could be that the 

trains round the curves even more slowly than assumed or th~t 

the stiCk-slip condition is less severe thaYj assumed In the 

model. 
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2.3 Impact Noise Predictive Formulas 

Impact excitation of the wheel 2"" 1"ail occurs if the con

tact surface of the rail and/or the wheel l.as discontinuIties. 

The wheel does not need to 5eo~rate from the rail to generate 

impact noise. The impulse excitation respo~se for the sounu 

r~diation is characterizea ty a very short dyna~ic interaction 

between the wheel and rail. The duration ~f .~c force pulse is 

controlled by thp mass of the wheel, the equivalent mass of 

the rail, and the Hertziar. contact stiffness of the wheel and 

rail. This impulse force, characterized by the tocal change in 

momentum of the impacting wheel and rall, acts simultaneously 

on both rail and wheel, which respond to this excitation and 

radiate impulsive noise according to their respective dynamic 

anJ aLoustic proper:ies. 

The dynamics of the rail-wheel impact de~ends strongly 

upon whether or not the rail is rigid or r.ailient. Accord

ingly, the rigid and resilient rail case will be handled sep

arately. The rigid rail case iti lass co~plicated and thus 

can help to prepare the reade~ i'or the more complex resilient 

rail case. 

2.3.1 Rigid rail case 

In the case of a rigid rail, by defirlition, the rail head 

is not capable of movIng and the wh~el must either ~cllow the 

discontinuities of tte contact surf~ce or ROpRrate ~enlporarl1y 

from the rail. Since the magnitude oj· ~he ~e~erated impact 

force follows oomplet.ely different lawe ckpcnding or. whether' 01" 

not the wheel is separated, we wi~~ first establish the criteria 

for separation. 
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Cri teria for Loss of" Contact 

Generally, the wheel will separate from the rail whenever 

the vertical forces (i.e., gravitational and spring forces) 

actin~ on the wheel are not capable of producing the vertical 

accelpration needed to follow the irre~ularitles. 

If the '~rtlcal position of the rigid rail head y as a 

function of the distance x along the rC3dway 1S described by 

;he function y(x), then, for R constant train speed V, the 

vertical pOSition of the wheel contact point as a function of 

time is given by 

y(x) = y(x = ift) • (2.3-1) 

The separation criterion, based on the fact that the fO"ce keep

ing the wheel in contact with the rail ie the wheel loading 

p ~ Mg and gravity actln~ on the wheel maES m, 18 given by 

.'!.'.1. = V' <j'v 
-~ 

dt' dJ< 

rl'y/dt' gil l~ ) , 
" + -

m 

yielding t',e critical traln speed in general form: 

If the rail irregularity ~a" a t~rnonic spatial variation of 

Lhe form Ai coskix = Ai cos(2n/Ai)x, Eq. 2.3-4 takes the form 

of 

V 
c 
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Note that for lightly loaded cars, the wheel separation occurs 

at a lo~er train speed than for fully loaded cars. 

As an example, let us evaluate Eq. 2.3-5 for Ai • 0.4 m 

(1.3 ft), Ai = 2 • 10-' m, and Mlm • e, which yield 

, 
Vc • (0.4/2.) (9.81 • 9 • 11' • 0.5)':1 • 48 km/h • 30 mph. 

This example indioates that for rigid rails even a g~ntly curve·j 

rail irregularity of sm9l1 amplitude can cause wheel sepa~ation 

at reasonal)ly low tra~. speeds. 

In the case of a level or step-down rail Joint, the wheel 

may separate frum the "upsLream" rail end before it impacts on 

the "downstream" rail. Separation will occur qt and above a 

certain critical train speed V • V , where the vertical wheel c 
Rcce:eration re~uired to keep the wheel in contact with the up-

strea~ rail end ca~not be produced by the gravitational and 

spring forces actin~ on the wheel. This critical train speed 

V c is determi.1eJ from the kinematics and dynamics of the wheel 

:11ot1orl. First., we will determine the vertical 2omponcnt of the 

wheel v~loc!ty and wheel acceleration required to keep the 

wheel 1n conta,t with the downstream rail end as a function of 

the tr"in spped. The crlterjO!l for ~eparatlon is that the 

c0mbineJ gravItational and Sprl!lg forces ~ctin~ on the wheel 

.re no longer suffioient to bring atout the vertical accelera

tion required to kppp the wheel in contact with the downstream 

I'a 11. 

The kinematic model of the situation 15 illustrated below: 

9'0 



The vertical displacement of the wheel required to m~intain 

contact with the downstrp.am rail as a fUnction 0, t1l;,e i5 given 

by 

yet) : a - (a-y) = a _ (a'_V't')J, . 

The vertical velocity is 

dy(t) : V't(a'-V't')-\ 
dt; 

and the ve~tical ,omponent of the wheel acceleration is 

d2.·(t) ~ __ ;;;; V2 

dt' 

1 + V't' 

a 2_'/2t 2 

(a'-V't' )!i! 

(2.3-6) 

(2.3-7) 

(2.3-8) 

The wheel acceleration in the vertlcal directlon at t : 0 is 

the acceleration that the gravitational and spring forces must 

be capable of producing to avoid immediate separation. This 

critical acceleration is given by 

v' 
a c - d'y/dt'(t=O) = - a 

96 
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Since for every practical rail jo'~t the gap w is always 

negligibly small compared with the wheel radius (i.e., Vt« a), 

Eq. 2.3-8 can be 3implified to 

v' 
(t) = a for 0 < t < w/V (2.3-10) 

Equation 2.3-8 indicates that the vertical acceleration 

required for retaining contact does not increase significantly 

from its initial value at t = Q during the time interval re

quired for the wheel to cross over a typical rail joint. 

Accordingly, for all practical purposes, the width of the gap 

w does not influence the critical train speed wh~re separation 

will occ .... r. 

The vertical acceleration that the wheel can achieve is 

governed by its mass and the gravitational and spring forces 

acting on it; namely, 

(2.3-11) 

where g i~ acceleration of gravity, M is the portion of the 

spring mounted car and truck mass supported by a wheel, and TIl 

ie the mass of the wheel. 

The criticnl train speed where the wheel will ceparate 

from the down"tream rail is obtained by equating the two accel

erations given in Eqa. 2.3-9 and 2.3-11 respectively and solv

ing for V = V yielding 
c' 

(2.3-L') 

~ .. -~- • 1 
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EquaLion 2.3-12 indicates that the critical speed increases 

with increasing wheel radius and with increasing mass ratio 

M/m. 

As an example, assu~e a mass ratio of M/m = 8 and a 15 in. 

(37 em) wheel radius. The speed for separation is 

v 
c = ~9.81 ~- 0.38 m(1 .. 8) = 5.8 m/sec 

sec 2 

= 21 Km/h = 13 mph . 

VePti~QZ Wheel Velocity at Impact 

For a level joint, the vertical speed of the wheel when 

it impacts on the upstream rail is obtained by different 

methods below 9nd above critical train speed. 

Le ..... 'eZ Joint J below cr'itiaal il"ain speed 

Bel~w the critical train speed, the wheel remains in con-

tact with the downstream rail end as 1~ r n 1 1 g iFltn the gap. 

The axl~ of the wheel moves on the perimeter of an imagi~ary 

circle or radius a centered on the downstream ~nd of the raIl 

joint. At the moment of impact, the rail will, for - "ry 

short tl~e, hB~e contact with both rail ends. The 'I 

cOfT1ponen!.. .. Jf the wheel velc~ity at the moment cf' 1:1 .,r, be 

calculated fro!L' the geometr'y anj fro!"'": o:he train speed as 5J'oWn 

schematically in t~e s¥etch below. 



I 
\ 
I 
! 

w 

... _----, 
l 

The geometrical similarity of triangle v x ' vy ' v and tri

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

Vx and v
y

' From the velocity vector triangle, we obtain 

(2.3-13) 

and from the ~eometry we find that 

tg~ = (w/2)/(a-h) (2.3-14) 

Furthermore, there exists a fixed relationship betwee~ a, w, 

and h, namely: 

( w' )'" a-h = a' - ~ . (2.3-15) 

combining Eqs. 2.3-13, 2.3-14, and 2.3-15, one obta:ns the 

vertical velocity of the wheel at the time of 1,npact: 

(2.3-16) 

:ince w/2 cc a, for all practical pur~Qses Eq. ~.3-16 ran be 

well approximated by 



--_. ------.--- --.-

Note that we have fiubstituted the train speed V for Vx 
Vy increases with increasing train speed and gap ~idth 

creases with increasing wheel diameter. 

Lev~L jointJ above aritioal train speed 

and that 

and t~e-

Above critical train speed, the wheel imm~diately separates 

from the downstre~m end of the rail and takes on a tra~ector~ 

until it l~~acts on the upstream rail. The trajectory is deter

min.~ by the constant tra.n speed V in the horizontal direc

tion and the parabolically increasing vertical velocity due to 

the action of the gravitational and spring forces acting on t~e 

wheel 1n the vertical direction, namely. 

The tl~e of impact 1s obtained from ?eometrical considera

tions as shown in the sketch below. 

w- V t 

~bservin~ the above sketch, one notes the r011~wtng rel~tion

ship at the moment of impact: 

, 
,,"'t' ) ---;0-

JUG 

+(w-Vl)'. 



Solving Eq. 2.3-18 for t and inserting this value into 

Eq. 2.3-19 yielda the following relationship between the verti

cal compollent of the wheel velocity at the impact (vy ) and the 

train speed: 

v' 
y 4g" 

I + v' ( ~ _ 2~) _ v (_2W':'_) + w' = 0 . 
Y g" g Y g 

(2.3-nJ 

This equation can be solved for particular values of V, a, and 

w, but it is not very useful 1n providing a general overview. 

An approxjma~e relationship between vy and V can be ob

tained by ass~ming that the transit time of the wheel is 

t ~ w/V. With thi~ value of t, Eq. 2.3-18 yields the approxi

mate vertical velocity of the wheel at the moment of impact: 

w 
V 

(2.3-21) 

Equation 2.3-21 indicates that Vy increases with increasing gap 

~idth but decreases with increasing train speed. The decrease 

of Vy with increasing train speed is attributable to the fact 

t.la- the ti~e available for the wheel to gather a vertical 

sr~~~ due to tIle gravitational and spring forces actin~ on 1t 

duril'g its "flight ll ()vcr the rJ.11 joint de~!"eases w:1th increa:s

inc tr'l~ speed. 

Si~'& observations indicate that the impact noise at rail 

Juints in"cLases rather than decreases with increasin~ tra1n 

speed, one C~1 draw the following conclusions. 

1. Rail ,11ints should be maintained as level as possi~le 

2. Most prc"sbly thb lack of levelinr is responsible for 

the Impac~ ~olse at practical rail ~olnts. 

lui 
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AcCorGingly, the next sections of our Investigatilln will deal 

w!th the an~lytical modeling of rail jOints whicp are not level. 

Step-down joint 

For b stec-down jOint, as sketched below, the whe~l will 

roll down the joint at low train speeds and w111 take on a tra

jectory when the train 3p~ed exceeds the critIcal train speed. 

h 

• 
Step-down joint~ above c~itical tr~in spep-d 

If the train speed exceeds the cr1~lcal speed Kivell in 

Eq. 2.3-12, the wheel immediately separates from the ~nw~s~redm 

rail and its vertical velocity at the impact is deternined by 

the action of the gravi t&tlunal and spring (orces which accel

erate the whp~l auring its fall. ~he vertical velocity of the 

wheel 1s ~lven by 

v (tl = • t = ~(l + ~)t . Y w m (2.3-22) 

wher£ t = 0 corresponds to the t1nle dhen the axle is exactly 

above the upstream rail end. The average velocity 1 

i (tl = 1 ~(l + ~)l . 
Y " F, 

(2.3-21) 

1 (12 



The tirr .. ~ of impact is given by 

_r==.2h 
• ,g(l + M/iii) (2.3-2~) 

The combination of Eqs. 2.3-23 and 2.3-2~ yields the vertical 

velooity of the wheel at the time of impact: 

Vy = 12hg(1 + M/ml (2.3-25) 

Note that Vy increases with increasing vertical rail displace

ment hand w1th 1ncreasing axle load M, but that 1t 1s 1nde

penden~ of the train speed. 

In deriving Eq. 2.3-25 we have assumed that the width of 

the gap w 1s small enough that the wheel completely "jumps" the 

gap. It is easy t. show that this is always the case if tra1n 

speed obeys the relationship given 1n Eq. 2.3-26: 

v > W -!;E!]) - l'=" h . 

traIn speed 

(2.3-26) 

v • V as given in Eq. c At and above the critical 

2.3-12, Eq. 2.3-26 yields 

ment: 

the followinK ~eometricBl requ1re-

(2.3-27) 

For a typical gap width of 0.25 in. (.635 em) and a typi

cal wheel radius of 15 in. (37 c,n), at. cr1 tical speed Eq. 

2.3-27 requires that the step-down neight 11 ",ust be larger 

than a.aa~ in. (a.l mm). Accordin,,1y, for all j"ints ''''h~ 'h 

1D3 
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l 

may be classified as step-down joints, one can apply Sq. 2.3-25 

to c".lculate the vertical velocity of the wheel at the time of 

impact for all train spe<ds which exceed the critical train 

speed. 

Equatian 2.3-27 also indicates that for speeds aboie cri

tical speed, very small height differences are sufficient to 

yield a co~plete jump of the wheel OVer the jo"nt. 

Step-do~n j~int. belo~ critical train speed 

If the train speed is below the critical speed required 

for im~ediate separation of the wheel from the downstream rail 

end, the kinematics of the situation can be described as follows: 

The wheel starts to roll down the rail downstream of the jol,"t, 

re ta1n ing contact until it separates from the Llpstream r".ll 

and t 3.ke.'3 ~ .. a traJectory before the im; act. 11hatevel' the 

case, the vertical speed of tl1e wheel at r.h" t 1 r:l" "r ~ I""r'?.("lr is 

always se.aller th~n that given in Be;. 2.3-25 for the critiC'll 

speed. 

, " For small ~aps where w (. l2i'ih-h2).2, the vert.I1..-"1 velOCity 

of the wheel at the time of i~pact can be calculated from the 

~eQmetry and fro:n the train speed as sho~rl s~hematiJally in ~he 

sker ,:::h be low. 

h 

w 



'-

-------'"' 

The sketch indicates that 

Vtget ~ V 
,har.-h 2 --a--:n-

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

faI' V < V c 

(2.3-28) 

(2.3-29) 

To gain some insight into the relative importance of the rolling 

and separated wheel traverse in rospect to the vertical veloc

ity achieved by the wheel at the time of impact, let us con

sider the ratio of these vertical speeds for rolling and for 

traverse at the critical train speed as given in Eq. 2.3-12: 

yielding 

= ~~ ~ag(l :x) 
~2hg (1 + ~) 

~ I • 

(2.3-30) 

(2.3-31) 

indicating a smooth transition from rolling to separation, 

Step ... up .. foint 

Tte geometry of a rigid step-up .'ail joint and tile vector 

components of the wteel velocity at the ~oment of i~pact are 

Illustrated in the sketch below, 

lC'5 



, , 

The velocity vec~or triangle !!ldlcates that at the mo~:ent ~)f 

im~ac~, the wheel h~s to have a vert1ca: vel~c1ty Vy to roll 

up on the upstream rail end: 

v -y \'tga - "I 

Consider'in? th3.t a >" \1) Eg. ~.3-32 si!:lpli~ies [0 

v 
) 

" ,. 

(2.3-32) 

1 •• ),3-33) 
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,-::O~n~e :te rail i::; nc't Inrlni~r:ly :-,it~iJ., it will J'2':('!""':!l tc' 

:it leas~ par:.!.y J2::o:-1::-:,:i:ite ttl,.::. i·~.rJ.ct.1n( wheel !;]a.ss, ::-::tn'.: rhe 

but 
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w' 
h = sa U.3-35J 

~or example, g step-up joint witl, a height difference of 

h = 5 x 10-- in. (.012 lTun) prodllr.es an impac~ velocity which is 

equivalen'" to a gap uf w = 0.2'; In. (0.63>, cm) of a perfEectly 

level j~int. Thicl example clearly indicates the predc,minant 

nature of the helght differences as compared with the gap width 

cf a level jQi~t. 

2ased on E~. 2.3-35) one can safely conclude ttlat as long 

as the j0ined r~lls are aligned, the gap width, usually found 

i~ practice have a ne~ligible effect on the noise generation. 

Fractic~lly a:ways, the lack of vertical a~ld/ur horizontal 

alignment is responsible for the impact noise generaTed by rail 

discont:nuities. The horizontal mIsalignment of the ~oined 

rail ends :r.ay ""nTribute to the vert'cal impact because of the 

c~nicol 3r, ,~i{\r of the wheel tread. Since h0ri~ontal rr.lsalip:n

rr:ents 3!'e especially janger'ous fDJ' rlJe stabl1i ty, rai lr")ads 

usually h~ve tiGht spe.ificst1cns for this type of ~lsallgnment, 

s,"] that ~hel:r r;,;otrlbution to verti~al impact.3 may be ll~gll

t-tblf'. 

-:'.'1f' ",,!lIPS'::', t:eh~'11or c f w!l p el flat::; 1s similar tL~ trlut ub-

::;prvt?d :\.:~, r1.siu ,:jtep-dcw., l'Ci.il JcinL:s. h)'.<I' trai!1 :::·'rE.'(-ds~ 

t01QW, ~e:~1rjs cSDta,~t with the I'ail snd the wtlce~ h~le moves 

''''":' ..... 1 3. ,::jT'(~u.~u' ~'=.t~-l :.:1' r,;.jj\ls :-:1 ~ertel't:',j C.'!! '(,nt:lr:.'~. h-,int 1 

unLi..:. the ,:tLer end ·_~r :he fL-:!.t, dcsL-r'latcrj b;/ /, lrnp:tc'Lf' on 

the 1:'~~i 1. ~'rr_'r'. this f'IO!Tlent crl, the' '.;.;hf-'Rl + ~jkes .J!l an,:,UJt;r 

,:,ir''::'J~3.:' ~:i""h :2If rad1u~ 3. ('t:n' E'ped :l]'C'unoj ';'J~:tq~~t, fCI~!ll c' '..1:'1 i1 



llnF of' the whe~l axle passes over t.h1s conLact 

point. After t:11 s. thE' r'ound portion of the whp.eJ l'Om~':1 into 

Cl'ntClct "'ith the l'ail whilE' the 'lxle po.'iti on remains lev,,]. 

\ , ... 
2 

below the critiJ3l train ~~'eed ~ivEn in ~q, }.2-l.!) the 

wheel re~ains conta~t witt, tilP rail. 'The Ve"I''':. ir;al whet:':! veloc-

it:; at i~':pact \' is ot,:,aint~d fru:"l l:l.'m~aris.Jn (.,:' :hl.? t,W,) equul-
y 

,1nt1e :r~J.rh·~I::.':i shuh'n in th\~ sketci:, below, :,'ieljlnt~ 

"'i':!"i. 

\' 
.Y 

1,-:1]"· 

~ ',r \' ~ \T .. 

'It.' \,,' 1 'i t:: 

'It :'".~i\:; i~' 'j("":!',':l: 
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th~ 1mpact velocity of the wheel ~iven above. Accordingly. the 

total chan~e 1n momentum is given by 

for v < V, . c (2.3-371 

Above the crUlcal train speed, the wheel immediately 

loses contact with the rdil when the flRt Is reached, and the 

rotaL~ng wheel takes on a trajectory det~rmined by the train 

speed and the spring-and-1nertla for~~s ncting On the wheel. 

Both the time 0; the impact and the impact velocity will depend 

not on\y on the flat height h, the wheel radius a, and the .,le 

lo~Jlng. but also on the angular pos1tion of the wheel at the 

end of the separatiDn time. 

After a strai~htfDrward but lengthy oalculation, olle can 

show that above the eritlcal speed the total change in momentum 

is [iven by 

for V .i! V e • (2.3-38) 

where Vo is the critical train sfeed given in Eq. 2.3-1? It 

19 interesting to note that ~he lnorease 0f impact due to the 

jlgher rotat1cn ra~e is exactly compensated fer ~y the short or 

separ3tlc 1 n tlme, wtllch reduces th~ ve~tlcal velr 1ty the whe~l 

~~,at.her'5 durin~T its ,:'je~larat1,_~r t1ecause 01' the ~'l:'avit~:!ti('T',::d ,"..I.llll 

spring fcrces ~ctln~ OT) it. 

2_3.2 Resiliently supported rail 

The r't"s11i('nt SUfJP0l.'t of thl? rail by !:!n F-'12SLj:.: L,jj ·l.:J.~:.t 

tlcd 0[' by el:--{~,"",l(' ru.bber [IIt:\~nt:-:: is I.'f ;'l'l:':'jf':,' .:rnp(!l'· tr."f' in 

redLl'.':in t ' the Jynal'!lc JOClJjjnp: I'.f boJt.'l the r:d.,;. .:1fld hLl:t-l. J1 

has bel?n [:3hown tJ1at thl":: st.atl; .:tOlj JynurrJiC' llj":havinr' I';' 1"'311 



nount"d on tie and ballast as well as resiliently mounted rail 

can be well described by a beam resting On an elastic founda

tion (Timoshenko, 1926; DBrr, 1948; Crandall, 1959).1 The 

diff~rential equatlon de~crlblng the free rail motion is iiven 

~y (Timoshenko, 1926) 

d'v d'v 
EI =-..L + P t =-...c. + Ky - 0 , 

dx' dt' 
(2.3-39) 

where y is the yel"tic~l rail displacement, x 15 the distance 

along the ratl, E is the Young's modulus and I the nlom"nt of 

inertia of the rail cross section, P~ is the mass of rail per 

unit length, and K Is the fcree per unit rail length required 

to produc~ unit rail displacement. The last quantity is often 

referred to as the foundation modulus in railroad engineering 

te I'l" ino 10 gy . 

The form of rail displacement due t.o a static force of Fo 

acting at x ., 0 on the rail is gi\'~n cy (C'lmosll,>nk,:" 1926) 

y (x) -

where-

.~---- ." 

(<'.3-~1) 

The f'requl?Tlcy l"t' frt;-t: rail vibration." is 

w"(li)'-'. 
o , t 

MC.lt:cL1on 2.1 shows that at hi/l:h ~~r~qlleflcy tht, rfij~ (''In L~ 
rO'1deled even ~or~ simply H~ arl infinite be~rll. 

11 1 



For sinusoiaal forcing the rail ~.splacement can be obtained by 

replacing the static foundation Modulus bl' its dynanic equiva

lent: 

Equation 2.3-43 indicates that below tIle resOnance frequelicy 

w, the rail displacement is controlled by the foundatlu:: stiff

ness and that well above w the rail acts like an infInIte • 
beam. 

Critiaal Tra~n Speed 

The vertical acceleration needed to ove~come the curva

ture of the loaded rail is obtainrd by insertl~c x = Vt into 

Eq. 2.3-40 and d!fferenoiatlng it twice in respe~t to t, 

yieldln;: 

~ 
dt' 

F, -SVt 
= ~ B'v' e (sln6Vt - cos~Vt) 

The initifil vertical !lcceleration llleP.jed f,,!' the wheel to 

fullow this curvatur~ of the r311 is obt·3.ined b;/ c0111blnlrq; 

Fqs. 2.3-4n and 2.3-44, resulting In 

Y" (e=O) • ,'Y d'V' 
L: 0' 

where y = r' d/(2K) is t.he stnt.ic defl,·,'tlGri of til,' L":,11 under 
o 0 

the ~,t..at.ic l'Jali F \J' 'rhe lrlitlal vertical .1.("::I~lt'rtn lldl ·)i tl1u 

r::t.tl when it is 'JulJr..J!lly fl'eed fl'l).:J Ult~ :...;ti:tt!~ l'::F:ld ,,-~.J.n be 

;lpproximated bv 

J1. 



if a perfectly round wheel travels over an elastically 

supported rail with a rail head irregularity cha~acterized by 

thG radius of curvature, d'y/dX', the wheel will separate from 

the r&11 when the upward acceleration (d'y/dx')V' becomes equal 

to the sum of the downward wheel acceleratio~s due to the 

gravity and spring forces gel + M/m). the upward acceleration 

of the suddenly freed rail w:y,. and the upward acc~leratl0n 

of the wheel needed to overcome the "uphill" deformation or 

the rail due to the static load; nam~ly. if 

gel + M/m) + w'y + 2y S'V' - v'(d'y/dx') " , (2.3-46) 

Solving Eg. 2.3-~6 for V yields the critl~al train speed for 

the elastiGally supported rail: 

[ 

1 + ~ !!. Jl:; Pt :2 
--------

2y S' 
1 - -~-

d'y/dx' 

(,'.3-47) 

Note that the first term on the ric':ht sjde ot' Eq. 2, 3-!i7 1:5 

exactly the critical speed fe. the ~q,'ivale~~ rigid rail VCR 

as ~iven in Eq. 2.3-4. Slnc~ d'y/Jx' > ?y d' is a nece.sary , 
requi:r·er,ient ('01' ss-parat; ion, the second ternl on Lhr~ right side 

01 Eq. 2.3-~7 is always lar~~r than unity. Accordinvly, the 

a~itical speed cj a~ elasticJlly m,)u~lted rli.' i8 aZwaYl1 targep 

tna,lI thL1.1 '"If ::Hz eqlAivu.Ztnlt 1.igid ra/l. 1"uxtherm .. )!'e J ont' can 

show ttJat fur ! Yri\~ai tl'H,C'ks the deno''1:!.nalof' in tile S('L'I.-lfHl tl"r'n 

of £1. ?3-~'l d0es not 11fft~r rrlu.:tl fro' unity and VeE ,~~n be 

llj 

-,~ •• "'!' .. 



well approximated by 

~)~ 
2 ' 

where VCR is given in Cq. 2.3-4. 

Evaluating Eq. 2.3-48 for ~ = 880 Ib (400 kg), PI = 100 Ib! 

yrt (50 kg/m), k = 8.5 • 10' Ib/ft' (3.5 • 10' N/m'), E • 30 • 

10' lb/in.' (2.18 • lO" N/m'), add l' 49 in." (2 • 10- 5 m') 

yields VCE • 2.2 VCR' ind~cating a more than twofold increase 

in critical sgeed from rigid to resilient rail. 

rhe critical train speed for s~ep-down rail joints and 

flat ~heels i. obtained by replacing V'(d'y/dx') on the right 

side of Eq. 2.3-46 by V'/a and solving for V, yielding 

VCE " [ga(I+M/m)l~ (1 + (2.3-491 

Here again, the first term an the right side of the above 

equation is exactly the critical speed for the equivalent rigid 

rail case, VCR' as given in Eq. 2,3-12. The seco~d term, which 

indicates the ext~nt of increase In critical .peed for the 

elastically supported rail above the ~rltical speed of the 

equivalent rigid rail, is the same as in Eg. 2.3-4R. 

Wheel Ir"pa~t 

Below crltlc~l speed the wheel 1'8tairlS cont3~t with the 

rail . In co,-+ r3.st. to the rlV,id raj.i case) where lh€' whee 1s 

have lu f'ullow rhp .5h::qje of t!lE.' lrregu]arllYI In l:,hp. C'lse (if 

,1r, elustl'~ally sUFP.Jl'ted rail t.Jui.h "..hel'l 'H~d l'1:.l1J jt_'f'()!·!,\ uhl 



move up or down in order to follow the shape of rhe disconti

nuity. The degree to which each deforms or move3 out of the way 

depends on thE'ir relative impE'dances, It was shown in Sec, 2.1 

that below 1000 Hz the wheel impedance is m..!ch greater t!J~r. 

the ral1 impedance. In addition, as will be shown 1n 3ec. 3.2, 

the duration of the impact 1s generally on the order of a few 

milliseconds, .~mplying that most of the frequency content is 

below 1000 Hz. As a result, one would expect that rlur1ng im

pact the whee~ virtually retains the vertical position ~hile 

the more deformable rail 1s pushed down (or permitted to lil't 

up) . 

Although Sec. 2.1 has shown that the rall 1s best modeled 

as a b~am above the resonance frequency wo ' considerable slln

pllfijatlon with minimal less in accurac, can be ottained by 

modeling the rail with an equivalent mass. Accordin~ly, the 

fU'.'Juulas descri~_dr.g the impsct caused by the variolJs d.1Q('0ntl-

nuitles for elastically supported rail are obtained by replac

Ing the wheel mas. m by the eq..!lvalent impact maRS of the rail 

'l"e r • in the corresponding formulas derived :'or .. he !'igid rail 

case .. 

TIle equj"!ilent ilT1pact mass of an e:9.sticR.lly SiJPP2lf'tc'(i r~lil 

ha, been Calculated by Jenkins (1974) as 

'~1.3_~Cl) 

wllere kH is tlH) Hert.zlan ':onrdl:'l stiffness. Por t~rlC11 \lalLtes 

(of k)i and El, i:Cq. 2.3-50 ji~lds (Jpnl<ins, 1974) 

nl ::I: o. 4 P g , eq . (2.)-51) 

I .' 

.• , ... -"11' , 

1 



Above the critical speed given in Eqs. 2.3-~7 and 2.3-~9, 

the w~eel will separate from the rail. To restor~ the rail 

deformation caused by the formerly applied static load, the 

rail moves upward~ with !nltial velaci.y which can ~e approxi

mated by 

vr ( t) ~ y '" . o 0 
(2.3-52) 

Assuming that the heavy wheel will not change its vert: cal 

pcsition during the short time of separAtion and that the 

height difference h is small compared with the static defl ec

tion of ,he rail y , the time of separation ti can be cal-
o mp 

culated as 

J

t 

o 

yielding 

imp () vr t d~ • h = _Y,(l - cos"'ot) , 

t • -.l:. (?h)~ 
lmp "'0 Yo 

(2.3-53) 

(2.3-54) 

Inserting this value of t into Eq. 2.3-52 yields the rail spoed 

Rt indtant of impact: 

I 1 

,-h 2 ';2 

V (t ) = y w 1 - (l - ---) r imp GOy 0 

At the ti:ne of jrnpact, the rail and whee] have munlentums wh1rtl 

are approximately of the SCl.litt= magnit 1lde hlJt rJpposlt(' in phase. 

Rccordjn~ly, buth bOdies virtually lose their vp]oclly at Lile 

collIsion and t.h~ t(ltal chanp;c in nl\)Jflentlllrl t.:dn be well :lpproxl

mater] by 



(2.3-56) 

Combining Eqs. 2.3-40, 2.3-41, 2.3-42, ann 2.3-56, one can 

show that the total change in momentum is 

21' (t )m + 212hmeqF, r imp eq (?3-57) 

A"aol'dingly;, the impaat BOLtrtd ge~leprlte.:i. inl-"re.lses with 

inopeasing height diffepenae~ inop~aaing impact maS8 of lail~ 

and inoreasing axZe load. Si~ae axle load and raiZ maBB al'~ 

"swaZZy determined bj Btatic cO~Bidepation., the only param

eter available lop (Jontl'olling the impaat noise at tr'ain speeds 

above ~pitical speed is the height difference h. 

The impact formulas for elastically mounted rail are S~m

marized in Table S.2 on page xxxiv. 

2.3.3 Pre~~rr,~ ... ary '.·:~~r~~atin" of ilrlpact fori;;:.;~ii:t 

Limited scale-mou"l aed full-soal" exr,,,p1. .. ,,nt,s have been 

carried au:, to verify the impa'::::t fc":!'.ulas )..rpserJted in the 

previous two sections. As discussed jn dpt~i in .Sec. 3,3 J 

the pesults Qf these preliminary experirr,ell',s indicate that the 

Ynalytical model propep]y describes the je~endenc~ of the peak 

sound pf'essure caused by rai~ :jlscontlnuit"ies ,-'In traitl ~peed, 

~~e0metry J and tne Jynamlcal r,harac~"'~rist ie's of the wheel :-Jl1d 

!"'::d 1 

~Jc: E:xperjments h:::tve been l'arr"iJ'd Ollt to verify lhf-' :ir:.pa(";t 

Goise mcd~l for flat wheels. However, th~ close ~e~~etrlc 

slml1arl ty between the wheel fl3.t~ .~H!d st~~r-dl~li.\in roi; .~clnt;.:; 

maket3 it very likely Ulat the ,:HlflJytical JrkJ'.3'l 1":1' ~ll't"'l1('t 1 n~

IIT"\pact flclse '::3.11Sl'J by flaL whl'-'ols is r1.1S0 ';~Jrl1c('t. 

1 
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2.4 Roar Noise Predictive Fo,'mulas 

Roar or rolling noise is the name given to the wheel/rail 

noise produced by the mterorou~hnesses on wt,eels and rails. In 

this sectlon, we analyze the vibration caused by thpse wheel 

and rail rou~hnesses and estimate thE wheel response, rall re

sponse, and sound radiation, drawing heavily on the simple 

n~dels and measurements described In Sec. 2.1. 

2.4. 1 ~neel/rEil interaction and r~sponse 

In order to determine how wheel and rail roughnesses gen

erate vibration, consider a smoot" wheel moving along a rail 

at constant velOCity, V. If th. wheel encounters a bump on the 

rall, the whe 1 will be dcflecced upward and the ratl downward 

by amounts : .. <>1. depend on the size of the bump and upon wheel 

a~d rail resistor.ce to moti~n (impedance). If wheel/rail 

contact Is malrltalned, the sum of wheel and rail dlsr13cements 

1s equal to the height of the bump. 

Figur~ 2.4-1 11lustrates the g~neral c~"e of a rough wheel 

rolling with a speed V along a rough rail. The roughnesses of 

the wheel and rail are shown as (exaggerated) perturbations of 

a smooth circular wheel and smooth rail s~rfa"e. At any In
stant, tht' verti~al position of the wheel refe:.'en'2e ci.rcle, Y.".." 

dep~nds on the position, Y J of the rail, and on the wheel a:1d 

rail roughrlesses. wand r, which are measur~d ~lth respect to 

the smoo~h wheal ~n.J rail reference lines: 

(2.4-lJ 

When both sides of ~q. 2.4-1 are differentiated with r~specL La 

time, wheel vel~clty Vw is defired as positive upw.,J, ~nd rail 

\'elClciLy v r. ~s po"itive downward, Lhe followl:1f'". rc·lat.icnship 



SMOOTH CIRCULAR WHEEL 
REFERENCE SURFACE 

- ., ".o,j..,.. 

SMOOTH RAIL 
REFERENCE SURr.·ACE 

FIG. 2.4-1. WHEEL/RAIL INTERACTION. 

1II11t ... '.I:t_rrllll: ••. _II1II7 _____ ••• ___ ........... __ "-. ____ • __ . .. b ... • __ .~ _____ .• 



mFl in 

applles between wheel. and rail Yeloclty and the rate or chanve 

of whppl and rail r01lghness due tc motion 0:" the conta.ct !-lullil ; 

(2.4-?! 

If the roughness of the wheel and rail is a sinusoidal rl1nctiofl 01' 

frequency w, then the amplitude of the sinusoidal vertical force, 

~(w), at the wheel/rail interface can be related to the amplitudes 

of the sinuSOidal wheel and rail velocitieci Vw and VI" respectively 
as 

.,./ Z V 
1...1.1' = R ' 

'('0 W • r (2.4-3\ 

where Zw and ZR denote the point :!.mpedances <or the wh,'el (CGrI

nec:ted tQ t~"e vehicle) and rail (~n situ) at i'reqHency UI, 

respectively. 

~hen we solve Eq~. 2.~-2 3nd 2.4-3 ~~!' the interactlo11 

fJrce and ~es~ltl~~ wheel qnd r'ai~ v~locitjps ~lr the cl)nt~~~ 

p~int in terr's of the rough11esses, we '-'bt3~n 

n ., 

P(:.,) 
'"'RWT",l 

[f,(UI) W (.") J = ~- + 
"n ''''''w .\ 

Vw(w) 
~R 

[f,(",) + .~ ( '" ) ~ ? +" LoR ~\.I 

and 

~., 1 

Lr(I.J) ~('") J "'r(uJ) 
I. 

+ ~ 

ZT\+Z':} 

.:. tJ :'lC t , the !,'q i 1 ::-,'c 'I-~hness 1 e .> a r::m(j':,;l. \'1!'.i:~1 

jl..:.st1fl::l.t:ly tl\':~ ch,1rac~e_""i/~'='l) as 3. ::5tal iCf],'lT'Y 

witl) a wavenut'lbpr sre,~tr':l:"'., 

J • 

¢ t k ) . 
r'r 

... 

t 

(:: • <, - ~ ) 

:.:' , 1n 1 \ . 

. 



, 
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Mel'S care must be 8xercL,ed in charaeterlzing t1,e wheel 

roughn~~~. If the rcughness were utllform acrose the running 

surface but \"arled clrcumf~rentlQl~y, it would be characterized 

completely by a Fourie~ series, However, s1~ce lateral proriJ~ 

variations are s!gnlfic3Jlt, one would not ex!-ec:~ the c:i:,c.um

fer~nt1al ro~ehnescl ratt~rn to be rer~tltivr as ttle wl1~el oscil

lRtes laterally over a rail which &180 ccntain. luteral lrre~u-

l::1rltlcs. Accorjin!;-1'ly, we can also model the wheEl f'0u.,{hrw;3s 

'J..S 3. stELtlonary random function. 8.1 doing so, we C3:: writ..:' 3 

simple expression for the relationship be~Wl?t:'n :he :'re'=Iuen".',,' 

spectra 0f dependent variables tnvolvin~ 1nter~c:l~n f~~:P8 

(e,g" ~neel velocity and r~il velocity) 3nd of Ind~r"ndent 

var13bles (e.~., wheel and rall rou;hness ve~o2i~leR).* How-

it~es depend Jr1 the speed 'with whi~h the wheel tl'a'\:cl~ ~'\'':''!' '.!"lP 

rail 

Such a ~eas~re iJ tn~ WSV~tlUMbe!' s~~ctru:" 

The !'c~,i.ti0n u'?twecp e rI'eque11~Y ;-:lnd wavenumber .s:cec'[["Jrr: 

1 s !::;1 ve~l b,v 

:' ~' • ..j -7 ;' 

va_ues ir: c:,.- rres,Pc1ndin .... - f'reqllo:"nc~' 1nt..1 l."or-:l.':-2r.'PT~t'("l' tJ:l.]"j.j;;. 

;;; ~:\' J 

".r~'he sre~t:'IU"1, ',jJ 'J(,~I), :II' 3. dlo'r;~rl'oir..~1to v::J.!'i:.lt1t' :!.:J p ... ::! Iced ~c 
tn~ ~re('tr~m /'t (w' of a' indf'n'nJet1t v,' .. C'"i:t:,lt' b'; 'tJ-'\"~) == ~ 0'- ';:'.t-: 0 ~ ", r ti I 11 t,·I., . '~o 

]H(u..l) 12 !Iii ~.:.u), ''''!J':'l°t- IJ(c.J) Is 'one ~,r3~1:.31·(~r t'1Jl1,:t ~,~n re~'Lt 2'it O 

th ,.: re~'llred trar'sfer fUlllJt.lons 'is r'd'( j ",OJ .:,f' tl:.L' v.,.,!".,t'l till 

r'd 11 l'1lr-=dnn,.:-es. 



Since a v~loclty sr~clrunl i~ simply w2 t!me~ the jisrlacerrlel_~ 

spectrum, we may 3pply Eq. 2.l.l-8, 3.Ien s Wit!l t.he ~en(>!>rll l'f'la

tion betwE:en ~n .lllp~t and output spt'ctr-urn, to Eqs. 2.4-4 

2.4-6 to obta'n: 

:,1,) 2. 

-y-
I ?.. 2. 

I
-:H 'j.~ 
='0 + 2", :., ,; 

l¢ (k) + ~ (kll 
rr WW-

I ~\ i 
1

·--' .. " I t..." •• , 
',?l,-)J\ 

~ • , I 

and 

t V ~l ~ 1..iJ) ::;; "' 

r r 

/' r 
,L' '). 

',"lth t~'g':n ;.re':..<.l rlet.:,C';,ri::. 1f1t':'!I!~it-t:'1:\' I~l ':hp :rl3r~l'·l,::,.... the 

\\'hee~} E:,!1,<1 ~'1ll .:.":.,u~hnf:,:::se::. 

If 1.)11"= Wt'l'l~ ,..~; r>:'-~Si";'~'e l':heel .:J.nd r'3j 1 .... , .... ,.~jr>~,~ :~r't,,'1 r:·" 

:~rld us~ '-~qt-' . .-'.L,_u _. ~'.q-~l t, ;Jr-r·.l1,_~: I'lh:- .. ·.u1\j :-~111 'J' ~'" 

,,0 -'1' 

!: 

. t,' .. " 
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area betweerL the two is finite in sizE:'. Corwec.p".H:ntly, tll"l~H'" 

component~:; of the l'(lughn("ss spectrUJr.. that have wavelt'ngtbs un 

the arder {)f thL' dimensions of the- ''::unt[lct patch ~'.I·ed 3..'l:~e t:'f-

fectlvely flltpred or a.era~Ed OUt. 

In more deta!l ~elow. 

When a ri:ip~d transit car wheC"l rests ','11 i:l pail! the l.)cal 

~lastlc deform~tlons O~ the surface uf t.he wl1~el anJ I'al1 pro~ 

duc:e a finl te area over' which thE' ',lheE'l ani rG.il a!~o:' in int l!~ute 

contact. The area of ,'ontact 1 s usually"" f·1] lpcp in sh'lf_f-. 

t.he major ~l~l(J :;:incr iJ.xes of ~ ... hlr.tl Jerend C,"I t;:t' lCC:"I..dln~ appli,:;;d 

to the wheel, P, the ~0julu5 of tIle ~13terj"als in the wheel, E~~J 

and rail) ErJ the radius Qf ~he wheel, ~w, arlJ the radjus of 

rUf1vat"ure on the hea-..; llf the 1..':).'" l.., 1:l r" 

irlg ~he"':'l? ): ~s can boe rounu in 'l'imc'shf'.lKC and ioo.iier l191)1, 

13, .w.~ticle l~·'.;. 

) , 

'~ t..Yl-."'\C:l1.. t ['01,,1 ....:.It 2.J.~~ ','Jl ,,~f::'l 'jCI In. ('{" ~':.) t~""l diarr. ':...l'r' ',i!..'k'j' 

l:!,'\~1~",I'~1 in ~!.I"l,:J811 ~'J) "l'''l'11 y·e::t.l;lt: :-n (, ["1:: I\'lth :..l !'~1Cil""lS ~",f' 

,~I".lr''./at :lr~ 

p.:l', ~h ~,() . ..3~" . " ..J..." • 

, , 



essentially unafl'ecLed. Those components WClose wavelengtlls are 

less than or on the crder of tile d1nlensiotl ~f ttle contact patch 

may ~e cons1rlerably atten~atedJ simply !'l'om an av~ra~ll)~ I'!~I_'Ce5G 

tlver the area of the OOlltact pa1ch. Not on1,\ I he wavelen~_~,t.h 

along the rail jR important :In this aVE:'1'i::lg1r:~~ process, 

tree at' corrl~latjon between J"oLlRhlless pr'c1'11(-s ,'H.~a~;llre(j in f'q,I'

allel IJaths along the ra.:!.l and al""Ol;nd ~he ~het'l 15 als(' import.

ant 1n dete!"'min1ntr. the degree of wav€:-'numbt'-r filtertnp.. if 

pal'3.11e'l paths dPrClI'ateC by .l ,Hstanee' Oll the or'der' of ~j,e 1al

e'T"'al dll1,ensl\"'n of the contact patch arc wl:ll ;urrf"lated, ther1 

tht.'" contact patch 1:::; .3. less effe.:J.t.ive waVt:'tlutnber fiIt!;:"l' ':.han in 

the case where }-)atns :=:eparatf:'J. by that arnC":.lllt ar'e rO()l~ly C'orl:'e ... 

~ate L 

Appendtx ~ presents the deta11ed matl1en'atics fnr th~ dprjv3-

tion I.Jf the charactl;:'f'lsLics of the ~~Dnta:t ratch h::-tV<?'r.ur'lbl'r 

~·':'ltcr, It 1s shown i,hat fOJ' a cir·cu.lqI' C·.Jr,t:,~lt..'( pa7..c[~ of 

r'aJl\~s b, ".:he filter transfer' fur:'L',iun .is ~""j v'''n by 

II: ( ; ) I' .. 4 
cr' x u 

1 

tf'l';-.l!JJn~· t~np dt"f!1'~'_~ \,( l'(:r['e~3.til_,tJ ht"tWflf'rl r'~'t~:"lllel !""'lJ.~~llflt.':~~: 

f'i.' .... ,;'11,-:., :::it I. ~·1vf:n '.N~i'lcnIJT'lber· (:... 't:O ArperJdtx "I, Lll'~'l' J't '1'.-

_- ;l~ 'il t 'n ,.'.11_ j 3 h~iS t'f!J?(. !,llf'lt'!' 1 (','i lly i 1l' I 

P '.i ;Jti;j 1~, !.-.[,c'·;.e!JLf~'t in !}or, 

:··!.!ntnt~,~ the CUr'\:E"" (\ -= l'J) !t i:_', :.i~'~'d't!!l1 tfl-t:' ::il-"tI1!j ·Jn1. rl}1~:1 

i n,..r (':,'ill o,:cur_ l1::,,,,' 
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level 1s achieved. f,'or' the C(1nta~t patch ,)1~t.· ~:.:.tlel.J.la'. t:-,J ab:.)\',' J 

this reductiun would OC'\~l.ir' fill' wi::I.v/::lenp,ths u(1 '/.,- IJt'der L'j' 

o . 75 1n. (1. 9 em) t () 1 111. (::. ~ 4 C Ill) • 

tl'avelln~ at 40 mph (bj~ km/hr) J these wavE-l('nt-4ttL', ':LII'j'i;'fT')nJ tu 

7~IO to 1000 H:~. 1\', should be elJlph8SL~t;d ttl.tt UlL' Jt:'!'lVi·Lil,.)[l ~-,f 

Eq. 2.4-1.3 and F'tl:~' ~,4-~! requires iil.:.J.klng ~i·_q"e assLln!~,tl.::qlS 

about the r()u,,~hnt"::3t,; wavt:~nllmbef' apel't.l'l.UI1 ae:'_'~J::' the raLl l'lf:ad ,""'r' 

acrOdS t,tl~ wheel tread. 

fGr a givt:'tl wavt>llLu'lber cornporH:'nt k '~ll.)nv till-_- 1t~II~':t~1 .If rhe x 
ratl wI' arDund tht' C'lrL'Ll!llfer'L'nce L'f the Wflt.°':-; It'll+:::- L'(\j'l't:,l:itJ un 

len~th across the pat 1 ht'cl·1 O!' whet:' L !lead 1.1 ~'r": ':'l't i~'II:·:d ll~ 

link,. 
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.. .. 

H8.v.ing recognized the role of the ll)rHl ctet\:n'tf1lutl ' ns at 

t,lle wheel/rail interrace in .,f'fectively fl1te"1"f~ till' 8hor't 

wavelenl-':;th i~omponents of l'oughneas, we 1:llIHf>diatt.·.l.y speclJlqt~d 

on the t,rrect of till" hlcal leformatioll on ttl" whee] anrt rail 

Impcdarl~e whlcl1 appear in the above resl'onse 3quatl~~s. We 

have exalillned this ef'fe('t In Appt~nct1x C arlci f{)und it t, b!':> nt:',~

ll~1b]e excprlt at high frequency. Ar a l'esult no corroctIons 

for the contac't $tiffnes~ will bE' ,,,,,de in the re"~onse equH

tll)~s. 

2,4,2 Sound radiation 

Tht=, pl'ecedlnt-:: respon~·t.! equ.attons J Eqs. :' ,/1-15 .::J.nd ...!. 4-16, 

are J of :..~0UT'Se J fl.'r the respunst' at the r'uint \)C contact between 

the whef'l and thc rail, It l'cmalnt. t.Cl tl'~:tnolatt;" th€.,se respon:j!? 

spel'LI'':i lnt~") ::.~,11J!ld PI't't,SUl'f It"ve)~; (:'f':,) ~.q'£'l't r'a at thv ways1 if~. 

Tht-; Rail 

'~'h,' acoLlst.ic radiation frl:\111 the r:ll1 hat> a.lr2o.dy heen f'X

arn1n~\1 '_n ~30:ne detail in ~~~', ,),1,4111 thC' disl'us:.,10n u f ' direc-

t 1 vi t Y , 

~\ ft'ulil he pall due tll it ::31n,,~le pnint \~f' ~'xc1t~lttlln :J.l1'E'C'tl',; 

":>r~,otilt.' tlI~," fH).tnt Wht::'l'~,' tht.) Jlr,-1~:;~u!~e 1'~ [!1t':t;'Ul'~~,~ L' ,,-1VCI: LJy 

(~ .. ;l !'(~H) , 
-- n ' - f( 4"" (, .. I, " , II - l'r ) 

l' 

wht't't~ ttll' dlr","('t1vl','/ t'1J.ncllIJI', [)(~,) ha~; ht'l')1 T1Kt"n 't:, Ill!~t.V (i~i 

J(;"~,i~r1bl'd tfl :~e'-, ... ', 1.4 llnd WLI:'I't~ 

1- ( 1', j<) • 

l/~H I 

I. '/ 

,C,' _'I 

" 



In general, for multiple excitation points, su~h as the 

many wheels of a t.ra1n, one simply adds the mcan squa ,'" pressu,.~ 

pruduced by each, since ·he SOUrces are lndoperl~ent. l1nfortu_ 

nately, Eq. 2.~-17 1s not 'valid unles~ the >,olnt Gf "xdt.ath", 

19 directly opposite the receivel', i.e" the pl.\~11tll)!1 fiJI' rne::t

~LH·lng the a(!ol\stl~' prt:JBSL.u~e lies un 11 pt:!l'~,erldll..'uL-il· \l" thl' 

rail at the po1nt of excitation. fr r:h.t" ('Lint u!' t;')'.l'ltdT 

actually lies a d1stance L down thl' ,. II Wt.' ,jii::jt irlin~1.~r. ! v..'l' 

case::!.. 

by Eq . .'.4-17. 
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perpendlc'.J1ar" dlst(;C.nee fr'o!l' ttl~ rail 1.',-' tht r€'~elver') ~riVf~S thf;' 

appropria.te dt~tance C:"1f'rec' Lon fOT' the ~olUJd pr'e-Hsur~.:' level 

raJlate~ by the rail, 

This l'f'sults t'l'Uf'"1 the fact th8.t 1.!W ~'l)ll-

trlbucilill to the rail rlo1s!:' is ~'t'llll~l'ily <lLH:' to tht" I'd\I"! vlbf';.1-

t i0n aL the f:,xclt..at1on p~:1rd an,i rOl~ [.I >" H !_hf" dl:;:;UUh:f r;'ll~:: 

the e>.cltat.i,)n point to ctw r'e\'~;lver -lues nut. chanFl:f> :.:;ll:~!lll'i

curtly as One moves away frurn +-hp ~'all. 

I.iv 1'~1nf~ EqL:;. ~.~-l'r 0[' {!.1~_1:~, t~l(,t,. ~dl(, .... '.:ill ("tl\.~I~l itt.' 

tl.t~ '::Pl, ['I'Or: thf' 1',11 due t.) a tilnr~ll~ f~.x~1tat.lun pl.~lnt. !-\Il' 

:r!<~ny excltatl(111 p("J~l.tb. one ;sim~,ly ~:..H!,~ th~~ Ir!t~[jn S,llJ.Ul't.' Pl'l.':~

.:5Uf't! fr'oln eacn, 

1[,1W>?Vt:'I'. t;lt" flri,'l 1':/ 

r'adiat.lnl!.: :::Hu·r.J.(~;::' ~:f' thi~ wht~{'l (~~!"'C:·j'.L't3\ :1r't:?J') it tt r> Wt,t " 

r\):r~tull]l('ly! in ~;t'.', c:. L.~' 1! Wilt> .:.;h.'WIl tlLl.t vitlI't""i_,f! l('\'t L~~ 

.(v·.!ra .. ~,:rj ~'\Vt-'r 'he '",,'h~t::~l tread itl tt1t, r'l!~-:-1: dir't','l :"[1 '"4 T '\' 

cS.'h'LtLdl~' t, t.~.l l, th.:' 'JXLL v1l·1·!1t 1,111 ll'·.'t.~l·, '1\"_'I':,··I.J '\"_'J' 

1.11"· web. 

11'"II;f!L;.L,' :::iuUt',-'" wIth ui:L!\""ll'l'l l!I"f-"I:.-tivlt.\' (~."'.' :..··t:' 

~~LJ.lt:J iTl tIll !'.d l:.\dll,,~ ~l(Pt't.·::Jcl\.\Jl :\.'r t hf" 1'l'I_·~':;~;I.lI·· 

d!~'tancc' !"" :·r'.~'. tL~' \t,'hv~'l: 

) ~., V ,,) 
r' l' 

I " 

1 •• j 1',,_ 

" '1 .'" 
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where ~V v (,,,) 1s the spectr'u!" or the ""d1.,] v,>loC'it.y of th" 
r r 

wheel tf'l::IaJ at the point of '2:Jntact betwet-~n th(> ",'lJe~~l and I tJt~ 

rail. 

Equation 2.4-16 appt'opt'l«tel'l eOlnohlted with E'I'" 2."-17 DI' 

2,4-18 and Eq. 2.4-16 ccmbirlt'c\ with Eq. ?,4-19 yielr:! an ,,,,alyt-

1.!l.l1 ~'l·t':',Jlctl(.Il ,:,.r.' t!1e press11._"'e spect'r"ulll proJuccd tJy a sir;~~le 

wheel interactin~ with a rail, It is userul to rewrite LI;~se 

expressiolls in t~!"'.:;, 1,11' the :'P:.J in a givf'n ~·l'':.' l'..It:"llcy b'i~ld "\w. 

L'omblninp: Eq,;. 2,L.!-17 and ~'.4_~8 with Eq. 2.~-ltl, al!d ~ .. q< 

':,4-19 '~lth E~l. L~.L!-l(JJ Jivi,::.ln~~ t-!'"lt" ~'1'es8u;,e· ~:;re~' I'Il'!1 t-y 

p2 l .:· lO-5 :'1/1':2 , tht:' ~lallclal:'1 r't'fe!'eIllt' pr'E-'SSurL~), ~'Iult.rly-
o 

in~~ hoth 51des or' r!lt:' t~quati(;n by ~w, JI;d l'lktllt"" i(~11 t~r'lt:'~ tllr" 

Llc:al'ithl'l uf both slJt:s ylelJ3 ."'(IP ':-f1€' "I~"",': 

:z ~O l .. ~' 

, . 
..l _, ~ 

+- 1 U ,. , j, "',h.'-,: 

['~-tLl, 'i'.,j ; ( 'lH I· "L~ 

f" to ~" I,' 

. J 

. 1, .":; ',! 
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r· ~R cosh ~L(l-nL)e"L E (n,,) 
~L 

+ f(nrn] 

fr:-r' T~ >') R* 

where H i5 the [ .. :-r:)erJdlcular Ji.st3.rlce f{,(lnl tht: r::J.ll tu t ht< r(;o

ct!tvel' and':.. is the d.iDtnnce ~LlorLr" ttit: :r.:.d.l [','O!ll ttl'It f.'t?!'~·en-

Jl~ular to the exc!~ation pOl11t. For tr,e whee' Z 

.I" 
1'1 lu,'. n'li + 10 lu~ 

+ 10 10,,; 1Hcp(kt.) i' + 10 1', [( ?{-~ r 
.C.RUd'~\{I. (2.4-.'1) 

'...rht)re H 1::3 the dist.1nce from the wheel tu 1.!1L' rt.:'l>?lVe!'. 

E'-1,uati'-.... ns 2.l.l-.?O anJ 2.ll-21 cc.n.=,titul> .. ' the l\:)l'r.lUl~s !\_': 

~,he p!'edl(.::ti\_~n of roar n2Lse '-1ue t~) ','!h:= •. '';', r'.J.i~ 1!1tt~!"'Ll.';7j,:n. 

':'hey I'e 1uirF-' l..::rl"')I'Jleulc--f> Ll i
'. 

I,.,rheel.:. aL'l ['all.:), ··:e:1Si.lrt?'r'1(~n!:'\ c...f '",lli"~;, ~rL' .j'.'$l.'!':~·,·,i ~Il :"~~'. 

:,1.3; t.ho:- l>"-e(>::lr::'try (wheel f'Cl,iius, rajl ~.I.',~i'J ]!j,J :'':'l~'t ',,'~,itlJ":; 

ji:::tun"L' ~.I.' the l't:'l't:'lver'); t.l"lr: wll':f'j ,'1n.J r"l~';' ~:-'Il't:.jIL.''- ' •. , ·-!.~11 

:~i~' :--1~as'.J.rem~rlt;, cf whtl2h 'l:'r, i'r'unrj III :";~-'r.~ •. 1.1 lL~' "_'\'r:~·;."t 

,; thE:.' _'-'IJt:l.:'~ r.:.ltch \wh!\~h lil:'t'erllis L'II w!ll"'l pdl 1'\' " ';",./ II:,] 

f"~ .' ." r: 1 1:,' 

~'l ;~: j~i 'j" 

•• . ' 

1 dl"J1(':~ uuL ~! 

t' X t ., t ,',1 . 

1I...1ri'.,' tl:~::, I l' -", 
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? 4.3 Wheel/rail r~ughness me~sure~ents 

During the .,I'ngram deacribej in thls ,>epurt, We' lleveloped 

a d~vice fa» meadurlng the roughness .pectl·um on wheel. and 

r".:l1L'3. With the device we obt3inej sr1me representative: measure

ments of wh~el and rail roughness on ~heoels and rails in revenue 

s~rvice tranait systems. Additlongl data appear in Seo. 3 where 

~he Pullman Standard verlflcarlrn tests dl'e ciescrlbcd. 

A S;(~t.:::11 of the roughnes:-. lIleaSurillt; df":l~t~ Is ShO'8fl -in 

Fig. 2.4-4. It consists of a probe PI..1~ leJ ·tlc'n~ h1,' ~.l ('arr":'.1e-"e 

movtng al:"lnp; 3. smootl' ~::'':''':::~ ~ I-oeam) par.:3.11t:' l to Ule r':l1'_ at 

corl~tant speert u. An accelpromet~r 13 ~ttaJtled ~o 'he pr;)be 

',.,'hjcI"J 12: In ~unta~t. with the "roug,r" rail sur'f::.-tce, The orobe 

~s attnC'hed t;1,1 t}:t:' car:ri3.~e by means 0[' ,1 hlrJ~~t:' j·.).tnt i strip 

of teflon) The rOUI'o';hneS3 c~~ a wheel 1s i;l~aslred 111 a ii:-:-1Lla:r 

wa~', i.e., hy rI!OiH1t1'le:- ~h~ ·~aI'rla .... ,= to 3. t'jtl.'"} \>J1th t!1(. pl''.,.,bc> 

touchln~~ t.he :?,ll'r::t,-=~) of 3. l~.JL)tint; wheel. 

Th~ .:...patlcil i'LJ..:-tu3.t!.'ns _'f the rJ,1.l '1' ":t,l't"l sI.H'f')c~;, ,l!'I",~ 

,''.,.~nvt.:~rte,~ to tl~l'jW.JI'il flui'tual i'::dlS l1f l"(:ell'f'1t ~,)n :i1 t:l'.,.' ~'r,'lll' 

t )", 

1 3 f :,1 r ~ ~ ~ j J.v . I 'J', 

, .. , . 

I _ , 'T ,J 

, j I' ' !" ••• : 1,', t- .. 

i ,', j,. ,~~"': ., 1 t ['~:', ,,' '; I' ' 

'_I, 1 t '1:" . I .I. ~ ',,: : I, 

vi U I'':i I 1 'r,. ,'I ..... '",,' '.' 1 '.... 'I: l I' t, ';'. \ ~ 
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The extraneous vibration transmitted from the carriage to 

the probe was minimized by the choice of a hinge to couple 
the carriage to the probe. The hinge is effectively a low-rate 

spring that with the mass of the probe forma a spring maS3 

vibration isolation system, i.e., effectively a low-pass filter 

fur rejecting carriage-generated vibration. In general, car

riage-generated v1bration was not a problem, primarily uecause the 
roughness of the I-beam was much lower than the roughness on the 

wheels and rails being measured. A detailed laboratory evalua

tion of the device was carried out to verify its proper opera

tion. Appendix D presents the results of that successful 

evaluation. 

PreZiminary RaiZ Roughness Measurements 

The roughness of typical rail sections under norMal use 

was measured during field trips to the Boston and Maine rail

road yar1 at Ayer, Massachusetts and the Massachusetts Say Trans

portation Authority (MBTA) station at Forest Hills, Massachuetts. 

The data were stored on magnetic tape that was later used to 

obtain 1/3-octave band spectra. 

The first set of data was not filtered before being 

recorded, because a relatively constant spectrum level was 

antiCipated. This "all pas." record proved, however, to be 

undesirable because the useful si~nal was masked by hl~h

frequenlY noise. This noise was rartlall~ produced by small 

pits which are abundant e!l all norn,ally l.lscd r3.!ls and ;:artl

ally .,roduced by a contact reSDnan,'e which was e .. th,at· i t.·o bE' 

in the vlclnlty Jf 1 kt{~. When lhe ht~:h ~r~qJencles W01'~ later' 

filtered out, the 3.ctual leW-frequency Sifn:1~ W~J ~c..:' ~..i.::-~e " 

the system noi3e ricor ta prcduce any ~ea!liTl~:'.;1 results, 

b .... _-----__ ---·---------·- -- --- - --
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The results of the background noise and carriage signal 

~easur~ments are in the form of ll3-octave band accel3ration 

spectra. It Is desirable to transfo~m these measur·~ents into 

wavenumb~r spectra of rou~hness amplitude which are invariant 

wi tIJ pr'obe v0loci ty. Equating energy in equivalent spec tral 

bands, one can show that 

(2.4-22) 

where 6k : ~~/u, u is the probe velocity, ~aa(~)6~ is the 

1/3-octave ~and acceleration spectrum sensed by the probe, 6w 

is a 1/3-octBve band bandwidth at frequpt,cy ~, and ~ R(k) is 
m 

the micl'oroughness wavenumber spectrum. '.'he quantity ~mR(k)6k 

is the exact measure of roughness required in Eqs. 2,4-20 and 

2.4-21 to produce a 1/3-octave band SP~ spectrum in which k and 

ware related uy k : w/V, where V is the speed of the train 

for w~ich predictions are made. 

Using ~q. 2.4-22 we have reduced the data taken on a num

ber of segments of ~BTA main-l~ne trolley Lrack at the Forest 

Hills Station, In Fig. 2.4-7 thes p data are compared with an 

estimate of the rail roughness on the Staten Island Railroad 

(based on rail vibration) presented in a recent paper by 

Bender and Remington (197~). The agreement between the measured 

and estimated roughnesses gives us further confidence in Jur 

device. The discrepancy &t high frequency is expected, since 

~ender and Remington's estimation procedure breeks 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), A~ this 

speed, frequencies of 100a Hz are produced by rourhness com

ponents having a wavenumber of -10 rad/in. (-4 rad/em) which is 

just where the data and "stim2te start to diverGe. 

13'·' 
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P~'eZimina~y Wheel Roughness Measurements 

We tooi< prelimInary wheel roughness measurements on a 

24.5-in. (62.2-cm) diameter, 1200 Ib (540 kg), surface-line 

(streetcar) wheel during a one-day field trip to the MBTA main

tenance plant at Everett, Massachusetts. The tested wheel was 

in fairly good condition with no excessively rough spots. 

Roughness spectra were recorded on tile wheel tread bcf~re and 

after the .~eel was finished. During the data acqulsl~i~n, 

the roughness measuring device was statIonary and the whe.l 

(actually two wheels and the JOining axle) was rotated on a 

heavy-duty lathe, as shown in Fig. 2.4-8. 

The rotat~onal speed of the wheel was 30 tel 100 ttmes 

slower during these tests than during actual tr •• " operation. 

The lower speed is undesirable in that it means a re~'J~tion of 

the frequency generated by a specific roufhness wavel~ngth hD 

as well as a decrease of the resulting acceleratiGn, thus im

pairing the signal-to-no1se ratio. However, too h:gh a speed 

~esults in such high acceleration levels that the probe jumps 

of' the wheel ~urface. '""hen the tl'ead surface of the wheelIs 

pitted, the Jumping-off problem is especially bad. All w~,'els 

tested for roughness, except for the finished wheel, h&d pitt~d 

surfaces; therefore, we reduced the speeli unti', the "nCl-jump

off" condition was satisfied for moc,t of the I ,orded 03ignal. 

The speed of thE' probe relatl ve t~ the measured ''lrface was In 

both cases (wheel and rail) approximately 15 in.!s ~ (38.1 em! 

sec). There were still occasional epikes in so~e c~ses which 

resulted from the Jumps, but they were isolated enou~h that 

their effect on the long-time average was illsi~nificant. 

We next testRd the wheel "pt, 24,5 and 24 in. (c.62 

and 0.61 m) in diamet<:r l,pfol"e and .1ftel" turl1i.n,~, !'esrect::vel~, 
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that together with the joining axle, the axle casing, and the 

las~ t~ansmission gear was mounted on a he.~y-1uty lathe. The 

axle casing was tied to a fixed structure so that only the 

wheels-axle-transmission gear com~~nation were in ~cti0n when 

the la.the was running at 12.2 rpm. The probe was set in con

tact with the wheel surface as s),own in Fig. ~.4-8. Vibration 

isolatiop between the carriage and the floor was provided by 

the heavy support Q (a stack or pinion gears) and an underlying 

layer of foam rubber. The carriage was mounted to a channel

shaped beam, H, that r~stod on Q and was held firmly in posi

tion under the 1400 Ib (630 kg) weight of R main-line wheel, w,. 

The acceleration levels 5, SA' and SB measured at points 

P, A, and E, respectively, are shown in Fig. 2.4-9 for the un

polished whee~. Each curve i5 the avera~e of three 32-sec runs. 

The line of co~tact between the wheel and the probe was near 

the f~ange; a line of contact farther from the flange gave 

similar high-frequency readings but lower low-frequency read

ings. 

Th! reading S8 is taken with the lathe in operatio~ tilt 

with the pr~be and wheel not 1n contact. Tr.e contribution of 

Sa to S is HpSB' where Hp is the carriage to prc~e transfer 

function. Clearly, HpSB is much lower than ~p and ca~ be 

readily neglected. The level of SB i9 consistently hiiher when 

the probe and wheel are in contact; in this case the hi[h SB 

reading is caused by vibration transmitted through the probe 

arm, not through the carriage foundation. 

The accelerometer A was placed at numerous locations on 

the lathe and axle cabing; on-spot comparison showed that the 

vibration was highast on the axle cas1n~, particularly near 

the rotating transmission gear. We chose point A (FJg. 2.4-8) 
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on the axle casing because it was closest to the wh2el-axle 

joint. As shown in Fig. 2.4-9, the results for SA are quite 

close to S between 50 ar.d 100 Hz. However, the proximity of 
p 

SA to 3
p 

is not so real as it appears i~ these plots. It 1s 

reasonable to expect that the massive wheels will be less 

responsive to the stimulus genera'cing tile type of vibration 

pic~ed up at point A. Consequently, SA shou11 not be taken 

literally as noise contributed to S, but rather as a maximum 

upper bound. Assuming this is true, we can then use the total 

value of Sp to calculate the wheel roughness, which will be 

slightly overestimated. 

After tests on th~ unpolished wheel surfaces were completed, 

the wheel was machined with a layer approximately 1/4-in. (0.6 

em) thick beinb re~oved. First, a rough fi~ish was pcrfor~ed 

at low s~ •• ( and then a finer finish at a higher speed. 

As stateJ earlier, the tested wheel was 1n ~airly good 

condition even before it was polished. The reason it was 

machined was to ke20 it the same diameter as ~he ether wheel 

on the axl~, which \~~s in definite need of repair. Th13 was 

~ rather fortunate co~ncldenceJ because the majority of the 

other wheels scheduled for repairs were too rough for our de

vice and would require a much lo •• er turninb speed. 

The l!3-octave band wavenumber spectra for the wheel be

fore dnd after polishing are shown in Fif. 2.4-10. The data 

were reduced fro~ the 2cceleration spectra in the same manlIer 

as for the rail. The results are slightly unexpected, becRuse 

the polished wheel appears to be slightly rougher than the un

polished one in th~ mid- and high-frequency rBn~e. We do ob

serve a definite improvement, howe~er, at low frequencies. 
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Two factors are probably respons iole for the pee "lIar ce

hav10r in the mid- and high-frequency range. First, as stated 

e&rlier, the ~p.ted wheel was in fairly Eood oonditlo" Lo start 

with and, cherefore, no major change in its roughness cculd be 

anticipated. Second, there was evidence of occaoional surface 

chattering with a spatial wavelength of tne order of 1 i~. 

(2.5 cm). This could explatn the two distinot peaks a~ E and 

16 radiRns/ln. (3.1 and 6.2 radians/em) which correspond to 

~ - 0.75 and), - 0.375 In. (1.9 9.nd 0.95 CT'l). ""I"is macnin~

created "roughness" is probably smoothed I)ut duping an initial 

period of operation before the overall surface condition of the 

wheel commencC"s to deteriorate ag:,d.·!. 

In any event) the wheel rougr.ness after lath"" t-llrn:tn/>:: .is 

about equal to the rail roughness plotted ~n Flg. 2.~-7. 

2.4.4 Prediction of roar noise 

~ith the roughcess data of Fi[s. 2.~-7 and 2.4-1C and the 

analytical formulas of Eqs. 2.4-17 and 2.4-18, it is possible 

to make a predi8tlon of roar noise for th~ ~a'-~. ~~e ca~ then 

make an order of ~agn1tude comparison with th~ data of ~i~klcy 

and Qu!nn (1972) taken on the South Sh~re line of the ~3TA 

(welded rail) Just after that line was opened. 

We will calculate the S~". at 25 ft (7.6 ~) ~~o~ the tra2~ 

fOl' a train co~posed oi' i'our MBTA Type I ~~uth S~c~~ ~~pid 

'rranslt cars. These cars are '10 rt 10ng (21.~ n); have ~ruck3 

with a 6.83 ft (-2.1 m) wheelbase; have a center :0 c~nter 
t)'uck length of ~l ft (15.6 rc); use 2R in. (0.71 ",I diam2te." 

wheels; ~n:i weigh -FO,OOO Ib (27,?OO kg). ~e will ~J~ the ra:l 

and whe~l T"J'.lghness data in Fils. 2.4-7 and ;:. 4-1l~ (~',:o0th 

wheel data) ana assume a 50 :-rrh (80 k!7Jhr) tT'::iin .:,rt,~,j. '~'he:3e 



sp"~.If1 cat.ions correspond to a number of measurements performee! 

by Hickley an" Qu!m (1972). 

Ppediatil,e Formulas 

Taking the rail to bp ARIlA 1).5 Ib/yd (56 ~g/m) and tr,e wheel 

to have 1000 Ib (454 kg) mass with a head cross section 5.5 ',. 

wide by 2.75 In. thick (13.9 • 6,9 em) and using ehe iMpedance 

madels of Sec. 2.1.1, we oht.ain the impedance amplitude shown 

lnFig.2.11-11. 

Taking the load pe~ wheel to be 10,OOO/lb (44,500 N), we 

obtain a ~onl;act pa1:ch of 0.32 I. 0.26 in. (8 mm • 6,5 rom). In 

order to use ~he f1lter characteri~tic, of Fig. 2.4-2, we will 

"se an equivalent radius dooflned oy 

1 ,-
b : '" .cd : 0.15 in. (6.8 mm) , 

" 

where c and d are the length of the major end minor ax~s of 

the elliptical contact patch, This relation 1S based simply 

on eq~ivaient areas in the circle and ellipse. AddIng the 

roughness spec~ra for t~e smooth wheel 1n Fig. ;.4-1(1 ~nd th~ 
r~~ghest rail i!l Fig. 2.~-7 and multiply~ng that resJlt by the 

'.avenumber filteI' characteristic H (K) for a : 10 in Flg. 2,4-2 
ep 

anJ (PGu)/~iO 12, we obtain the rO".lghness excite.tion plotted in 

"if> 2.q-12. 

Taktng th~ wheel radius a • 14 In. (35.5 crn),the rail head 

width wH : 2··?3/32 In. (6.8 em), the foot w~~th w~ : 5.5 in. 

(l~ em), and the perpendicular distance fram rail tc the ob

SErver R = 25 ft (7.6 m), we can write the equation for the 

SPL fr~nj ~ s!n~le rail and wheel: 
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Zw I' SPLi~) = 10 log oR + 10 log Zw+~ I + 10 log r (P~: r 
~ (k)~ R(k)6kj - 21 + 10 log G(nR,nL) cp m 

SPL (VI) = 10 log 
6w 

2 

+ 10 log I( p~~)' Hcp (kHmR (k)6k! 

R' 
- 26 - 20 log 25 

where R' is the linear distance from the wheel to the observer 

and L is the distance parallel tD the rail from the observer to 

the wheel. 

~e must now sum the contribution from the 16 wheels on the 

train. We will ignore the wheels and rail on the opposite 

side of the track, assuming that the car body effectively blocks 

their contribution.' The geometry of the situation when the 

train is opposite the observer is shown in FiE. 2.~-13. 

Further, we only consider the four wheels directly opposite the 

observer as significant wheel sources. However, all sixteen 

wheels excite the rail and we must account for each. At some 

frequencies, when the loss factor Ii, which determines the decay 

rate along the rail, is large, th2 exc'cation of the rail by a 

wheel far down the track will not contribute sign1fl~antly to 

noise perceived by the observer. However, if n is small, the 

excitation produced by a wheel far down the track will result 

in Significant vibration in the rail directly opposite ttp 

obs~rver. The distance for sound propagation is then P as 

'This will, at most, lead to a 3 dB underprediction. 
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opposed to R' (see Fig. 2.~-13) and, as a result, the excitation 

in the rail produced by the wheel may b~ a significant source 

of noise. 

The mathematics for the process have been wurked out 

approximately in Sec. ~.~.l. Using the values of n measured 

in Sec. 2.1.2 and Figs. 2.1-25 and 2.~-3, we find that below 

2000 Hz only the excitation produced in the rail by the four 

wheels directly opposite the observer contributes significantly 

to the radiated nolse. Above 2000 Hz the excitation produced 

by all sixteen wheels is significant.- The result of carrying 

out the above calculations is shown 1n Fig. 2.~-1~. Bott the 

wheel and rail contributions and their 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 

predictions fall acceptably withtn the range of measured data. 

Th~ wheel contribution dominates at low frequencies and the 

rail jominates at high frequencies. However, this should nat 

be taken as a general result. The relative contributions of 

wheel and rail noise depend on the dis~ance of the observer 

from the rail and the relative magnitude of tte wheel and rail 

impedance. 

Since the wheel is predominantly a point source and the 

rail (when n is small) is predomin~ntly a line s0urce, a. the 

observer moves away from the rail, the wheel contribution to 

the SPL decays more rapidly (l/R') than the rail contribution 

(l/R). As M result, one would expect the rail to become a 

more significant source as one moves away from the rail. We 

w111 address this and 0ther points in Sec. 3 when a more 

*1'h1s 1s an approximation based on quite limited n'easuren,ents 
of fl. Extrapolating measurements Blade: u· .. -''''''''' ;. 5 :;. l.::;t!":. ...... :' 
track to 40 m is quite necessarily fraught with da~ger. But 
at most we are introducing a 6 dB overestl~atton of the SPL. 
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complete comparison with measured data will be carried out· in 

Sec. 4 we will discuss the noise control implIcations of the 
roar noise mod,·l. 
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