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, : The ncreoch nofue genarated by rallroad whools on shorp curves
W on :. has been a source uf discomfort aince the Introduction of raillroads. .
i R
loula« § The control of this nolse source hiws been attempted with many awxil- ‘. S0
t i ’
oy 3 dary troatments, such as lubricution of the radls; vibration igo-~ i
i bee { ;
!qé in : latorn botween the shaft and the shoe of tho wheel, but their safoty . :
| i . e
e 5 und comt-offuctivensas have not boen fully necepialle. There is also .
I 4
fin . . :
?is, ; an approach which applied a lead ring wround the rim of the wheel, : !
3 . i
wints ’ and stuber {Ref. 1) applied 1Omm thick xubber coatingo to hoth sides . o
i of tho wab of the wheel in order to obtain noipa roduetion, sginee ‘5 3
) ) :
— 53 1963 affortn have been mada in tho U,S, to apply the newly developed, :
o ’ high officianey, visco-slastic materinls for tho suppression of . .
. i
i tcreoch nolma, f£irst en medel whealw, then in laboratory eikperiments,
OGO ] . . :
o Qam i and finplly in field triala. !
; . ;
1o f ;
2y { Frem the acoustician’e point of wiaw, the railroad wheol i like ';!
Tpo- ; !
! } A ball or a lowd gpenker with well dafined nedal lines of vibration, f
oQ ! ond itp radiation offectivenenn in wall demanatrated, sa acracch nolne !
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i can ba heardl for distances of over a milo, Frem tho noipe control '1
f‘ ! ongineer's point of view, the ateel railroad whesl meat pepular in “
’ the United Statas ia a 20" diameter, 550 1b. {220 kg) oteol forging .
';.’ : with a variabla eross—mection, shown on the attached figure 1, being r
1 oo wide ap S5%* at the shou of the wheel, The WIEEL ,,.'
_, . tomporature of the wheel under noxmal xunning %
f.. r- conditions can rise on high spead traina to .
) i 180~200°F, with dynamie braking and for short

5 ’ : poriods of time up to 40097, in emergency braking ,_;E
iﬁé conditiono, Lasteral apace allowed for damping -
A troatment as additional thicknena ot the rim has t
3 te be thin anough te clear signal systems, frog 1“
;‘ _ E switehon and routine maintenanca nnd machine o
: , operntiona required in rogrinding nfl Flat . ﬂ:
: k wheola, yiin f__'-‘
; '
47 ' A thorough atudy of theso conditiona ’
] ; wao made first in the labormtory, and the c
‘: ‘ following design goals have beoon catab= r;
(4 ' lighed baged on numorous f£iold trials in . .
: 1' tho yards of the foronto Transil Cummdy- l_ ‘
31 ) alon (TTC) for the homogsneous treatiment peral A ‘tl
1 and at the Port of Authority of Mew York {rigure 1) ‘;‘:
i i.. :;> Trana-Hudson Corporation (PAYN) Syatem for this new vibration damplng

1 ‘. treatmant for which we list the following design goala: L

: ‘ ) At lcq:at 24 db, roduction in pereech nolse {(for all practical

‘Z l purposes will make the screach nolse inaudible in compariason to tha ‘
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the wheol (550 1lba. whecl) - (<22 2ba,
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panping Treatment), C) Thickneas of treat~ | ‘-
. "
mont in width of rim laens than 3/8", D) The i sael S
.
pond strength pufficient for safoty and o aorere et e s
B TR R AR

structural intogrity of theo treatment at the

temperatura extrames. E) The damping material (Flgure 2)
muot hava a high otiffnesn conptant to maintain the integrity and
pafoty of tho atructure for high centrifugal azecelovations at wide

temporature extrames. In order to obtain maximum damping efficiency

in minimum space nnd weight, we devoloped & five-layer ring which is

effective over the whole audibla frodgueney spectrum, Thus, oxeellent

damping is obtainod for tha high modes of vibration, rather than only

for the relatively small damping and loss factors which can be ob-
tained with the thice~layer system (Ref, 2), In additlon, from the

mechanical point of view, we know that for a ring configuration, the

conptralining laoyer doas not phift the position of the neutral axis in

tho right position for maximum damping (Ref, 3). Wa have aplit our
ring treatment, which allows us to tuke advantage of the oxtanaional
and shenr damping as woll, and provides a very cffoctive non-lincar
damping system (Plg, 1), becauso of the large elliptical deformation

during vibration in the steal whools (rig., 2).

Nelpe Roduction Regultn

Tha noise reduction ebtained in fileld trlals io glven {rlg. 3),

for n five-layer dumping treatment, which moeta all our design goala
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tiona, temporature oxtremen and
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leveaels with and without treat-

naf

ment on the sharpest curve avall-

S5 PRESSAL LEViL Lo

ablo in the United States rall-

! /
road induatry (90 £t. radiua ot ) TR

Iudson Terminal in New York), e Y ™
‘ Pt tHiy my el PEN SESOHD
. &t
are’ illustrated for two un- A xvs a0 The
Ohslid 4l LLELRR! 1Y
treatod and two treated carn 0 TRl taw
WOl TS maw) EILOW SRERD}
it:h 16 wheolo each) roundi et s
[ W 0o cac " ng (Flguro 3}

the 90 ft, radiug curve, Tha amount of nolse reduction in overall
neing levels ia 25 dba, In pN dbs (Porcoivod Nolse levels) untreated
it 1 125 PN dbn and with demping it is 923 PN dbe, or a reductlon of
31 Py db, The nelsce reduction in the octave bands eenterd at 500
oyeles Is from 113 dbz to 79 dbgo; and at the next highosat sereech
peak in the 2000 cp8 cctave band, it ig from 109 to 71 dbs. Tosts
were plge run by in tha opon and, @) in a tunnel whero the highest
noloe lavals ean ba oxpected due to tho reverborations of the tunnel

wnlla, and a gimllayr nolso reduction wans confirmed in pll three cagoa.

Rof, 1 == gamlll stiiber == balnpiela zur Lirmalwohr Bl dor Dewtaschen
pundosbalin.  Larmbakimpfung, Neft 1/1965,

Ref, 2 ~= DlParanto and Nlagsingame == cemposite Lons Factora of
galected Laminnted Beams. J,A8.A,

‘Ref, 3 ~= vibration pamping sandwich cenfigurations by ¥, T. Yin,

ASME Vvibration Conforvence, Booton, Mass., 19G67.
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NOISE AND VIBRATION CONTROL IN NEW RAPID TRANSIT

By Marshall L, Silver,LA, M. ASCE

{Revicwed by tha Urban Transportation Divislon)
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INTRODUCTION

The transit passenger i3 a sophisticated indlvidual who requires that his
transpertation mode be safe, reliable, cheap, convenicent, and comfortable,
The transportation designer and engineer have traditionally recognlzed some
of these factors while overlooking others. For example, planners always are
conselous of the Importance of safety and reliabllity In any design that involves
the publie. Likewlse, cosis are always consldered so that the system can be
bullt and operated cconomically, New transportatlon technology is providing
convenience to the passenger by eliminating walting, transterring, parking and
fare collection problems. On the cther hand, passenger comfort was often
overlooked by planners and engtneers. The resulting uncomfortable transit
environment was caused in part byalackof knowledge conceralng the import-
ance of comfort Leeause such considerations were not traditionally a part of
the planning or design process,

In the newey transpertation gystems, englneers and designers lave recog-
nized the importance of comfart with the reseltthat architectural appearance,
corract lighting, and proper ventllation now rveceive great attentlon, Sur-
prisingly however, control of excessive noise and vibration which may fatlgue,
reduce cfficlency and annoy to a far greater degree than any cf these ather
factors have largoly been neglectod,

One possiblo ronson {or this neglect 15 that the nolse and vibration design
process iy difficult because the transportation specialist must conslder the
needs of three separate groups; the riding passenger, the walting passenger,
and the wayside tommunity. The ridipg passenger wants low nolse and vibras«
tion levels so that he may talk to kis neighbor, read a newspaper in comfort,

Neto,~DIscusalon open until April 1, 1073, To cxtend the closing date one month, a
wrliten request must be flled with the Editor of Toechalenl Publications, ASCE, This
Baper 18 part of the copyrighted Transporintlon Enginecring Journal of ASCE, Pro-
cecdings of the Amerlcan Boclely of Clvil Englneers, Vol, 95, No, TE4, November,
1‘-"7‘3. Manupeript wassubmitted for roview forpasalble publieationan February 3, 1972,

Asst, Drof,, Dept, of Malerin!a Engrg,, Unlv, of ILlinois, Chlengo, 11,
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or simply relax, T !e ssenger entering the transit station or walting for &
vehiele should not 4@ ghbjected to an uncomforiable environment radieatly
different from that ditiide the transportation faeility if his continued rider. -
ship is sought, The unseen passenger, and the community do not want to be
disturbed, Waynide residences should not be subjected to excesslve nolse or
vibration levels nor should adjacent business feel that the transit system ts
interfering with trade, The needs of these lhree groups are ofien not com-
patible which ferees the engineer and the designer to develop compromise
solutlong to ncise and vibration problems that serve the common interests of
all porttons of the community.

The transportation planner and engineer can efficlently provide a pleasing
transportation environment to the passenger and community only if ha is
aware of the factors that contribute to excessnoise and vibration, In thls way
he will have the information necessary todevelop the appropriate controls and
to fncorperate them into the design from the very beglnning of the planning
process where they are most effective and economical. With this goal in mind,
the following pages will present {nformation on current noise levels that exist
in urban arexs as weil as summarize datn deseribing nolse and vibratlon
levels generated by different components of existing transitsystems, A sum-
mary of nelse and vibrationcriterfacurrently being used by some of the major

'i‘ABLE 1,~TYPICAL COMMUNITY NOISE LEVELS OBSERVED IN METROPOLITAN
AREA (13)

Typo of aren Type of nolas Nolso lovel, in dDA
1) {2) 3

Qulet renidentinl Day background 40-50
RKight backgrouod 16-45
Avoragoe residentlal Day backpronnd 50-G0
Night background 40-30
Soemi~-commercial Day brekground 50-00
reaideatial Night background 45=05
Comumercinl Day backgrounl 65-05
Night background 45-55
Reaidential removed Autos . G0=T0
from freeways and Trucks 70-80
boulovards Alrplanes 60~70
Frelght tralna 80-93

Resldential near
. Dght pattern Alrplancs 75-85
Reatdentlul-commercial Autos 65-75
or near boulevards Trucks 70-80
Bugacs 70-80
Alrplancs 70-80
Stdewalk of commerelal Autos, 10-80
aren Dusaes nnd Trucks EC-00
Tudustrial Dy backzround -0
Bight background 50-G0
Autoa 65=15
Trucks T5+40
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{rans!it operators will be presented to provide a basls for developlng limiting
nolse and vibratlon formulas for a variely of transportation technologies.

COMMON ENVIRONMENTAL NOISE AND .YIBRATIO.N_LE}LE.WA

The urban environment Is a noisy place and Fig. 1 represents the range of
sound levels in decibels commonly encountered in dally urban activitles, The
deeibel §s the logarithm of the ratio of & mensured scund pressure to a ref-
erence soundpressurc, Thestarting point inthe scale of nolse levels (zero dB)
1s about the level of the weakest soundthat ¢an be heard by a person with very
good hearing In an extremely quiet location. A reference sound pressure of
0,002 microbars {8 commonty used to flx the zero level because it 19 approx«
imately the threshold of hearing at 1,000 cps.

The overall nolse level Is commonly reperted as a sound pressure level,
dB, and i5 recorded on a sound level meter operating with uniform {requency
response characteristics. Another commen nolse measure 18 the sound lovel
of a nolse, dBA, which is measured with the sound level meter operating with
2 welghing network that glves a comparative scund level based on frequency.
The A meter soalo, having poor relative respense to sounds at frequencles
below aliout 500 eps, has heen shown to be closely correlated with subjective
interpretations of nolse and {8 a useful single number measure of overall
nolse level. .

Transportation systems arc probably the biggest contributors to urban
nolge levels. This fact is hinted at inFig, 1 and shown more closely in Table

Sound Level Meter Reoding
an A Nalwark in Decibaly {dBA]
- 140 -

-130-
o 10 Tabaolf (200)

=910 -
Cutolf daw
o -

Builer Noom o ¢ o Svbwoy Troin (30)
Preumalic Drill (5067 |
- By -
| Fraight Troin (100}
" ¥aeoum Claoner 107 7o =
Sprach 1T | Near Fravway {Aute Trallie]
ing Olfica = 80 = losge Stare
Ascaunting * | rivere Buinen Oflice
= 50 = tigh Teaflic (10C]
| Avarcge Residence
= 40 = Minimym Eovel in Khidential Areo

Nighi {Chicagal
Sall Whirpars 1§ _ :tlo - ol Mig 'eog
« 70 = Maotion Picturs S$tedin
-l -

Threthald oi heering = -
Youlhy, 1000.4008 cpy

::?E. \ls.—MNGE OF NOISE LEVELS COMMONLY ENCOUNTERED IN URBJ\-N AREAS
4
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1 which lists typical community nolse levels observod (n various metroplitas
locations ranging from quiet resldential neighborhoodsto industrial areas \lla;"
These noitse levels average 45 dBA during the day and 40 dBA at night 1n the
quietest residential nelghborhoeds Increasing to levels of 60 dBA during the
day in commercial areas, However, the bug and truck traffle can raige this
level to B0 dBA in residential areas and to levels of 00 dBA along the side.
walks of commoreial areas, Thesevalues, of course, do not consider the noise

..0.1': 1 T T TtT7TT T 1T T
o - ;]
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= Ty
e e 001~ N
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0.00H-
nf \clmr,
la Parceproble’
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Nolizable
Allor Raib o Maijier ({731 \
poaoy L Fotm o et 53, AV, NN
1 10 o

Frequeney al Yibrotion | e leyclen por 1econd)

FIG. 2, —=HUMAN SENSITIVITY LIMITS AND STRUCTURAL DAMAGE CRITERIA FOR
VERTICAL VIBRATIONS OF SIMPLE HARMONIC FORM (16)

produced by an oceaslonal vehicle with a defective muffler which would ralse
nolse levels to an even higher level, |
Ideally, bullding interlor noise levels should be much lower than the levels
commeonly measured exterior to the bullding. For exampte, the Wilson Noise
Study Commitiee (20) in England auggested that nolaclevels of 55 dBA In quiet
-offtices and levels of 68 dBA in nolsy offlcea should never be exceesind, In
addition, the commitles recommended that nolse evels of 50 dBA during the

~
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day and 35 dDBA atnight should not be exceeded for more than 10 % of the time.
However, fleld measurements have shown that such nolse levels are more
often excceded than malntained In a large number of urban offices and resi-
dences (20).

Urban awarencss te vibration 18 generally restricted to locotions where
the existing vibration amplitudes are fairly high, Some individuals are sube
jected to excessive vibratlon levels in thelr work but the majority of the
population 18 expesed to tranapertation generated vibration either In private
auvtomoblles or in rapid transit systems. Human response to vibration depends
on the amplitude and the {requency of the motion as well as the psychological
conditloning of the individual (8,7,8), Complicated interrelationof each of these
factors makes it extremely difficult to develop one single measure that de-
seribes the subjoctive nature of vibratlon measurements,

One of the more useful descriptions of human tolerance to transportation
vibratlon was provided by Rether and Melster (15} who subjected individuala
to steady state vibrations in shaking table tests, Their measurements indl-
cated that cortain comblipations of vibration amplitude were not noticgable to
Individuals while other combinatiovns were troublesome or actually caused
severe diseomfort. The form of thelr results are shown in Fig. 2. Also plots
ted in Fig. 2 is the level of vibration generally though to be the limit above
which struetural damage may occur. These levels are fairly high when com-
pared to the vibration tolerance of pecple and were developed as erfteria for
safe blasting operation near structures. .

Vibration levels generated by the eperation of transit aystems are nowhere
noar the lovels generally required to cause Structural distress. On the other
hand, transit vehicles often causc troublesnme vibratlons that propagate
throuph the soil into proporties adjacent to the tranait right of way (18}, The
transtt designer should beawarceof thispotential as these vibration amplitudes

TABLE 2,—RANKING OF TRANSIT VEHICLE INTERIOR NOISE LEVELS FOR OREH-

ATION IN SUDWAYS AT 30 MPIT (4)

Avarage sound
Cltles pressere lovel,
in degiheln

1 . (2
Thlladelphla : i8
Bastan 85
Naw York . i1
Chleapo . 42
Madrid (Talgo)® Y2
Lishan 1
Landen &7
Derlin Fiti]
Pnpis (Rubbor tire) 86
Stoukholm ag
Washington (bus)? g5
Taronto a5
Hamburg 8a

% Measuremonts taken on ut grode track,
Measurements taken on sutarban expreaawny,
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} may be sufflcient to eause bullding components or hounghold Jtema to be set
¥
Averoge Sound Into arnoyling vibration, )
Frasruea Lnvel ' '
Vehicla merior Mame ] i NOISE LEVELS ASSOCIATED WITH EXISTING
o 1o Level In Subway. 30 mph Philadalghio URBAN TR‘}}NS_['I‘"_S.YSTQE_I_\.‘!S,'
R I Faw York o —————— P
;'E:': . - Chicaga Informatlon deseribing noise levels that are presently belng generated in
oy >, “':’:_"“"'“ Jaranta our existing tranait systems suggests that these lovels are high when com-
frriid b, itape
=g 80 i
S ) TABLE 3,--COMPARISON OF AVERAGE LOW FREQUENCY VIDRATION LEVELS
£870 /\ Y . RECORDED WITHIN TRANSIT VEHICLES (1)
ae Tarante S:.‘\‘ N
v 8,60 =
¢ 3 \Q\ Average Vibration Average Frequency,
?j @ 0} System Level, Ingp in Hertz
) v . tHorizontal Vertical |, Horlzontal Vertieal
“ {1} (2) &)} {4) (8)
. Chicago 0.016 0,046 3,7 3,1
0 75 )5C 200 600 1200 2400 4PC0 New York 0,034 0,031 40 4.8
75 150 300 400 1200 2400 4800 9400 Philndelphin 0.028 0,065 1,2 3.5
0,028 0,025 6,0 5,
OCTAVE BAND FREQUENCY RANGE-IH3) Eg:ﬁﬁ:f,,m mph) 0,002 0,12; 5.1 g,g
. N Darln Hubbor Thre 0,020 0,044 6.3 4.4
FIQ, 3,=50URD PRESSURE LEVEL-FREQUENCY DISTRIBUTION FOR TRANSIT VE- Daris Steel Wheal 0,027 0,080 5,7 4.4

HICLE INVERIOR NOISE {4)

CENTRAL FREQUENCY (Hul TATLE 4, NOISE LEVELS MEASURED IN SURWAY STATIONS (i)

i
i "0 125 750 Soo 1000 J000 4000  BOYG
i Avecage Sound-Prosaure Level,
k“ F Poin Threshald --\ 4 Systema in deelbels
1: I 2 Arrival Stap Departurs
1 L] - 2
5; " F ) - ':u."' k- Dicemborl \ 4 i @) @) el
1 I 25 10 Threwhaid =~y L Chilenge 100 78 D2
15 I Bl NN Now York 100 75 98
R 2 \\g L/t “Foronln 87 . 8l 87
_:f_ : ‘; 58 Duranon of Neiss Expatuie \ — Bcrllbun 3'1 7:81 88
bt I fa T man, — 1 A Diron™ 106 i 104
44 R4 - . b 1
] =2 L 15 mun, j = Paris (rubber tiro) 58 65 o6
: £z If:""; = Parls (atecl wheol) L6 77 96
: g w i Stockholm o0 82 03
g ih » e MEU Sentilive heareng E
5t .:3 . I Ranps
o s L | - 11 L pared to lovela that are helleved tobecompatible with the urban eavironment,
i "', wn ::; l"‘:i ;:;‘l ;';: 1“[‘;[: For example, notse levels in the interlor of transit vehicles may approach 98
17 * dBA. This is shown in Table 2 which lsts nolse levels measured in many

OCTAVE BarD FILGUENCY 1ANGI-iny) ditferent types of transit vehicles used throughout the world (4], Octave band

frequency curves for three systems having the highest recorded nolse levels
are shown in Fig, 3. These curves, which give sound levels in lmited fre-
quency bands, deseribe the composition of nolse as a function of [requency.
The frequency speetrum 48 divided intonine octave bands which describe noise
or vibration level ina way that makes it possible to determine in which portion

FI10, 4.~HUMAN SEXSITIVITY AND SUGGESTED DAILY EXPOSURE LIMITS FORU
NOISE (A0)
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of the spectrum objectional noiscs are being developed 50 that appropriate

nolse control techniques can be applied,

. In order to gain insight into the effectof the nolse levels on transit riders,
. the measured scund pressure levels recorded in transitvehicles can be com-

- pared against Fig. 4 which shows human sensitivity to noise, 1t may be seen
" that the highest noise components are present in the frequency bands of 200

Hz to 800 Hz which 13 within the most sensitive range of the human car, It

+'/ may also be secn that these measured values are below maximunt sound tol-

erance levals of 120 dB where actunl discomfort fs felt and 140 dB whero

" " pain is experienced by the listener (14),

. .Another measure of the effect of nolge onthe riding passenger may be made
- by comparing the nolse within transit vehicles with nolse levels that may cause
* damage or loss of hearing., Hearing damege risk levels for various dally ex-

Avarage Seund
Prevsure Laval

"o in dl
Stotion Noire [evel
: Buting Troin Arrivel [chicage
' g 1o . e New Yori
- 0 e s, \
zs New York[=/ 4 KA tTorento
i sl —tay e
ek Sl A
= oy Chicogon’ A N
e 1
L. i Toronto _/ \
o
gy \
2w
5
Q
g
W 7% 150 300 40C 1200 2400 4BOC

75 150 300 s00 1200 2400 4300 940G

OLTAVE BAND FREQUENCY RANGE~[Ha}

FIG. §,~30UND PRESSURE LEVEL-FREQUENCY DISTRIBUTION FOR STATION
NOISE DURING TRAIN ARRIVAL {4) .

pocure thnes {or poricds of 10 yr or more have heen suggested by the Coma
mittee on Hearing of the National Academy of Sclence and are also shown in
Flg. 4 (10). It is clear from the Flg. that the lower the exposure tme, the
higher the noise level that can be tolerated, A comparison of Figs, 3 and 4
shows that for exposure times of leas than I hr, which representa the maxi-
mum time that a passenger might be exposed to transit generated nolse, the
noise levels within vehicles are generally safe, However, these levels may
be high cnough to cause passenger annoyance that may result in deereased
ridership and decreased community suppert of the translt system.

Vibration measurements in the interior of transit vehicles have been ob-
talned by Davis and Zubkaf! (4) and thelr low frequency data are summariaed
in Table 3. Tha evaluation of these datais difficult because there are no gea-
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Toronto Transit Cemmission
Estimated Speed 42 mph
é Car troin
Internal Noise 74 dBA (Est.)

oA ——
oy -r-nu- oy

]

-
e o 84 e 79 ) o 76dBA
0 25 50 75 100 feet
" Alweg Monorail
o Speed 38--43 mph
Single Yehicle
Internal Naoisé 8 dBA
{logs ?BO ('375 \ ?63 dBA
~o 25 50 75 100 feet
Safeqe Menorail
Specd 38-43 mph
Single Vehicle
Internal Noise 43 dBA.
o 84 0 78 . © 76 dBA
25 50 75 100 teet

FIG. 6,~NOISE LEVELS RECORDED AT VARIQUS DISTANCES OUT FROM TRANSIT
VEHICLES TRAVELING ON ELEVATED GUIDEWAYS AND AT GRADE (5)



Lo i

500 November, 1072 T 4
erally accepted criterfa for Unking upper vibration limits and the subjeciive
evaluation of what constitutes a comfortable ride {3). A simple comparisng
with the Meiser curves in Flg. 2, however, shows that these levels are in m;,\
range that 15 noticeable to individuals,

A comparison of nolse levels in transit stations genorated by vehicle op-
eration has been prosented by Davis and Zubkolf {(4). The results of these

" measuremonts, shown in Table 4, indleate that the walting passenger can in
- some cases be gubjected to nolge lovels on the order of 100 dB with octave

band frequency components as shown in Fig. 5. Such noise levels arc ren-
erally higher than are presently thought acceptable for prolonged noise
exposure,

. The wayside community 1a exposed to airborn and structure-born noise

' generated {rom transit vehlcles travelling at gradeandon clevated structures

and from the ventilation facilities of subways. Lord, in the Manchester Study
(5) has presented the results of noise measurementstaken in open spaces ad-~
jacent to several monorail, conventional transit, and bus veklcles. The char-
“acteristies of these vehieles are compared inTable 5, Noise levels measured

TABLE §,—PHYSICAL CHARACTERISTICS OF VARIQUS TRANSIT VEUICLE

SYSTEMS
Characteriatics
System ) Empty 5 MaxCmun
Length Width welght, h}'mb" epocd, ln
1n pounds of cara mlles
por hour
13} {2 3 ] {5) (6)
Alwep Manoratl | 90 ft 8 in, 1010t 50,000 slngle unlt 50
Safege Monorall ST it 8 It 2-1/2 In, 35,200 single unlt [ih]
Conventional
Rall Vehicle 69 {t G In, 9117 1n, 50,400 § car trains 40

4 ft above the ground surface at increasing distances out from these vehicles
in open terralin are plotted in Fig, 6., These test data show that each of these
relatively new systems produce external noise levels between 80 dliA and
86 dBA at a radial distance of 25 It when travelllng at about 40 mph at ground
level in the open, The effeet of vehiclespeed may be taken into account by the
fact that the noise level from all systems would be Increased by about 3 dBA
if the speed were increased to about 50mph, It is useful to note STom the data
that the nolse level from all systemsfallsoff at between 4 dBA and 6 dBA per
doubling of distance from the track (25 £t to 50 £t, 50 ft to 100 {t or 100 {1 to
200 1), Measurements alse showed that an agditional 2 dBA 1S produced by
the elevated scction of the Safege monorall system as compared with the
ground level scction. This increase can be attributed to {nereased track and
support vibration which would be expected to be present on any elevated sec-
ticn using any vehlele system,

Wayside measurement of the nolse levels generated by transit vehicles
provides useful design Informatlon, but 3 word of cautlon must ke {nserted
about the Interpretation of these data, Noise levels gencrated from a source
to a Ustener over a free tleld depend on a number of factors Including atmo-
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spheric conditions, ground tepogruphy, and season of the year, For example,.
people can perceive lower sound lovels and arve more sensitive to noise during
the summer months when windows are normatly open and whep more time 13
spent oul of doors. Therefore, wayside nolse measurement programs should
be carried out overa sufficiently long enough time perlod to ensure that a wide
range of external factors areincluded inthe data, The evaluation of these data
then beecmes a statistical problem and engineering judgment Is required to
properly develop appropriate design criterla, .

NOISE LIMIT CRITERIA ON EXISTING TRANSIT SYSTEMS)

Several transit systems, operating conventlonal transit vehicles, have de-
veleped nolse criteria based on assessments of passenger physiolegical dy-
namics and commuaity acceptance. One of the most extensive and complets
noiso level eriteria has been developed by the Toronto Transit Commission
and 15 shown in Table G {li). Thelr basle overriding goal is that within the
system the nolse level should be low enough to permit a passenger to con-
verse normally at a distance of approximately 1 [t. In acoustic terminology
such a nolse rating ts based on a speed Interference level (SIL) which recog-
nizes that background notses can Interfere with a person’s ability to percelve
sounds necessary for satisfactory specchintelligibility, Ithasbeen determined
that speech perception i3 a funetion of the [requency of the background nolse
and for thls renson the speeeh interference level is caleulated by taking the
arithmetic average of the sound pressure levels in the three octave bands
centored around 500 Hz, 1,000 Hz and 2,000 Hz. In general, a SIL of 45 dB
permits continuous conversation at a distance of about 10 ft, a 511 level of 55
dB permits speech in a normal volce at about 3 ft, while a SIL of 65 dB per-
mits only strained and intermittent conversation to bo maintained In a raised
volce at a distance of 2 ft,

Notse tontrol cpiteria baged on the SIL covers the acceptability of noise
In terms of speech communieation vut does not consider the entire audible
range of the humanp ear which 1s most sensitive to sounds {n the frequency
range of from 20 Hz to 10,000 H=. For thig reason, speech may be possible
in an otherwise fatiguing and annoying environment due to sound levels that
oceur in frequencles not considered in the SIL caleulations, In order to avold
this problem and still maintaln acceptiblenoise levels for speech communica-
tion, noise criteria curves have been developed (L), These curves, Shown in
Fig, 7, defino maximum sSound pressure levels in each of elght octave bands
with an overall SIL raling value assignod to each particular noise criteria
curve, Flg. 7 shows two different curves pregently being used, The first set
of curves, known as NC curves, are commonly used for specifying nolse con-
trol in bulldlngs while the second set, knewnas NCA eurves, allow mere nolse
in the low frequency cetave bands and are reasonable to use when speclfying
noise control for the transportation environment,

In developing thelr nolse level criterln, the TTC reasoned that 2 passenges
will telerate more nolse while waiting for a transit vehiele then he will while
rlding; because the walting passenger can in mest cases see the approaching
vehiele, feel theincreasing air {low, and slowly become aware of the Increasing
noise level, Because of thesecondltions, A maximum noise level corresponding
to the NCA ©65 curve |9 suggested for slation plavforms. On the other hand,
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TABLE 0,~TORONTO TRANSIT COMMISSION NOISE LEVEL CRITERIA (11)

TE 4

Lacatlon
(%)

Nolse limlit eriteria

1)

General Overriding

Criteria

Within the subwny the nelse level should be low
enough to pormit a pneseager to converse normally
At o distanca of approxtmately 8 ft (Noise rating
based on specch Interferenca Lovel, SIL),

. e e, s

ST

v

\

NEW RAPID TRANSIT x 90

TE4 ‘
the passenger riding in the transit vehicle expects to relax and hig tolerance
lo neise 18 not as great as on the platform, Therefore inside trains a NCA G0
curve 19 sugpested, With regard to the wayside community, no specific nolse
criteria levels were set because of diverse psychelogical factors involved and
bocause of the variation in normal environment along the right of way, The
expected noise and vibration levels for all bulldings within 100 {t of the TTC
subway facility are determined so that appropriate criteria can be established
for oach bullding considering its useage and environmental conditions.

More detailed noise control criteria for transit stations is avallable from
the San Franelsco BART system presently being completed (Table 7). The

TABLE 7.—5AN FRANCISCO DAY AREA RAPTD TRANSIT NOISE LEVEL CRITERIA
IN STATION AREAS

i  Instdo Subway Trala | NCA Goo

i

N Statlon Platferm NCA 050

B i Station area Criteria nnd suggested treatment
i Adjacent Bulldlogs The expected nolse pnd vibeation levels far all (1) (2

Luildings within 100 ft of the subway structure
must be dotermined during the design stages so

that nofse nnd vibratlon crlteria cnn be eatablished
fer each butlding eonsldoring !ta useage and environ-
meatal condlitions,

O Intermitient short duratlon natse levels may reach NCA 70,

SOUND PRESSURE LEVEL i BAND

(d8 relored 0.002 microbor)
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F1G. 7.—NOISE CRITERIA CURVES USED TO DEFINE PERMISSIDLE NOISE

LEVELS 1)

el e iR b

Open to streot
nolsa

Adjacent to train
(plntform)

Interior public
nreas (afl
pablic areas
exeept plat-
form)

Shleld with klosks and doors

Unaccupled reverheration timoe leas than 1 scc

Cover 35 T of surfaco area (colling and walls)
wlith acund absorbant mater{al

liedwee heel noiae en floar surlnce

Sound level of NC10-NCS0 ta be maintalaed when to
tealn [y In station

NCGO maximum level recemmended when traln {a in
the statlon er passing through the atntlon at any speed

NC10 to NC50 level should ba matnrtalned [n the
alsence of prople

Nofse controi technlques same a8 In *street nolse*
except for use of deors

Vendling or other equlpment should not [nerease

NC values for the space

Equipment recoms Equipment nolse should net ralso NC levels in
aurrounding arens by more than 3 dB
"NC30 to NCA0 level should he malatnined when

Station agent
windowa and doora are closed

hooth

NC490 te NC45 levela mensured at strect level
20 [t from ininke or outlct should not bo ex~
ceeded for line vents and alr exchange vents

Extorlor areas

BART criteria requires that on statlon platforms sound levels of NC40 to
NCS0 be maintained when no train is in the statien and that NC60 {s the max-
imum recommended level when a train 1s in the station or passing through
the statlon at any speed. In other stationareas statlonary equipment or vend-
:ng machines sheuld not ralse background noise levels above NC40 to NCSO
evels,

Detailed suggestions for acceptable nolse levels adjacent to transit sys=-
tems are given in the Manchester Rapld Transit Study (5). It s suggested that
wayslde nolge should not be any higher than the levels being generated by ex-
Isting vehicle traffle, To put it more completely, maximum nolse levels pro-
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duced by a2 rapid transit vehicle for more than 10 % of the time Inthe peax
perlod should not exceed the noise level whichis already excecded fop 10 tof
the time by existing traffic nolse. Implomentation of such a limit roquires a
knowledge of existing external noise levels such as those shownin Table 3
which forms the basis of tho Manchester criteria. The tnost stringent limita-
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TADLE 8,—~MANCHESTER RAPID TIANSIT $TUDY NOISE LEVEL CRITERIA IN
AREAS ADJACENT TO RIGHT<OF~WAY (G}

Nolso Lavel, in dBA

Loontlon
8 a.m,=G p.m, 1 a,m,-6 a.in,
1) ' (2} 3)
. Avterinl roads with many heavy
vehleles and busses (nt the enrb) GB-B0 A0-70
Mafor roads with heavy trafile and G3-75 49-61
busses; slde ronds within 45-60
it of nreterinl or major ronds
Maln residentinl ronds; side roads 60=-70 44-55
within 60-150 [t of heavy teaffle
routes, sereoned lullding court-
yards
Residential roads with only loenl
tralflc 56-65 45253

Note: Nolse climalo {= the range of Holse recorded for 80 % of the time, For 10 % of
the time the lovel execeds the kigher level and for 10 % of the {tmo 1t 18 loss than the
lower lcvel,

Suggested Criteriay Maxinum nolse Jeve! produced by a translt vehicle for no more
than 10 % of the time in the penk porlod should not exceed thoe nolse level which 1s ul-
ready excecded for 10 T of the timoe by existing tratflc nolse.

TABLE 9,—PERMISSIILE NOISE EXPOSURES PERMITTED BY WALSH-HEALEY
ACT

Duration per doy, In hours Sound evel, IndBA
48] {2)

20
92
a5
a7
100
-1/2 102
y 105
2 : 110
/4 or loas 115

HERRRRsEOR

tlon tequires that transit vehlele night time operation generate nolse levels’

below 45 dBA to 53 dBA atthe location of residentlal roads carrylng only local

traffic, Higher leveld of 56 dBA-GS dBA are permitted during the daytime

hours and even higher levels are permitted near major traflic corridors.
Applicable federal nulse and vibration legialation should be considered and
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theluded when developing designeriteriafor newtransportation systems, Par-
tieularly important are the Federal Occupational Nolse Exposure provisions
of the Walsh-Healey Act (12}, This act states that protection agatnst the ef-
fects of nolse exposure shall be provided when the sound tevels exceed those
shown fn Table 9, when measured on the A scafe of a standard noise sound
level meter. When nolse levels are determined by octave band analysis, an
equivalent A-welghted sound level may be delermined by noting the sound
level corresponding to the point of highest penetration into the sound level
contours prascrived in the act,

State and local noise ardinances are becoming common and should be ¢onw
sidered whopever they apply, For lnstanes, the Callfornia Vehicle Code has
provisions that prescribe vehlele noise limits, New York and Chicago are
examples of major citles that have enacted rather strlet noise limiting ordi-
nances In the Inst few years;theirlead ean be expected to be followed by other

clties in the future,

qe 7

1t 1a useful for the designer to remember that nolse and vibration control
can be achleved most effectively by quicting the nolsiest components first,
In transit systems, tests have shiown that the wheel and the guldeway are the
major noise and vibration sourees follewed in ordor by the propulstion system,
auxillary car carried equipment (compressors, generators and pumps), and
fixed plant equipment (elcetrical substations, ticket and vending equipment,
aned ventilation equipment). Adetaileddescriptionof these major nolse sources
along with details of the common exciting sources and the noise radiating
areas concerned are ranked in Table 10 (37).

Wheel-guideway interaction is the major source of noise and vibration but
proper design as well ag follow up malnienance programa can minlmize their
effect on ride comfort. In stecl-wheel systems, proper guideway allgnment,
rail griding and wheel griding ace necessary il required comiort levels are
ta bo met. In addition, maintenance programs that maintain these system
compenents within sultable 1imits will help to maintain system ride comfort
and rinimize community intrusion,

Rubber-tire transit systems also require proper design and adequate maine
tenance programs if thuy are to operate at low noise lavels, A common belie!
that is often heard, states that rubber tired transportation systems are natu-
rally quieter than stecl-wheel steel-rail systems, However, there are no
published data to support this elaim (4}, Tiresare noisy, because when a sec-
tion of tire comes into contact with the guideway, it is compressed by the
weight of the vehlclewhlch causes a reduction in the volume of the tive grooves
which forces out alr under pressurc, This air movement, along with the re-
entry of alr back into the tread as it 1s unleaded, creates the characteristic
tire sound., A smoother tread could be used to ciiminate this noise, but such
a tire would not provide safe breaking under weot weather conditions, Thus
transit tire design becomes & compromise between safety and quictness,

Tire rumble canalsobe a problem partlcularly on rough guldeways, Rumbla
Is caused by the vibration of the tire casing when it Strikes an irreguiarity
in the gutdeway surface. Construetion of smooth guideways and proper maln-
ienance programs can reduce nolse and vibration from this source.

Transit guideway placement (elevated, at grade or in tunnels) and roadbed

DESIGN METHODS TQ LIMIT NOISE AND VIBRATION,
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design can also effect the magnitude of generated nolse and vibratien. Yar
instance, underground transit operation i3 probably the most eritical conditing
for the generation of noise In the interlor of transit vehicles (13,19), Mea-
surements have shown that nolse levels are about 6§ dBA lower in e same
vehiele when running on open track than when running in a tunnel. There also
saems to be @ 6-dBA decrease in interior nolse level for vehicles in tunnels

travelling over &l and ballast track bed vorsus operation over a concrete

track bed, (0), It would appear from the aforementioned that guideway selec.’

tion 18 an Imporiamt design characteristic for the transit designer who is
concerned with limiting noise and vibration,

The application of good Industrial design standards canbe very effective in
reducing nolse and vibration from car carrled and fixed equipment, Ag an
example, nolsy motors canbestlenced whith onlya little rodesign of the cooling
fans. Similarly the reduction of tip speed and aerodynamic redoesign of the
eooling fans of wir conditioning systems can significantly reduce the nolse

TABLE 10,--MAJOR HAPID TRANSIT NOISE SOURCES (17) -

Component Exclintion ] Hadiator
[ty (2 {3}
! {a} MajJor—wheel and gulidewny
Wheel Stick-s'p of steel wheel Stdes of whee!

te rafl, Tlee tread of
rubber tires,

Stick-slip of wheel to rall, Sldes of rall

S ael Guldewny

Concrete Guldeway | Surface roughness, Rondbex|
dvritches, crazs- Wheels, rondbed,
overs Discontinulty of guldeway. rail

{b) Moderate—~propulsion syatem

Motar, ear body,

Propulsion Unbalance; gear and boaring
ierepulariiy; magnotostriction, roar bax
Power Colluction TFriction or conductor, Shoes, attached
parts

Shoe, brenk diak
or wheel trend,
nir exhaust

Gleders, roadbed,
columns

Brake Stick-slip,

Elcvated Structure Whee!l-guldoway trrogularitiea,

¢} Poasibly important®—nuxfllary equipment

-

Rubaloz Giear and Lnrge ene body sur-

Car body Car vibrailon, vattles, couplera, fnces, doors, gates,
' couplings
Vehiele equipment DBlade mrlulence from fnns, Alz stream, vehlele
unbalanco roof

Statlonary equip-
ment
Wind nofse

Blada turtulence from fans,
unbalanee, pump nolse,
Boundary layer mrbulence,

Strueture, alr exhauat
Alr stream

% Reasonable ndustrial denizn stindards and proper malntenance should Hmit nolac
generation {rom this class of sources,
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from these componenta, Such treatment of standard equipment, when regquired
as a performance specification when the system s first ordered, will add
little to the original cost but willlower nolse and vibratlon levels significantly.

CONCLUSIONS

In arder todevelop animproved understanding of the most important factors
that coalribute to passonger comfort in rapid transit systems, the preceding
pages have presented informatien on transit generated nolse and vibration,
¥nowledge of existing urban nolse levels may be used as a measure agalnst
which to compare transit generated nolse levels. Information on limiting
values of noise and vibration that have been adopted by the major transit
operators provide a useful ruidle to the wlde range of possible forms that any
criteria ean take as well as specific information on limiting values,

It 13 uscful to remember howeover, that many of the new transit systems
that are being proposed have mueh different operating characteristics than
even a single conventional rail rapld transit ear, For example, new vehicles
may be smaller and lighter than conventional rapld trapsit cars and thus
would paturally be expected to gonerate lower noise levels, On the other
hand, the small size and compaciness of these vehleles will be used to ad-
vantage by designers who will be able to weave transportation corriders into
tight urban centers and even into and through major structures. Thus effec~
tive controld over noise and vibration levels should not be neglected.

Past experlence has Indicated that certaincomponents of any transit system
will contribute the major share of peiseand vibration, Dartieular care should
ke taken to quict the wheel andthe guldeway as well as the propulsion systom,
The application of standard industrial methods should effectively silence other
System components such as aiy conditionlng, pumps, and control equipment
to acceptable levels,

The transportation designer and enginecr should bear in mind that nolse
and vibratlon controt is best carried out early inthe design stage of any
transit preject, This can avoid costly and sometimes ineffective remedial
noise and vibratlon control measures that may be required to guiet a noisy
gystom that 15 already in operption,
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RS

INTRODUCTICN

In May, (068, the Federal Highway Administraticn Initiated a major eme
phasis reseavch project titled Urban Trafflc Control System {(UTCS), It began
with a study of system requirements andthedevelopment of specifications for
a dipital computer controlled traflle signal system in Washington, D.C, to be
used as a real world street laboratory totest new and advanced traffic control
techaiques and programs.

The facility was later expanded to include a Bus Priority System (BPS) to
meaet the reguirement Initlated by the Urban Mass Transportation Adminlstra-
tion of tho Department of Teansportation, BFS s a joint program with she
Foderal Hiphway Administration and UMTA, The Bus Priority System will be
used to experimentally determine §f bus delays can be decreased by glving
buses preferentlal treatment at signallzed interscetlons, This system cone
figuration parallels that of the Urban Traffie ControlSystem, so both systems
have been combined inte a single laboratoryfortesting advanced urban tralfic
control techniques and strategles,

Y& . ',",:I' 'al' et ( . .
|/".4'Jl IS SR I LR x)’ 4 V‘.“.f.fr_..--‘__
"y 7 s

Nole,—Dlscusslen opoen unill April 1, 1971, To extend the cloaing date one month,
n written request must be flled with the Editor of Techrniea! Publicatlons, ASCE. This
paper In part of the cepyrighted Transportatlon Englnecerling Journal of ASCE, Pre-
ceedins of tho Ameriean Soetety of Clvll Engincers, Vol. 98, So. TE4, November, 1972,
Manuseript was submitied for roview for pogsihle publieation on Scptember 17, 1971,

A prosontedatduly 2630, 1071, ASCE Natlonn| Transportation Engincering Meeting,
held ot Seattle, Wash,

Litighway Research Engr,, Pro), Manager, Tralfie Systema Div., Off, of Research,
WS, Dept, of Trans., Fed, Highway Admln,, Waeh, D.C.

3 Gen, Resenrch Engr,, Tealfle Syatema Div,, Off, of Renearch, U.S. Dept, of Trans,,
Fed. Iighway Admin,, Wash,, B,C.
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'-?/ : What Should Be the Noise Limit on Railway ?

RECEIVED
. Tadamoto Nimura and Toshioc Sone
FFB & e ' _ LA
. ~ {Department of Electrical Engineering, Q_—q-
NOISE ARATEMENT PROGRAM Tohoku University) Nt te
INFORMATICS INC. :

: | )i

What level shou}d be defined as the limit on a rapid transit
train noise is msuggested through many-sided discussions, namely
at first through the survey of community response to train noilse
3[ (described in another paper submitted), secondly through comparison
tﬁ“ with aircraft nolse, in the third place through reference to motor
carrier nolse environment standards and through considerations on

techniques lor traln nolse control.

7 As to the laet subject, a functional flow logic diagram for
i-.n train/reilroad noise system is prepared. Various approaches for

. train nolse reduction are discussed on the basis of the diagram,
and a noise limlt inm the near future is proposed from the present
.'technical level and the economical point of view. _
, The Public Nulsance Abatement Council of Sendal city came to
(_{ the following conclusions under authors' leadership in the beginning
v of the construction work of the New Tohoku Line, whiech will be
opened to traffic in 1976; _
(1) Peal leval of traln noise along the New Tohoku Line should be
?O'dB(A)_or less in the dwelling area, This demand should be met
. a8 early as posgible (within 2 or 3 years after the opening to
trafrie).
(2) At the time of opening to traffic it should be 75 dB(A) or less

in daytime and 70 dB{A) or less in night tinme,

* 73¢93¢
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(3) A vibration propagated from the railroad tracks should not give
any trouble to residents and houses in the dwelling area.

{4} A special regard should be paid to the establishments such as
a hospital, a school and others, for which quiet is indispensably
necessary.

(5) If the abova valﬁe were judged unattainable, the land utiliza-
tion plan including perchase of a lot, the decrease of the speed,
an underground railway and other steps should be taken into
conslderation.

(6) If the residences exposed to a train noise above 70 dB(A) still
i ' oxist after the practice of the above steps, the soundproofing,
moving into another house and.other compensations should be made,
(7) Laws and institutions necessary for practice of these steps
should be provided as early as jossible.

(8) As to the work for maintenance of rallrocad the reduction of the

7" “noise should be dontrived through the improvement of operations and

)
o
VR
.
B
3

auch,

{9} Sufficient regard should be paid on noise due to the comstruction
- work,

' The reasons why we came Lo these conclusions will be reported
‘l‘ in detailn

tn e n A 18—
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Pwrhcuon of Rail-Wheel Noise from High Speed Trains

hy 8 PrTEns*

. Reseurch Department, Roilway Tecknical Centre, Derby

. Summary

The nelse radinted by high speed railway trains is gencraied prm!umumntl) by the
vibration of the rils and the wheels and o close relationship has Leen ohserved experi-
mentully hetween velicle speed and rail-wheel noise levels measured on the dIVA rcale.
This relatinnship has been ineorporated in a simple acaustic model of o 1rin and the
model used to predict the peak woise Jevels experienced during the passage of conventionnl .
Dritish Railway stock, The prediciions have shown a 95% probalmlity of being within & dB3 ;
of observed results; the predictive method is 1w be used as part af a larger model for the :
prediction of community noise reaction,

Voranshestimmuny des Sciivne-Rad-Lirms bel Hochgeschuindigheitshalinen .

Zusammenfassung

Der von lodigeschwindigheitshahnen abgestralilte Livm wicd vorwiegend durch Sdwin-
guntgen der Schicuen wnd Rider hervargerifen. wurde experimentell beobachiet, daly
zwischen der Faheeenggeschwindigheit und den A-bewerteten Schiene dind-Gerinschpepeln
oine enge Dedehung hesichl, Diese Dezichung warde auf ein elnfachos akustisches Modell
einer Schienenbalm u!:crlrubcn. das wer Voraushestimonmyg der Lirmspitzenpegel dient,
die bei der Vorbeilphy clines kogventionellen British Railway Zuges 2o erwarien sind, Die
Voraussagen stimmien mit einer Sicherheit von 955 anf 548 genauw mit den heobuditeten
Werten {iberein,

Dio Voraushestimmungsmethode goll wls Bestandiei! eines wimfassenderen Modells zur
Voransherechnung der Einwirkung vor Umwelldiiem verwendel werden,

Prédiciion dn hruir des rails ot des rones de trains & grande vitesse

¥ . Sommuire ;
A . Le bLiruit preduit par les 1euins o grande vitesse provient d'one fagon préduminante de la
- vibration des ralls ¢t des soues, et on o ohservé expérimentalement nne relmion éroite
; vitre la viesse du train ey les Draits mailsrenes, les niveaus dlant mesures sur Péchedle
JdBA, Ceto relution a été intraduite dans on modile ncoustique simple de train ¢ le modile i
o duh wiilisé pome prododre les niveaux des pointes de bruit faisant Vebjet d'expériences
pendant le passage d'un Iulm normal du Rritish Railwnys, Les niveanx préves ong uno
& probabilitg de 9575 d'Fre & maoins de 5 diY des résuliats abservis; ln mdthode de prédiction
i . sera wtilisée comme wpo partic d'un medéle plus Impartent pour la prédiction de la

) réaction de la population au broit. !

1. Introduction speed and cooling fan speed but as in the majority
- of 1L, locomatives the diesel drives un electric

. The neise genermted by high spead railway traing

is generated predominantly by the vibration of tho
rails and wheels and a close relutionship hus been
ohserved between vehicle speced and rail-wlicel nojse
levels measurved on the dBA scale, This wwk is
ingpired by the inereasing dmnand for predictions
of the.impuel of new patierns of ruilwny wsage on

alternmar the engine speed is Dndirectly reluted 1o
the locomative speed, Comsequently thee is poor
eorrelation hetween locomative speed and luecinotive
noise level, The highest engine noise tevels ard
mensured when the power dunand is greatest, This
would be during hill climbing or whilst pecelerating.
Thes prediction of Jocomotive noise at any site is

X slie P o, i . .
! t]“’A‘:CI‘”' l:] c“‘q’a"‘""}""' sl ! train il dilficult and requires a knowledge of the manner in
i 356 2 'ty ssel powwered 1r T . s
P o tt’uiqp |]::-‘1:r : ‘31:] ]l, lm :: « u .T..,]I" -\"l‘[-ugi rain | ':-r \\'lnuh the ]n(.c:nu.mvc is o he operated, the locom.
= ; 150 LI B } ©oamsuctied with e PIsng - v jype wwl nuise charneteristic and 1he Joen) and
i ?f-””“’““‘ T “-‘]l"“"m“”h _"]‘”l]“!‘;-‘l hoise. Al regiona! gradients and evrves, The prediction ol
| z]’-"“'.“c‘-*'l i:»;‘—mm 1:."" = Tal ‘; e I"""“E = pree pailavheel noise levels is somewhat casier and for
a }{ aminunl, Locomotive nuise 3 0 lunelion ol engive  eonvenjonal rolling stuck lovels are strangly cor-
: R \ refated with the e 1 ' ,
; * Lectwre given ol Second AnglofSpanish/Nether. il l‘” e ll ain wake up, the train velociy
| lands Symposium on Environmental Aeoustics, London, 89l the ¢ istance hebweon the “l’b"”' ion point aml‘

July 1972,

the tradk.



o ife s

n

v el e nbs

AcyaTICA S, PETENS: PHEDICTION OF RAIL-WIIEEL NOISH 310

Val. 200 (110

A sinple predictive theory for roil-wheel noise

Jevels hns heen derived and in the summer of 1971
a series of measurements were maude from which the
veloeity dependence of the nofse wos delermined
together with an indicalion of the likely accuracy
of u predicted noiso level,

2, Bxperimental work

Measurements were conducted at Thirsk in the
North Riding of Yorkshire, England, alongside the
main York-Darlington railway line, The site thal was

 diogen had p number of favourshle darocterisiies,
On hoth sides of the track the land was fat and clear
of obsiructions to a distance of aliont 800 m. The
track waa straight and level for seme distance on
either side of the site und high speed running waos
possible, A wide varviety of train speeds and (raffic
types could be expected, Measurements were per-
formed with microphanes 1,5 m ghove ground level,
corresponding to .5 m above rail-head level, Seven
mensuring positions were located on each side of the
track at distences from the teack of up to 400 m,
All microphones, assoviated amplifiers aned tape
recorders were regolarly enlibrwted with piston-
phones,

A lotal of G4 usefn] records of 39 trains were
eblained  during 18 hours of recerding spread oven
2 days. Throughout the experiment n 2.5 my/s wind
blew diagonally aerpss the track, A typical record is
shown in Fig, 1,

1007~ T REE
24 i1 o
2 %L___ SRS
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o el 3 B e i
0 —e ja— :
40m

Fig. 1. Typicel trace of A-weighied sound pressure
level (SPL). .
Train speed: 152 kifh,
Train type: Down passenger, elnss 45 locomntive
and eight conches,
Microphone position: 200 m frem track, eastern
gide,
Peak level: 71 dBA,

3. Simple theory nud annlysis of experimental
results
The mean squeare sound pressure p°at any peint
along the perpendicular bisector of n finiie line

somree In free spaee is given hy:

O s !y',‘,.1 l—l‘_i-
pies 2:xy af 2y

where! = souree length,
¥ = distance from the observer to the line
saurce,
I = source intensity per unit length,
pe = dinraciedistic impedonce of abr.

Expresstons of this type may be ohained by inte-
rraling the sound radiation fram a lincar array of
diserele spherical sourees,

For the ense with which we are eoncernued the line
sotree I8 nal in free space but in o ball spoee
hounded hy the ground. The observed p# averaged
over a frequency band that is wide enough to incluie
a Lwrge number of radiating modes is approxjmately:

'[';'.-mlﬂ"' ! ._L... S
ay 2y
IF ench wheel of o train sl associated short segment
of rail is regavded as & simple sonree, then eq. (1)
naty be used to represent the sound radinlion fram
the whale train.

Let 2 = gfl (Lis nosw train length),

N = number of identicnl velivles,

A = mumber of axles per vehicle,

L. = vehicle longth,

I v railswheel neise source strength,

then the mean square pressure may he written
-= ApciP
LY
ey
Consequently the Sound Pressure Level (SPL} re
20 #N/m enn he derived :

, w LS
S Lo 10ty ot + 10 ]og .-I-j»mn 51

1
sp B

-~ 201y f,wl-](]lug'%f;- ~540 {(3)

~where 17 lis wnils of walts and {1 hos units of

meters, Curvent standurd coaches (e g 1R, Mk, 12
series) are 20 m long and have four axles. Fo. (3}
is nsefubly rewritten as:

Sl’[,;:a]()log--”y ;o110 lug (w]—lnn"' -'-]---*) -
10-# D 2D
~ 20 .f,\f 10 o ,_"_f... —ondB (4)
E 50 G D .
I this equation the peak SPL olserved as it train of
identical vehicles passes some point is expressed ny
a funetion of the rilawheel sowrce power (1), the

rafie of the observer lo track distance to the train
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lengih (D), the length of each vehicle () and the

number of vehicles and the number of axles per -

vehicle (ihe train make up, A/{(1A) ), The function

10 log ('-?Llun" L has heen tabulated and all

al
mensured peak levels were adjusted so that hey
vepresenled effective values of peak neise level at o
distance of one train length wway from the track;
corrections were supplied Tor ain make up wsing
the term 10 log (A/4 N} whereby the peak levels
were reduced to the equivalent Jevel of a single four
axle vehicle. A vehicle length correction was applied
s0 that the effective vehicle length wus 20 m.

Resulls from each side of the track were plotied
as o Tunction of velocily and these are sliown in
Figs. 2 and 3. It was immediately apparest that (he

50

dB

g5 1 :

sfr,
I R S T

80 + P e
$PL 751

0+

55

)] £0 100 120 140 kmfh 160

Velogily ——=w

Fig, 2 Poak A-weighted sound pressure level (SP L)
cerrected for wain wakeup and reduced 10 a
distange of 1 trainlength, cast (downwind),

90
dBA .
BS
. a9 0‘ 1]
80 : ey [
SPLTS i
[ . L]
70 ;
65 N
£0 80 m 12 140 km/h 160

Velogity —~——»

Fig. 8, Pealk A-weighted sound pressure level (S L)
corrected for tenin make-up and rednced to a
distaitee of 1 train-length, west (upswind),
OCO Mensuring positians up 1o 50w Tenm

track,
©00 mensuring positions more than 50 m
from track,

Jevels of upwind resulls at more than 50 m from the
track were much less than those of the bulk of our
measurements, ‘The Jow results probably represent
measurements laken in the wpwind acoustie shadow
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(BEnaNek [1]1) and these resulls were not used §:
any subsequent ealenlation., At this stage in 1l
pralysis it was stspeclal thet there might be som.
further distinetion between the measurements on 1ly
two sides of the lack and regression lines were eal
culated for cach group of data, These are shown i
Fig, b 1o the wmiddle of the speed vange, abuv

- dowmnwind (east! %
=l 7
' ]
Mgl

B0 upwinglwest= 50

1 L] 1 ] | -
10 120 %0 160 160 ;
Yeloeity— i

Il i
60 kméh 60

Fig. 4 Negression of corrected peak A-weighted sound
pressure fevels on veloclty with error hounds o

two stondard errors of estisonte on either side o)
regression lines, !

80 km/h 10 160 kinfh, the difference hetween th!
two regression lines is small compared 10 the errai
baumils which. are being considered; heyond (hii
rangge the difference is significant and refleels 1h]
requirement for more work of both an empiries! an;
theoretical noture. Nevertheless the down-wind and
near wpawind resulls were pooled and o new regres
sian line calenlated, This regression lne s shown &7
Fig. 5 and is embodied in the following equation: |
;

L

i 4 .
1W0log 5!~ =B log 37 L5 AR, (5,

1 i 1 L 1 1 1
60 Amfh B0 {00 120 0 160 160
Velocity ——

Fig. 5. Regression of corrected peak A-weighted soun
pressuve levels on velacity, with errar hounds -
two stundurd errars of estimaio an ejther side o:
regression Bine for all downwind and near uy.
wind resulis,

This velocily dependence funclion was applied 1
the original datn and 4 graph of the equivalent pea’
levad of n single Touraxled velicle teain travelling &
120 km/h was plotted a5 & function of yack 1
abaerver distances this is shown in Fig, 6 togethe
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Fig. 6, Nurmn]isetl peak A-weighted sound pressure
level (SI‘L(;) us a function of distancoe from
track in troin lengths (D). lﬂ',

SPL;.--SP Lo+ 10 log ‘”\-,— —-201035‘6/"{

+25 log -:"‘3 +5dBA,
Y/ o
with the I]:r.nrchul] prcdu.hou awd error hounds of
two standurd deviulions,

The position of his curve with respect to the
ordinate has been derived from the empirieal data
snd Fig 5 in particular. The predicted peak diJA
noise level for any train al distance of up to eight
train lenglhs and in the speed range 80 kmfh 1o
160 kmfli may be derived from his ewrve with the
use of the following relationships:

Let §PL, = be e predicted level

'auld SPLg = be the lovel at the required distance
given by Fig. 6,

then

SPL,.nSPLa+]{Jlng IN— — 20 log -’!—-i-

+25log — 0 — & 548, (6)

'J

In practice this equation is satisfactory for Irains in
which the vehicles nre not identlenl - I, and A4 are

replaced by average values ~ It the following ex .

pression may be used as an allersative

SPL])ESI’L(' - lolgg_.-'.N_ —20]'3['- "'L’i

25 Jog 1_12‘(.]- 548

where I [s the train leugth,

S, PETERS: PREDICTION OF RAN-WIIEEL NOISE a2l

4. Disenssion

Iy spite of the sucress of & line source madel for
the prediction of peak neise levels the noise prafile
mensured when o irain passes an observor is not
predicied at all well, Qualitative improvement is
achieved if convection effeels are included in the line
source model, Noise contours around maving traina
were computed numerically and ilustrate a chnrse-
teristic closing up of the conteurs at the head of the
train and a broadening ol the contours ut the rear,
Inclusion of conveetion effeets were not ebserved to
aller the magnitude of the predicted peak sound
pressure level over the whale speed range of interest
although the peak level tended ta be swepl o the
rear of the train. A further diserepancy my b due
to the assumption that the rail-wheel radiators
Liehave as simple menopole sonrces and theve is now
some cvidence thal this is unjustified, Finally the
profiles are probably modified hy wind eflects,

Naturally this lack of correlation between pre-
dieted and ohserved profiles is a maller of some
concern and until at least a siatistienl profile is
genersted we vannol predict the value of certain
noise rating ndices, Nevertheless the ability 1o pre-
dicl peak noise Jevels hag been of considerable
benefil. Current work is concerned with improving
the predicted noise profile and identilying nelse in-
dices which represent adequately the relatively mild
impuet of railwuy noise on the environmenl.
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E When awhee) rolls on a rail with a randomly wavy surface, the randons waviness gives rise i :
I to a displacement input to the wheel and rail with a significant high-frequency (f = 100 Hz) ; '
i . . spectral content, This displacement input exciles the contact resonance af the system, [ {
i : wherein the mass of the wheel and an “equivalent mass™ of the rail vibrate on the non- Yo .
H ' linear conlact spring. . :
: The purpose of 1his paper is to develop an analytical model for these high-frequency ,

contact vibrations. The wheel is assumed o undergo only rigi<l-body mations, apart irom the

{ocalized elnstic deformation near the contict region. The railis modeled asan infinite beam ;

on a continuous, polnt-reacting foundation, With the rail roughness being assumed 10 be .

alocally stationary, Gaussian rindom process, s complete solution is presented tothe linear- l

[zed problem, )
Three phenomena of interest are investigated in detail: plastic deformations, loss of . L—

contact, and the formation of corvugations on the 1ail. The effects of various wheel and

rail paramecters on these phenomeni are explored,

1. INTRODUCTION

. There has recently been an awalkening of interest in the high-frequency vibrations of point ;|

| contacting elastic bodies [V, 2, 3]. 1t is pow established 1hat the localized elastic deformations {'_*
near the contact region play o central role in these vibrations, giving rise to a phenomenon '
known as contact resonance, wherein the masses of the contacting bodies vibrate on ihe .
non-linear contact spring, 1tis also establisked that in the case of rolling and/or sliding bedics,
tie roughness of the rolling bodics ¢an excite thMs contuct resonance to a sufficient degree so
us o cause plastic indentations as well as foss of contact, which are of concern in studies of
surface Muigue, friction, rolling naise, and the like.

i Anather phenomenon of jnterest in rolling contact is the farmation of corrugations on
: the rolling swrfnees, observed in such diverse situations as gear teeth {4}, ball-bearing races [5}
; and railway track TG] There has been much theorizing on what causes these corrugations, but .

there is now incrensing experimental and analytical support [1, 2} for the beliel that it is the
! surface roughnessihat is instrumental in ¢ausing corrugations, inconjunetion with the contact
! resonance.
¢ What fittle analvtical work there bas been to date on contact vibrulions (vibrations involving
! -eontact deformations) has been concerned with two dises rolling against each other [2, 3}
j This work has been motivided primarily by the need 10 explain phenomena observed in
i laboratory studies of rolling contact,
; . ‘The nim of the present work is to investipgate analytically the contuct vibrations of a railway
wheel on a rail. The problem is considerably more complex than that of the rolling discs,
since one of the contacting bodics—the rail—is a continuous elastic system rather than o /
lumiped one, Certain approximations make the problem teactable, however, The first of these is )
T Now at Tawa Engincering and Locomotive Company, Engineering Research Centre, Pipri, P, T,

Poong-18, India, . :
2 . . !
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278 7. RANGANATII NAYAK

that the rigid-Dody mations of the wheel are ncpligible compared 1o the bending deflections rail, In ‘:‘c :l\
E N e of the rail, The second involves lineurization of the problem, by means of s teehnique exploited 1o the W ;::c
- by Gray and Johnson [3), tion of the T

i ! Three phenomena of considerable interest are analyzed in detail: plastic indentation of the of the contd

1
1
y
i
rail, loss of contact, and the formiion of corrugations on the rail. 1t is assumed that the rail
roughness is a loeally stationary, Gaussinn randoin process with o known power spectral
density, The effeets on the phenomena mentioned of such parameters as the wheel load, i
rolling radius and rolling veloeity, the rail linear density savd bending rigidity, and the stilfhess
; of the rail foundation are explored quantiatively,
: The exact equations of metion lor the wheel and rail are developed in section 2, and the
approsimations mentiened above are introduced. In section 3 the general solution of the I
linearized problem is presented. A quantitative investipntionis madein section 4 forn particu- !
!

where €is
an their ek
Fipure 280
Ra ol‘lhc‘

lar roughness power spectral density frequently encountered in practice, In section 5, the
analytical modlel and the results obtained from it are discussed, and recommendations are
' made for specific further analytical and experimental studies of the wheel-on-rail conlact :
. problem, . :

2, FORMULAﬁON OF T11E PROBLEM

i Consider a wheel of mass A rolling on a rail with o rolling velocity I, as in Figure 1, The
i rolling surface (tread} of the wheel has a rolling radius £, and is conieal, A steady load, P,
i is applicd to the axle of the wheel and is transmitted to the rail through the region of cantaet,

L

‘ . Fig
——2 Velotity ¥ .

Rail ' the
—Y e e s e e - . — Neutrc) mals )
3 .
g § § $ & & § % £ 2 Founcaiion
o P e P S P e S
Figure 1. Wheel ana rail, with the rail modeled asa beam en acontinuous, point-reacting elastle feundation.
The displacement of the wheel center is &, and the bending deflection of the rail is y,

ant

!
i
e A L

The rail may be modeled 1o a certain extent as an infinite bewm (with bending rigidity £
resting on a continuous, point-reacting foundition with a stiffness K. This model has its s
shortcomings, whieh will be discussed in seetion 5, but will suice for a preliminary investiga- i
tion of the problem,

When the surfaces of both the wheel and rail are smooth, the lead transmitted to the rail
. is equal to Fg. However, when the surface of the rail is rongh, the roughness causes dynamic

londs to be generated at the interface between the wheel and rail. These dynantic forces have )

been studied extensively in the low-frequency region (=2 30 [2), where the wheel may be i

assumed to be rivid, [However, when the rail roughness contains short-wivelengthcomponents, ' :

these pive rise to high-frequency inputs to the contact. At sulliciently high frequencies, it is i

no longer permissible to assume the wheel to be rigid (21, In fact, the Jacal Hertzian deforma- [

: tion of both wheel and rail near the comact point bhecomes of the same order of magnitude i
as the input roughness, and pluys a central part in the high-frequency dynamics of the ;
. system. :
The problem of deicrmiping the dynamie contact loads can be formulated as follows, Let '

all displacements be measured from the configuration in which the wheel just tonches the

e e et i L
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CONTACT VIIRATIONS OF A WHEEL ON A RAIL 279
rail, in the absence of both roughness and a normal load, With an externad load Py applied
to the wheel, et the downward motion of vhe center of the wheel be f, nud 1he bending deflec-
tion of the rail widder the wheel be y(0), The difference 2 = it = (D) is the Herizinn deflection

of the contact I i is positive and is piven by [7) ,
‘ . 2= {PJCPR, PomD,
where C is a constapt depending on the contact surface curvature of the wheel and rail, and

oft their elastic constants, When 2 is negative, it is the sepnration between the wheef and raif,
Fipure 2 shows C as a function of the wheel radius, &,, and the transverse radius af curvatre,

£, of the rail head,for steel wheels an sleef rails.

-
"
a
L]
£
£
=
ﬁ T
a
[:]
"ok i ol heod transverse .
1adius of cutvaiule
Ry bind
6 L 1, i, 1 4 H 1
Lr 14 16 [} 0 22 b 20 28 30

Yirect radivs, S, Yin}
Figure 2.The Hertz constant € as a function of wheel radius and rall-hend transverse radlis of curvature.

Now if the rail surface has, in ndditien, a roughness w (ineasured upward frem the rail),

the Hertzian deflection is
' Zewe g~ 3(0), m
and the load belween wheel and rail s piven by
Co3 0 Che 4 1 = 3 (D)2, 250
- . &
G, : z<(,
subject to b eertain limitation on the freguency content of w as a function of time. This imita-
tion is that ne compressional resomances of the whee! or rafl be excited,
Thus, the equation of mation for the wheel is
L M Py Poen By Clow o B~ (O, R ¢}

It witl be implicitly nssumed hencelorth that 2% & Gfor 2 < 0,
The cquation for the bending defiection, y(x), is
gy oty
Er 5 - m -5;-;1- Koy = PS(xY = Chw -+ fr - p(00)2 803,
where #1is the lincar density (massfunit lensth) of the mil and 8(x) is the Dirac delta function,
The origin of the y-coordinate is cenierad in the contact region between the wheel and il
- The genera) problem reduces 1o this: given the rail roughness w as a funclion of distence

along the raif, s {measured from some fxed point), determine the contacs Joad 2 55 o funciion

T

@

"_Hh—"”“"‘—-—u“ )
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: of time ¢, where ¢ == s/1% As thtis problem appears to be highly intractable, it is necessary 1o fall

‘ back on the fallowing limited problem, however: given that w(s) is o stationary, Gaussian,
B rancdom process with a known power spectral density (PSD), determine the PSD of the contact
y T load 2. Tt turns out, however, that even this limited prablem is intracinble beeause of the
a | nan-linear function appearing in equations (3) and (4). It is therefore neeessnry to further
simplify the problem, .
1 The first simplification ensues upou observing that il w(s) is sinusoidal with wavelength 4,
N : ‘ piving rise to a forcing frequency [« 1742, then for reasonably large £, the linear impedance
of the wheel is very Inrge compared to the linear point impedance of the rail, Speeifically,
the impedance of the wheel is :

. Z, = fw, ) -
i where e = 25/, and that of the rail is ' g

Weo[f 0 N2 T .
) Z:H e [(—I—J") - l] (f ”"l‘)' W5ty . 1
e ) - |

wh'crc
; Keq = (EIYWHCKPH, 0 (K fm)1P, %)

Typical volwes are M = 3 1bf s3fin, £/ = 1-73 5 10° ILI}in?, s == T-85 2 1077 1Bl s%/in® and
Ky == 3500 1bffin?, leading to @,, = 655 57" and Kpq=9 » 10* Ib{fin, Thus for @ > w,.
(e f2 100 Hz), |2,/%;) > 9.
Lo Despite the fact that the non-lincarity generates harmonics of w in the contact load, the
- preceding analysis suggests that, for rensonably hiph frequencics (/> 100 Iz, say), the rigid-
body mation of 1he wheel wilk be negligille compired to the bending deflections of the rail,
1t therefore appears heuristically justifiable to write the solution of equation (3) as

Chehebe(r), e <A, 6)

where t is the mean downward motion of the center of the wheel. Thus equations (1) and
(4) beecome

; zrew -k r = 3{0) . @)
! 1I ' and

EZ e 4 Ky 500w+ h = yOPP @)
El e o it —= o+ Ky p e CS()0w 4 3 .

axt FIE] (3 v ¥
The next step in the process of simplification is to linearize the nen-linear forcing function
in equation (8), in & manuer identical 1o that used by Gray and Johnson [3)in a study of two
dises rolling apainst cach other, Specifically, €22 is replaced by Pp + Kz — 2), where K
and Z nre constuanis to be determined in such a way #s 10 minimize the error in linearization,
Note that 2 is the mean volue of 2. Since = is given by equation (7), andsince w = ¢ (by defini-
tion), !
F=h-J0), . {9) .

where §i(0) is the mean value of the hending deflection of the rail under the wheel. Thus
z—Fww = [3(0) ~ FO)L {0)

Thus the linearized fonn of equation (8) is

[

T e e . 3
, El-ﬁ—.\.: -+ ﬂl'-a-,? o Ky == SR Py + Kefwr— [1{0) — X I (1

1
5 - | . ~
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IT ohe how writes
_ a8y = 3l 1+ 5, (12)
where §i; =0, then § and p, satisly the following equations: ‘
& .
ST ot Ky = Pad(), | a3
and - '
*y ?y .
Er—l4 m=g + Koy = l\,_(w-y.) a(x), . {14)

AT

which may be solved for F(0) and for the spectrum of »4(0). The spectrum of {z — Z) may then
be obtained by combining equations (10) and (11} 10 obtain

nEz—Emw—-1{0,0). (15

3. THE LINEARIZED SOLUTION

Since the equations of motion have been linearized, 1, and therefore (= —2) will be
Gnussian random processes when w(t) is Gaussian, within the approximations involved,

<11 o} is the variance of {z ~ 2}, the probability density of 2 is

a;

B B LY CEA Y ,
p2) . :’;;!.ca.p "3 . . (146

Now the contact load P is given by P = C2¥ for z » 0 and P = 0 for 2 < 0, Thus the mean
contact load is g '

'\
Pe=C I z""p 2)dz = -——w- J(u + ) exp (¥} du, {7
/2 —_p i
where - . .
ty = 3lo,. {IR)

However, the mean contact Joad must equal the steady external wheel load, P, Thus
equation (17) yiclds one equation conneeting 7 and g,:

PyVR|Codt = f (e 4 PP exp{—Lu)dn, (19

A sccond equation is oblained by minimizing the error intraduced in lincarlzation, A
mensure of this error is

*

Ew f [C22 = Py — Kyls = P pla) dz.
When this crror is minimized with respect to &7, it is shown by Gray and Johnson {3] that the
following constraint on Z, o, and K is obtained:
KeAon
Cailt

The final constraint is obiained by soI\mg cquation (144, to obtain the PSD of first », and
then (z ~ 2}, and then Lo obtain of, This can be accomplished as follows,

= fu(u-i W) exp (—~ ;u’)du ) (20)

T R T T Y Ty RSy
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The mean bending deflection F{x) satisfies equation (13), which may be solved fn a straight-
forward manner to yield

FO) = Pof2V2K g,

“which is the same as the bending defiection withont raughness.

To obtain the PS> of vy, equation {14) is first solved when w = w{m)exp(—ior), @ > oy,
The solution may be obtmncd in a straightforward fashion by Fourier transform techniques

and is

wiw)i{l +§)
0,1 '———-—-. WD 21
10,0 = o Ko 1K, ) . 21
whete
Kl = Kpgl{wfw, P — 124, - (22)
From equation (15), zy = (= = Z) is found to be
‘ X, ,fo wien)
f BT T = Wy, 23
Ty A A @
Thus the I'SD of z, is given by
16K}2
Dyyp (@) o2 g, (), @3 Oy 24

(KY =)+ K

where o, is the PSD of w(#). The PSD ol win the l‘;cqumcy domain is refated to its PSD
in the wavepumber domain by

d’ww(“’) = q"ww(k) % = il,'hww(k)! (25)

where k= 2r/2 is the wavenumber {2 being the wavelength).
From equation (3, the variance af may be obtained:

ot = [y, () doo, .6
(]

where it has been assumed that the spectrum of w is one-sided.
This completes the analysis, For a given Joad, /%, and a given PSD, ¢,,.(k), equations (19),

' (20) and (24)=(26) may be solved simultancously to obtain K, Z and g,. Before proceeding to

do this for a particular PSD, &5, (k), however, & restriclion on equation (’6) shonld be noted,
The expression for b, - () in equation (24) holds only for @ w,; ror, 1 << t,,, the point
impedance of the rail § Is that of LstifFness element rather than a mass, In these cuuumst.mccs,
it may be shown that the rigid-hedy motion of the wheet is o longer negligible; in faet it is
the Hertzian compression that becomes iegligible, Thus, even though ., (kY may give rise
fo an input with a significant spectral content below ax,, 1hus causing significant dynamie
contact loads, further discussion here will be concerned anly with the region @ = wy,. Thus,
equation (16) may be approximated by
@

iz by, ) o, (27)
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4, EXAMPLE OF A COMMON RQUGHNIESS SPECTRUM

4.1, THE ROUGHNESS SPECTRUM

The lrequency range of interest in the conlact problem is approsimately £= 100 Hz, For
vehicle velocitics under 360 [i/s, wavelengths giving rise to these frequencies nre 3 {1 and less,
In this range of wavelengths, the PSD of the rail roughness is Mrequently found to be well

approximated by 3] -
(28)

(k) o e
) = 732
where Lisa constant. §mall vatues of L indicate poor track quality; Jarge values, gaod quality,
With & == wf I, cquations (25) and (28) may be combined to yick
173 i .
(29)

'h,.,.,(ru) = m .

4,2, THE HERTZIAN DEFLECTION
Upon introducing equation (29) and equation (24) into equation (an, the following equa-

tion may be obiained:

TAC RS T yM
T T A )
Liw, : HIER? = 1P =P+ )
where
3n

2 = wley,, ry = K faKo.
Theintegrals in cquations (19) and (20) were evaluatesd numerically and are shownin Figure
3 as Tunctions of 1, = 5fg;. By combining these 1wo curves, a relationship between K /Colf?
and Fy/Cel may be ablained, and is shown in Fipure 4, Finally, the integral appeasing in
equntion (30) is shown in Figure 5 as a Tunction of ry,
For purposes of numerical computation, the eurves in Figures 4 and &
¢ fCal in Figure 3 may be approximated as follaws:

andt the curve for

K = BON(CP) 2 altd, (32)
h Ky me 3 V(e ) LA 63, (33

and
€

f = =2:230, + 235K, a/C.

These approximations are shown in the appropriate figures as doshed lines,
By using these appreximate relations, 1 complete elosed-form solution to the problem may
be obtained. By combining equations (32) and (33), a, is found 10 be given by

0, = 33K} Ve, YLD SHCP e, D)

Upen introducing this ex prr:}.sinn into equations (32) and (34), the following expressions are
obtained for &, and 3
h Kp= 0.79(6-!)”)0-5-1((0”/ [})0-48 J'.-o'"'fff?,gﬂ. (36)

and
f - (Clno}(l‘b!(wm“/)l 44 Ln--ts’cxﬂ-g-l — 7.53’\'14 ‘.'( l’,’w,,,)' -oz,fLurru(Cpo)u-sn‘ (37)
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CONTACT VIIRATIONS OF A WHEEL ON A RAIL 285
4.3, THE DYNAMIC CONTACT Foaer
1
In a non-linear analysis, the contact foree would be obtained from equation (2). However, 1 .

i when the Hertzian deflection is obtained (as it is here) after lincarization, the contact force e

‘! ' must be eblained from /2 = £ -+ K (= — 5). Thus the dynamic contact force, defined by
| .

| Py PPy, (38) .

]
is given by Py = Ky (z — £) = K.z, Since 2, is Gaussian with zero mean and has & standard i ]
derivation a,, £, is alse Gaussian with zero mean, and has a standard deviation . ! {

' : op, = K0y, (39) , \
o . -or, from cquations (35) and.(36), e
- . ol
e : C Ot 26| (CP) O Maw,,) Y KRGS, (40) Lol
. . R

Furthermore, the spectrum of £y is clearly given hy o - o i

' Py polea) = K40, (w0), : :
which, upon using equntions (24), (28) and (31), reduces to : ;I

o e i ‘
wp,r, @) = (KEILY(F o) » 1 (41

This spzctrum is shown In Figure 6 for a few values of ry,

]
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Figure 6, Dynamic contact load specirn. The arrows show the contact resanance frequency. ry = X MRrg. i
: ) ) !
L , .o
. Certain siatisties of the contact [oad are of interest in investigations of various phenomena :
‘ in wheel-rail contael. These statistics are the prebability of exceeding n specified value, the oo
HH . 1] . [] . - g 1
probability of being vero (indicating loss af contact), the frequency with which a specified !
vahue is exceeded, and the average size of “clumps” of such execedanees, .
Since Py is Gaussian with zero mean, the total contact lead P is Gaussian with mean Py and :
. . b I e . . . . i
varianee gii. Thus the probability that 2 will exceed o specified value £, is given by i
N . - - i
: Pr (P P = Fetle (P, = Foljay, V2. (42) .
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Similarly, the probability of loss of contact corresponds in the lnearized

problem to the
prohability that £ < 0: -

Pre = PP O) = derfe (Fof Viap,), 43)
The quantity ap, s given by cquation {100,
The frequency with which 7 exceeds £, is given by {8] o
2 118, - P\
iy s e X = = 44
‘l‘ 2730‘,“13[ 2( a"‘ ) ] . "( )

where o; is the standard deviation of the Hertzian compressional velocity; it is glven by

H s F (@1~ 17240
ol = | 0 d,.(u) dorra — - . 45
'.i ' LmJﬂﬂm%n“—m%wa
% .. By combining equaiions {30) and (45), one may wriie

a;
— =, Glry), (46)

L] . ul
where Girg) is the Function shown in Figure 7. The frequency of exceadances may now be

obtained from equaiions (40}, (44) umd (46},

! 9 7 T T T T T T
o -
| At
! ) 1
3
‘ el
& -E‘\ [
A 3o
1 Lt3
i o 1 : : : iq t I s '
| ! 6 20 X 4@ L0 ed 1o bd 80 100
{ ; LA
' ; ) Figure 7. Quantity propartienl 10 frequency of plastic indentations. See equation (46). .
Pl . .
|-

Estimates of the nverage number of exceedances (crossings of the level £,) that occurina

|
| ¢ . clump can be obtained from the work of Lyon' [9], discussed by Crandall [J0], The basic
(- result is
s
{
H

I P30 a v at1h ﬂ-l‘a
"J'.a‘/z—'""“ -I.H/-of-:) H (P"-Pa)‘ - [47)
L where up s the average number of exceedances in a clump, and the parameters Ay, 4;, A2 are
L " defined by : ' . .
| ' 0
! Ao == f "y, (o) dew, (48)
\ "_n
l; Thus ig = o and £y == af, the variance of the Hertzinn compressional veloeity,
1 By intreducing cquations (24} and (29) into cquation (48), one obtuins
1
P ; ’ 3
; |2 0 M40

! | PR j @-n , (49)
| | Tyt = e

1
'r
|
|
H
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Figure 8, Quantity proportlonal to the mean clump slzz of plastic indentntions, Sec equation (17).

-
Fipure 8§ shows the quantity (1 —~ 2/2525)7"2 nsa funciion of rg, [t may be seen that in the
ranpe of ry values of inlerest, the quantily daes not vary much from a value of 2. Thus,

approximaltely,
2
CENELY NP = Po). (50)

In an analogous fashion, it may be shown that within a lincarized analysis, the lrequency
of loss-ol-contact accurrences is

wﬂ'
Vg = e Gl exp[~4( el V], i)
wheee G{r)) Is given by Figure 7, and the average clump size of these occurrences is

: 5 .
m.czf; (o2, i1%)- 2

4.4, SIMPLIFIED SOLUTION YOR 5 2 4,
Belore proceeding Lo a discussion of the statistics of the contact load, it is helpful to con-
sider n simplified analytical solution that yields useful insights, The simplification envisaged
is permissible when wg = 3fa, » 1, This is precisely the region where the approximation of
equation (32) is significantly in error, In this ease, equation {19) may be approximated by

yietding
. Fes (}:olc)u.l' (53)

which’is the static Herlzian deflection,
Equatien (20) may be approximated, after first integrating by patts, to obtain

KV

Cay

3 &
) f(u ) P exp {3t du = 3 w3 i,
-5

from which

R =dCVEedpi 025, (54)
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* loss of contact increases, Of further interest is the extremely small influence of the foundation
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which is the stiffness of the Hertzinn spring for small deflections, Typically, K » Ko It may E

thus be seen from equation (30) and Figure 5 that this solution is valid it (1/w,,)*/L is small _ o

enough so that g, « 2. In a given problem, the validity of this solution would be checked by .

ealculating 2 from equation (33}, ry from equation (54), and then obtaining a. from Figure 5, ‘

If &, « £ does not hotd, the solution obtained in the preceding seetions would be used, . | 0
5. DISCUSSION o :

The theoretical resulis of seetion 4 may be used 1o make a quaniitative study of various ., :
phenomena of intercst in wheel-rail interaction. Three specific phenomena discussed here are 'I 4
loss of contact, plastic indentations and the development of corrugations on the rail, l. C

. ' 3
5.1, LOSS OF CONTACT ' I

The probability of loss of contact is given by equation (43}, It is clear that this probability (ll
is determined by the ratio of the static wheel load 1o the standard deviation ol the dynamie L
contact force, Pofoy,, and that the prabability decreases as the ratio increases, From equations ) !
(5) and (40), it may be scen that ' -

Pu/ﬂ'pd - 0.38!.18-02 K(rj-nl)La--u/V:.-u ',"u-'u(E”n-zl_ (55) ' E

[ 4]

The effeet of varfous parametcrs on the probability of loss of contacl £ ¢ is now clearly ¢
‘\

displayed. 9% ¢ increases as £, Is decrensed, L is decreased {track quality worsens), or s ¥,
i or £f are inercased. The [ast two parameiers are directly related 1o the cross-sectional area
of standard track, and the conclusion is that as the track is made heavier, the praobabilily of

. —

I

.

|

stiffness. The reason is clear: contaet vibrations are gencrally of'n high enough frequency that |

the rail mass-impedance is far greater than the foundation stiffness-impedance, j

The frequency of loss of contact, v, is given by cquation (51), From this equation and t

Trom Figure 7, it may e seen that v, ¢ increases ns o, oF ry increase, or as (Pofe, ) decreases,

The quantity r, may be determined from equations (31) and (38): '

i

4

l

Fy 7 QU CPY ™ (e, f V)28 LOIO K L8 (56)

The variation of v ¢ with various parnmeters is complex and must be studied ineach individual
case. It js clear, however, that the product e, Gire) in equation (51) tends to counteract the
exponential ton degree: an increasein Py or L, or i decrease in F, tends 1o increase the factor
while dec¢reasing the exponeniial,

The average clump size of loss-of-contact oceurrenecs iy is found by combining equations
(52) nnd (55). It is obvions that as the probability of loss of contact increnscs, so does the
average clump size, :

—_— - m

.

Example | K
Given C=89 % 107 1bffin®?, Py = 10 Ibl, Ky = 9 % 10* ffin, @, = 655 5%, delermine

L generally varfes from L = 5% 107 in (good track) o L& § x 105 in (poor track), Wilh
L=35x 10% gy, v 4:7 2 107 Ibf, from equation (40), Thus Pofu,, = 2:12, and, from equation
(43), # = 0017,

From equation (56), ry = 224, and from Figure 7, Glry) = 8-5. Introducing these values
into equation (5!), onc obtains vicx 935~ 1 i.e., there are on the average 93 loss-of-contact
accurrences per seeond, Finally, lrom equation (52), i & 0:38, This last figure indicates that i
there is no lendeitey for the oecurrences 1o be clustered together. }
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; |

i i Example 2
; © Determine theefleet of track quality on 2y ¢, v ctnd iy, Cforthcmsccon:idcrud inexampiel,
il : Variations in teack quality are p:ovcrncd Dby variztions in the p.lramctcr L, Usingthe results
i : of example I, one finds from equation (54) that

i e

[ . - P i 048

H . ) -

s ; . —s 2 12( ,_)

5 : - O'p‘ 5x10

i ,f As L varies from 5 x 10° (poor track) to 5 x 107 {good track), this ratio varies from 0:7 10
i i 65, indicating the immense effect that track quality has en the dynamic contact load. From
b, ! equation (43), &« varics from 0-242 1o practically zero, Fram cquation (56), ry varies from
: i 15-5 10 32-5, and, lrom Figure 7, G(r,:) varies fran about 7 to about 10. Thus, from equation
't | (51), v varies from 570 57! to almaost zero. From equation (52), npe varies from about 1-1
%‘ ; to about 0-12.

i ,} . 5.2, PLASTIC INDENTATIONS '

fﬁ Plastic indentation of the rail oceurs when the contact foad £ exceeds a value 7, which
i depends mainly on the yield strength in shear of the rail material and on the contact surface

curvature. Methods for determining £, have been discussed elsewhere [11, 12). For nt 36-in
wheel on an AREA 109 rail, £, is in the neighborhood of 23 000 IbF,

oy

4 i The Pl‘O[)’lblllI)' of plastic indentation is oblaincd from equation (42) upan sctting £, = 1,
L . For two given values of Fg and P/, this probability Jepends only on g, , which increases
¥ i swillly (sce cquation (0)) as 12 or s (rail linear density) are increased, or os L is deereased
!:' ! (teack quality worsens),

i ! Similarly, the frequency of indentations and their mean clump size may be oblained from
r[ ! equtttions (44) and (46, and (50), upon seiting P, == L.

J i Example 3

ﬁ"‘ f For =895 100 IbMfin??, Kpg =9 5 1 bI7in, oy, = 655871 Po == 2 [DF I, P, w2 25 %
1 ' 10* IbF and 12« 1200 infs (100 f1/s), determine P, {probability of plastic deformation), vy,
3 j and iy, for poor track,

g For poor track, L5 x 105 in. Frem equation (55} (and front the resulis of example 2,

section 5.1), (Pofop,) = 86, orap == 23201LT Fram equation (42), 2y 2= 0-015. From equation
(55), ry =41, and (rom Figure 7, G{ry) = 12:5, Then from equistions (-4) and {(46), the frequency
of plasticindentationsis'v,, = 130572, From cquation (30), the average clump size of indenta-

el

4
'.! tions is found to be small, indicating a random distribution of indentations along the track.
1 .
‘E 5.3. RAIL CORRUGATIONS
[
i The formation of corrugations on the rail is closely tied to the accurrence of plastic indenta-

tions, In o general way, it is clear that when indentations oceur, they change the spectrum
of the rail roughness, A subscquent wheel rolling on the track may respond to a higher level
. than the first ane, causing the indentations 1o hoth deepen as well as propagate afeng the
track, Thus corrugations may be considered 1o arfse from an instability in the wheel-rail
system, '
The question of major interest is wifat differentintes rails an which corrugatiens oceur from
those which sufler stable, non-propagating plastic indentittions,
Several hypotheses are available, nope well-established. In the case of rolling dises that
! develop corrigations, the spectrum of the dynamic contaet foree is narrow-band, implying
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ST thit the contact force is almost sinusoidal with n slowly varying amplitude, In this case, . 54
! plastic indentations will tend to cluster areund locations where the foree envelope crosses the ' TR
: critical load 2, These clusters cause a large loci] change in the disc roughness PSD ot A que
[ precisely the frequency at which the dise dynamic response is high, so that subsequent rolling phenom
! will tend to corrugate the discs localiv. In this ease, the prabability of corrugation is closcly contact
related to the avernge clumpsize of plastic indentations, ny, . When the clump size is Jurge, the which,
dises haven greater opportunity to bujld up an almost steady-state response during subsequent Aclot
rolling. When a1, is smail, the dises suller only a iransient response, and the clumps tend not to thé cc
to propagite. What clump sizeis critical must depend on the rise time of the transient response No peak
of the systenm, which remains 1o be investizgated, ) - in the ra
In the case of wheels on rails, the numerical examples given above indicate that n, is Itis ir?
smallt f.e, that plastic indentations do not tend 10 cluster together, The reasan for this is a wavele
apparent from an examination off the dynamic foree speetra in Figure 61 they are not narrow- corrugal
band, Bending waves ip the rail propagale energy away from the contact and heavily damp Some.
' the system response, ) the appr
The [act that the system response spectriin is broad does not necessarily signal the demise correspd
of the mestn clump size by pothesis for the formation of corrugations, The facler a, /(£ — o) the spec;
appearing in the expression for 1y, may be cansidernbly larger than the vales obtained here say by It
= foratleast two reasons. Furth
First, the runge of values assumed herefor the track quality parameter Lisbased on measure- spectruy
ments averpged over fairly long sections af track. This may tend to smooth out rough sections become;
of track which are shost by conventiona) standards but nevertheless long enough to cause are, ind{:
. the wheel/rail system to build up a high response, It seems intuitively obvious that, given a of linea;
long section ol track, the prabability of corrugation is not uniform along it—aver a long
period of time, the entire track does nat corrugate if part of il dees. This suggests that local 5.5, s“‘_,-
varistions in roughness spectra are of importance; these have not as yet been measured, Befoj
) Second, although the mean contact load is, indeed, £, there are superposed on this low- inthe a
| frequency dynamic loads due to suspension resonances. The frequency of these resonancesis + farsup’
i ’ low enough compared to contaet vibration frequencies that one may consider the mean Onc;
: contact load (averaged over many contact vibration cycles) to be slowly varying in time.  * known,
: There will thus be perieds of time when the quasi-static (static + low-Trecruency dynanic) the rail
' load will be close to the eritical plusiicload, P, The number of exceedances of the total contact
\ load (including high-frequency variations) above Pp, as well as their average clump size i, :
will then dramatically increase, pethaps sufliciently to allow corrugalions to start. :
i o An alternative hypothesis is that even when the mein clump size of exceadances is small, wl]crc L
e corrupations may occur if the frequency of these exceedances is comparable to the frequency arising
i atwhich the response speetr of Figure Ghave theirmieximin The reasoning hereis that whether ' protae
: or not 1he plastic indentations tend (o cluster together, they ehange the rail roughness spec- Thei
i tram, the [argest chanpe being at the mean indentution frequency. IF this frequeney lies in any qu
i the range belween, say, Jar, und e, the response of subsequent wheels will tend to increase the i’
substantially at this frequency. more ¢
: It hardly needs stating thut the preceding discussion is al present entirely hypathetical. deflect
Mo data are u5 yet available which may be used to test these theories, and much esperimental wilf be
work needs 1o be done, It fs worth remarking however, that the basic mechaanism of vorruga- indent
- tienappearsto lie in the excitation ol cantact vibrations by the rotghness of the rolling bodics, Anc
. | regardiess of the specific mechanical sysiem one has in mind, What is learned from any one the ca
! systerm is likely to be universully applicable in its essentinls, ; aceur,
; force’
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5.4, THE NYNAMIC CONTACT FORCE SPECTRA

A question of interest regarding the spectra shown in Figitre 6 is how well they display the
phenomenon of centact resonance mentianed in the introduction and observed in the rolling
contact of two dises [3). I may be seen that the spectra peak between £2=:2 and 2= 4,
which, for typical values of w,,, corresponds to a frequency between f= 20071 1z.and /= 400 112,

A closer examination of the spectra, however, indicates that 1he peak does not correspond
to the contact resonance, the frequency of the latter being given approximately by £2 e 293,
No peak appears in the speetrum at this value of Q because of the Iarge amount of damping
in the rail.

_ Itis interesting to observe that at a speed of V= 50 [t/fs, the peak frequency carresponds 1o
& wavelengthsbelween [-5 in and 3in, which campares well with the wavelength of observed
corrugations on rails [6).

Some reservations need to be expressed reparding the spectra shown in Figure 6, First,
the approximation of a rigid wheel (in comparison with the rail) is invalid al values of 2
corresponding 1o wheel rim resonances, likely to be 2> 3. Near these resonant frequencics,
the spectra shown will overestimate the true spectra, although it is not at present possible to
sny by how much,

Furthermore, it is nol intended that Figure 6 shoult convey the imprission that the foad
spectrum is small for @ < [, This is the region in which the rigid-bady modes of the vehicle
become important, and in which the present analysis is inappropriate, Large spectral levels

" are, indeed, 10 be expected for 2 < 1, but these must be studied by the well-known techniques

of lincar lumped-system analysis.

5.5. SIORTCOMINGS OF TIE ANALYTICAL MODTL USED
Before concluding, it is appropriute to offer some briel comments an various shortcomings
in the analytieal mode] developed in scetion 2, the elimination of which is likely to Jead to a
far superior predictive analysis.
One shortcoming fies in modeking the rail as a beam an an elastic loundation, It is, in fact,
known {131 that o better (but not quite complete) farmulation of the equation of motion of
Lhe rail than that given in equation (4) is

aty Py Ay ,
El ;1_; 4 (- m.d)-a’—: +ga_r. o Ky PE(X),

where s, is an “udded mass™ arising fram the tics, ballast, cte., and g is a dumping coefMicient
arising from encrgy losses in the track structure due 10 both Mriction and radiation into the
ground, -

There s not enough information availalle 2l present on the purameters m, and g to support
any quantitntive statements. Qualitatively, however, it appears that the poaint impedance of
the rait will be higher than for the beam-on-clustic-foundation model. As & cansequence,
more of the roughness will be taken up by Hertzian compression rather than by mil bending
deflection, Furthermaore, because of the dncreased mass, the rail resonance frequency e,
wili be decreased, thereby cansing increases in the probabilities of loss of contact nnd plastic
indentation, us well as in the mean frequency and clump size of indentmions.

Another parameter neglecied in the analysis is the tractive foree being transmitted through
the contact, This force sipnificantly decreases the normal laad at which plastic indemations
occur, for values af the coellicient of [riction normally encountered, In addition, the tractive
foree is not symmetric with respeet to the direction of rolling, thus leading to the possibility
of differences in the likelihood of corrugations, depending on whether vehicles on a given
section of track are accelerating, cruising at a steady speed, or being braked, Such differences
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have been abserved by Carson and Johnson [1] in their study of the formation of carrugations
on ralling discs, - .

A furlher assumption in the farmulation of the problentis that the entire contact region sees
the same rail roughness. This assumptien has been shown by Gray and Jehnson [3] to be
untenible. They show that paraltel profiles aloay the rolling surfaces may be uncoerrelated to
a remarkable extent, even at very small separations of the profiles. This lack of correlation
lcads lo a reduction in the mean input seen by the contact region, the amaount of attentnation
depending on the cross-correlation of parallel profiles. For the wheel-on-rail problem, no
data on cross-correlution are available, but it may be noted that the assumption of perfect
correlation between paraliel profiles used here is a conservative one, leading 10 overestimates
of P,.p. Preand s, .

Finally, the assumption that the wheel is rigid except for the Hertzian deflections also
becomes untenable at higher frequencies. At some frequency, the rim of the wheel has it
first inplane ring bending resonance, The plate of the wheel constrains the rim to a certain
extent, but g lawer bound on the first resonance may he obtained from [14]

Ch

e nr’
where C, is the speed of longitudinal waves in the wheel material, /i is the radiul thickness of
the rim (approximated as o ring with a rectangular cross-section), and ris the raddius of the
rien, Typically, whis frequency ranges from 300 Hae up. Near this cesonant frequency (und near
higher resonant frequencies), the impedance of the wheel many no longer be assumed to be
large compared to that of the rail; in fact, the impedance beeomes quite small, and as o
consequence, much of the roughness is takew up in bending of the riim rather than in Hertzian
compression, Near wheel resontnces, therefore, the spectrum of the dynamic contuct foree
given by equation {413 is incorrect, the vidues being too high,

Even in the presence of a wheel resanance, the problem muay be solved by replacing the
wheel by a linear second-order system representing the mode. Such an analysis has not yet
been made,

5.6, CONCLUIING COMMENTS
In order to eklend the analysis presented heve sa that it yields a reasonpably aceurale pre-
dictive scheme, much work will have to be dene;
() n study of the PSD of rail roughness at short wavelengths, and of the variation of
this PSD along the rail,
(1) @ study of the cross-correlation of parallel profiles,
(©) a study of the high-lrequency dynamic model of a rail on its foundation,
{(d) a study of the transient response of the wheel-on-rail system 1o non-stationary
inputs,
(c) o study of the effect of tractive forces in the contact region on the speed of develop-
ment of corrugntions, * ‘
(F) & study of the effect of contaminants such as water and oil on the dynamie response
of wheels on rails,

A further question worth pussuing is the elect of the low-requency dynamic load spectrum

onsuich phenomena as plastic indentations, corrugations and loss of contact, briefly discussed
in section 5,3, This low-frequeney speetrum contains fayge peaks at certain resonant fre-
quencies, so that the actual wheel load Nuctuates slowly (compared to contact vibiration
lrequencics) in an almost periodic fashion, These Muctuaiions may sunoum 1o o significant
fraction of the mean wheel load. As ar as the contact vibrations nre concerned, the low-
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frequency toad variations are almost quasi-static, the wheel load being alternately low and
high. When this quasi-static load is |ow, the prabability of lass of contact is further increased,;
when it is high, the probability of plastic deformations and of the formation of corrugations
is similarly increased.

It is hoped that the preliminary results obtained here will spur a vigarous investigation eff
these and other high-frequency wheet/rail contact phenomena, since they appear likely to be
of importance in the development of fulure high-speed wheeled transporiation,
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NOISE INSIDE AND OUTSIDE VEHICLES AND FROi’ﬂ ,
RAILWAY LINES :

L. Willenbrink

¥unieh Rescarch Conter of Cerman Foderal
Railways (DB)

1. Prefase

Trafiic produces naiso. As one of thoe produsora of trapsportation
" the German Federel Railwnys aro engaged to control the sound ra-
diation cf thoir rolling ateck /1/. The results of menifold tests
in thia matter are concisely reported in the following.

3, Molae inside vehieles

2.1, , Lecomotives: High sound levels in driver's cabins offect
cancontrotiess and hearing. In ateam locos and some elder cleciric
or diesel enginos thore wero sound levelas of pbout 100 dB(A) o3
full power, im modern locos only 72 up to 82 dB{A). After having
10C dB{A} in the motor cellg thosg low sound levels were attained
by special sound and vibration reducting double panelled aide
walln and floors or even o complately fleating cabin for chunting
lacoa.

2,2, Pagscnger coschest For pood driving coemfort in Rassonger
¢oachos should bo kept an upper limit of max. 80 dB(A), but thoere
18 8 lower limit, too: down &0 dB(A) there will be disturbances of
tlie homoyness by thenaudible talls between other passengers. Fig.1
ahaws typical third-octave spectra in the campnrt;uunts for threo
speeda. Weighting them with curve 4 it folloews, that further nolze
controlling steps were to have effscts in the range batwosn 250 Ha
and 2 KYz, The following scund laevels at 120 km/h inside conches
are ptandardinlecping cara 60 4B{A),nigh comfort coachos 65 da{a),
normel oxpress coachea 70 dB(A), suburban traffic cars 75 dB(A).
In tha compartments near the bogles thora ore 5 d3{A) mare than in
those in tho mi:lidlu of a car when running with 180 ka/h.In tusneld
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the aound level inerceses for 6 dB{A)} (s. Fig. 2). Expacially for
aleeping cars the dige brakes meant big progress, sines thera is
otic trexing noise no more,wharcas the block trakes lot grow

TV
sound levols for aboutr 13 dB{A) (s, Fig, 2),

Mo significant differonces wore measured between run an weoden and
TN on conerete slecpers in ballaost-bed track. But thé ballastless
tracks in soze underground systoms may couse increasing scund
levels in the cers due to the ndssing sound abaerbing effect of the
tallast bed or especially if notural frequencles of the ceoncrete
parTs are not dampod after excitation by the running train {5.3.2,3)
Corrupated ralls and wheel-Ilots couse considerably ralsings of
the sound levols in the cars (mare than 10 dB(A}), but plso do
anly ruzged roll surfacea es on new rails. Fig.2 ghows the effect
of Just ground roils and of ground and by uac polizhod rails,

3. MNoise cutaide vehielon and from railwav lines

3+1. Airbarne sound

3141, MNermal surface lines

%.1.1.1. Noise event sound levols: Fig.3 shows third-sctave gpestra
of the nolae of passing trainz (ho railears) at different distan-
ces. The diminution of the waysido noise in secordance with dizton-
ce iz higher than expectod by theory. Oy doudling diastance Irem o
lina seund sourds = as & train le represonting - one 1s expoeting
o docrecte of 3 dB; but there were neasurad 5 dB(A) at a haight of
142 m above ground level cgual to rail level, for distences bot-
ween 15 moand 100 @, and even mere decrense for longer distancea,
At hipghor points above ground there ore some higher levals dup to
the lower influsnce of ground abacrption: in a height of 3,5 m
instead of 1,2 m there were +1 to +3 dB{A) at 25 m distanco.
Doubling zpeed betwean 60 kn/h and 200 ka/h causes 10 dB(A) highor
asund levalsi chanped mre mainly the bend levels in the ltHz-range.
If thero are sorrugations on the rails or wheel-flats, the wayside
neise incroases sonsiderably up te 15 dB{A), AT the fagter trains
over BOYka/h the main sources ara both wheels with begles and rails,
so that the lecomotives naise doos not oxcoed the nolse of the
cnr's; but at slower trains there are in addition to that the ox-
baunts ond cooling vents. Cora of the same typs may have a warla-

tion of & 3 dB{A) Quo to differential repair. 90 ¥ of the mepaured
trains had generated sound lovels within g 2 dB(A) arcund the
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a2 givon in Fig.3, but new clactric multiple-unit rapid tran-
sit stock with an oxlo load of 12 t showod levela up to 10 dB{A)
lewar; the typileal hump in the kHz-ranga of the apectra of normal
trains wea misasing.

3:1.1.2, Equivalent continous sound levels, The raported noise

ovent levela couse the following equivalent centincus sound lavals

valid for o distance of 25 @ and a eycle of 10 tredns per hour:
long-line traffic {high speed ond/or long trains) 75 AB(A)
reglonal traffic (middle speed,short ond long tralns) 70 en(a)

cuburban traffic (?dgle apeed,chort and few goods 85 dB(4a)
: raing
“eogubway and treetenr e 60 dB(A).

Doubling the cycle causes 3 dB(A) more, doubling the spoed 3 dB{A}
for the mentioned new multipta.unit steck to 7 dB(A) for normel
trains snd doubling the length of ‘ecch train somewhat less than

35 dB({A); the contribution of the level rise and slope whon the
train iz ceming and going 13 ts bo regarded.

3,1.8, Screena: Since whoole with hoples and rails are the moin
nodso ascurcen, the direct aight on thes from the immissien point
has to bo intorrupted. 5o the souwnd abaerbing effoct of o screen in .
o distonce of 2,5 m Irom the middle of the track end with a halght '
of 1,5 B above reil level is calculated to be shout 15 43(4) ror '
train noipe apectra and distapnces up to 100 21 in a plain, Buv thoso
calculated effects of soreons are very unsafe f2f beczuse of theo
influcrco of some paramptors hardly to bd¢ catched, as wind or tepe
poraturs gradients, although some of those caleulating zethods ora
doveloped after field trials /3/, If tho screens ars radiating

aocnndary' alrborne neise, besnuso they ore mownted on vihrating s
sTructurea, their effoct will be roduced.

3.1,3, Bridgea; It ia.desired, that bridges do'nt rodicte more
noise when overrun aa the normal track does. Fig.4 shows, how far
away from that desire on oldor steol-built bridge was boen with its
direct rall fostening; 1t also chows the bipg propress oftor loying
on that bridge a ballast-bed track, A medern ateel-mado hollow-baX=
typo bridge with ballast-bed track attoined in fact the just repore
ted dosire and so do some concrote-made bridges when fitted with
baliagtebed track. The sound emission of large bridge parts can be
roduced by sandwich conatruction, by stiZfeners ond by big rassea
as Zor instanco balloast-bod. The rubber-laoyers betwoen concrato-
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Eig. %3 Reverboration tize inanunderground station of arcund 200z 203 x 53

tveannqss in bare copcrotewerk altuation

=== dito, but with two Lullzutched tracks

== in compluted mitustion with dampiag panels and ceiling
tem—sm dite, but Instesd of the ballast-bed tracks ballawtloss onegleate)

¥+ + 4 in bere consretewgrk aitustion with twe ballustebed tracks and
0,13 persoas/a” on tho 7 & broad middle plutfors (zaleulntod),

{aeaaured}
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Jrode  tvack plotes and a steclemade bridge constructien roduced
certainly the vibratien propagation inte the ateel constructien,
tut the platea themaelves now vibrated end radiated polsa,

%.1.4. Undarground railways, It ls poasible, o held the sound
level in modorn oubway cara under 75 dB(A), whon riding with 0lkn/h
in tho tunnel on bhallaat-bed track (but s. 2.2,),

A revordoration timo of 2 sec in undorground statlonz sconc to bo
sufficiont for tolerable sound levels {ca. 80 &R(.)) affecting on
walting poople, when tralns are arriving or stasting, Fig. 5 shows
thie chenge of the reverberation time after inserting scne difforent
aound absorbinz surfaces in 4 large tunnel stntien as ballost-bed
tracka, special panels and hanging seilinga. Waiting people have o
sound gbcorbing effect, too.

3.2, Structurcborne sound {vibration in the audible zange) /4/.
Roilway linca aro producing not only cirborne, dbut nluo atructure-
borne sound, which may become o preoblea, especially Tfor underground
raliways In housing aress. No tpoudlesome nolge should be Tediatsd
by vibrating wallo into the rocms of neighboured or undorrun
buildingz. Since the higher frequenzles pestly are aufficiaontly
darped by the soil, speelal structurcborne sound inzelating track
constructionns muat have thelr effect mainly in the range botween
sbout 25 ilz2 to about 160 Hz. The structureborne sound propagatien
in the a0dl variates very much and &s difficult to determine; so
it scems to be batter to cee Lfor the effects of =pecial track )
conatruyctions st test points on the aide wall of the tunnels, with
horizontal vibration direction. To do that at only one noint Zor
every caonatruction ia completely unzufficient and lot coms up
errors; simultanecus tests ot six similar, max, 5 = betwesn cach
other diatonced polnts on the side wall of o hellaat-bod trock
tunnel showed o vardation in btand levels of the some quantity 223
wag tho = only at one point nocsured « offest of cowme specicl
bzllagtless track construstions, Fig.5 shews the variatien batween
" £ive of those six'peints; the sixth hos hod unexplicably rar cway
lovela. Searching for trock camtrustions, which ere botter
insolating structuresborne seund than the conventional dallust-Lad,
the rollowing resultsa are socured:
3.2.1, Difforent hoights af ballast-bed: Incremaing tho ballaste
haight under uluepafn from 30 cm up %o 50 ca or 70 cm or AS o
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uide wull of the mune tuancl; vibration dirsetlon harizontal;
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with 25 ¢m sand did not show any effsst using unground vaila. It
must not be concluded that the height is allowed to be leas thon
%0 cm under alecepers,

3.2,2, Rubker layer under ballast~bed; A 3 cih thick soaposition of
threo profiled, by fulling work energy consumpting rubber mats,
which were placed under the ballast-bed, showed nn improvemont
which was slightly increasing from 50 Hz up to hipgher frequencies
(10 QB at 250 H=) {3, Fig.?7).

3,2.3, Track canstructions of mass-spring-systes typo: The
vibrotiona exsitated in the rails by running trains are sonsiderly
inselated, if thoy have to pasa on thair way into the turnel con-
structlon e nmaca-spring-system, whose natural frequency ig bolow
the oudible range as well as zufficlantly for away Irom the whesl
rotation frequoncy, say about 10 Hz, That roquires high masses,
sinco tho spring depregaien is lioited bty the permisciblo vertical
motion aof the rails. Fig.? chows the effects of two types of such
aystons, ont of them having a recoss at third-cctave bend 125 Hz.
Here the natural freguency of the concrete-made, sxchangoablo
clenenta was oxecltated; sinco it was only alightly demped, it
produced a considersble increase of airborne sound level in the
GRrS,

X.2.4, Corrugated or rough nhew raila and wheel~flata arce able to
lat grow the structureborne sound levels se, thot the offectn of
cxpenaive gpasial track conatructiona are nullified (s.Fig.7).

3,2.5. Thiskness of the tunnel walla: Comparing the medsured
vibratien velecity levols on the tunnel side walls with the thick-
nescea showa & reduction of about 10 dB for a thickness growth of

50 #.
3,2.6, Propagation of structureborne gound.

3,5,6,1. In tunnel walls: The temporal run of the atructureborne
sound level at & tust point on the tunnel wall when a train is
passing shows tws different zonoa of the absorption rate; from the
oxcltating axle ta a distence of 10 m the octave band levels in
_the Tange betwesn 63 He and 1 kHz decrezase with o rate of about

2 dB8/m, farer away with 0,5 dR/m. Hence it follews, thet it will
bto sufficlent to extond tho at this time Xnown gpecinl track
conttrUCtions with their offect of around 10 dB for only 10 n
hoyond the projoction of the buildings to protuct on the tunnol
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axls,

3.2.8.2, At the surface; Tho propogation of tha stvusturaborns
sound throuch the aoil depends on <oo zuch purazeters difficuls

o datermine, aush az watneas, type and percentage of rackt, clisti-
city. Today we are not able %o give secured volues in faco of such
eutcomes a&f for instonca, that the third-cctave band lovels of
elpht quite aimilar and sipultanecus test pointa in tho vndisturbed
s0il of & meadow variated up to 15 da,
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1. INTRODUCTION

The resurgence of rall rapid tranatt in the‘U.S. and abroad,
the imnovation of hilpgh-speed long dlstance rall transit in Burope,
Japan, and the U.S,; and a recently developed concern for the en-
vironment have resulted in renewed emphasislon the interactlon of
steel wheels with steel ralls and the nolse and vibration that it
causes. [LEven though the "clickety~clack™ nolse can be largely
elimiﬁated through the use of contlnuously-welded rail, signifi-’

cant levels of nolse and vibration are stl1ll generated by the

microroughness on wheels and ralls, the sideways impaet of wheel

flanges against rail heads, and the intense squealing or screech

encountered in small radius turns,

The purpose of thls paper 1s to analyze cne form of the
wheel-rall iInteraction, attributable to wheel and rall roughness,
and to estimate the rall response and sound radilatlon. This is,
ol' course, but one part of the preblem, others being céncerned
with different excitatlon mechanisms and radiation from other
structural elements., Nevertheless,- 1t is one lmportant portion
of the pleture that will ultlmately be pieced together as furthef

research into the origin of wheel/rall noilse is conducted.

The plcture we present ls [ar from complefe. Nevertheless,

even at thls stapge, many qualitative eencluslons can be made which
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S will enhance our uhderstanding of the role of the rail In wheci/

rail nolsc.

2. THE WHEEL/RAIL INTERACTICH

To determine how wheel and rall roughness generate vibratilon,
conslder a smooth wheel moving along a rall at constant velocity
'V. I the wheel encounteré a bump on the rail, the wheel will be
deflected upwards and the rall downwards by amounts which depend
on the size of the bump and the wheel and rail resistance to mo-
tion (impedance)., Assuming that wheel/rail contact is maintained,
the sum of wﬁeel and rall displacement 1s equal to the helght of
the bump.
) To extend this concept to the general case of a rough wheel
rolling along a rough rall, consider Flg. 1. The roughness of
the wheel and rall arc shown as (exaggerated} perturbaﬁions ol a
smooth ecircular wheel and smooth rall surface. At any instant, the
vertical position of the wheel reference elrcle Y depends on the
posliion Yo of the rall and on the wheel and rall roughness, w
and r, measured wihﬁ respect to the smeoth wheel and rall refer-
ence lLines:

Yo 5 ¥ b et ow . ()

; s

4
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Differentlating both sldes of Eq. 1 with respect te Cime and de-
fining.wheel veiﬁcity Vw aslpositive upwards and rail veloéity
Vr as positilve downﬁards* we can obtaln a relationship between
wheel and rail veloclty and the rate ol change of wheel and raill

roughness due to motion of the contact polnt

Vw + Vr = F W, (2)

If the roughness on the wheel and rall is a sinusoidal function
of frequency w, then the vertlcal force F{w) at the wheel/rail

interface can be related to the wheel and rall velocitles as

lw) = ZVy = 4Vn s (3)

vwhere Zw and Zr denote the point impedances of the wheel (con-
necied to the vehlele) and rall (in giéy), at {requency w», re-

spectively.

Solving Eqs. 4 and 5 for the iInteraction force and resulting
wheel and rall velocities at the contact point in terms of the
roughnesses, we nbtailn

A

2.2

Flw) = —,—I—'};Z:—j- [P(w) + ww)] , ()

¥These Qlrceetlons are chosen to colneide with the directions of
the vertleal wheel/rail interaction foreces that act on the wheel
and rall, in order to [acilltate the subscquent analysis,
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Vw(w) = Z;?%; [f(w).+ wiw)] s (5)
a () = “u_ + w(w)) (6)
an V. wy = 2;12; [r(w) W(w .

The rall roughness is, in fact, a random variable and may
justifiably be characterized as a statlonary random process wilth
a wavenumber spectrum ¢rr(k). Here ) denotes wavenumber.  In the
absence of experimental data, 1t 1s not clecar how best to charac-
terize the wheel roughness., Il the roughness were unlform across
the running surface but variled clreumferentially, it would be
characterized completely by a Fourler serles, However, if lateral
profile variations are significant, the circumferential roughness
pattern would not necessarily be repetitive as the wheel oscll-
lates laterally over a rall which will itself contaln lateral
irregularities. Accordingly, we shall also model the wheel rough-
ness as a statlonary randem functlon. This allows us to
write a simple expresslon for the relatlonship between the fre-
queney spectra of interaction force and wheel and rall veloclty

and the frequency spectra of wheel and rall roughness veloeidy.*

¥lhoe spectirum mdd(m; of a dependent varlable is related to the
spectrum ¢ii(w) of an independent varlable by ¢dd(w) = |H{w)|?
mil(m) where H(w) 1s_the transler Muncetion relating to two varl-
ables. DBguabions %, 5, and G provide us wlth the required
transfeoy functions os ratlies of the wheel and rall lmpedance,

A S st A et Sl Dok i i e LA £ LS B e e TS,
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llowever, the rreqdcncy apectrum of wheel and rall roughness vé;
loclity is, of course, dependent on the speed with which the wheel
travels over the rzil, It is more convenient to deal with an in-
variant measure of the roughness. Such a measure ls the wave-

numbar spectrum of the magﬁitude of the roughness.

The relation between a frequency and wavenumber spectrum is
glven by
¢tt(m)dm = @xx(k)dk . {7)
Equation 7 reflects a requlrement for equal mean square values in

corresponding frequency and wavenumber bands, Since w = kV, where

V 1ls vehlele velocity,
oo (o) = V0 (k) . (8}

Noting also that a velocity speectrum is simply w? times the dis-
placement spectrum, we may apply Eq. B along with the general

relation between an input and output spectrum Lo Eqs. U — 6 to

obtain
) 2
_ w? Zrzw
bop(0d = 5 "Z"r““"‘.*.z‘.! [lll.,r(k) + ']'m.;(k)] s {9)
ST L R ()7 (10)
L 1] S e [ . k + (]Il s [0}
ViVy Vojati, ry W :
and
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y_
Lt

u®

¢Vrvr(m) =5 Lo (e + @, ())T . (11)

At rirst glance, Eqs, 9 — 11 seem to suggest that at a given fre-
quency the force and veloclty specéra decrcease with inereasing
vehicle veloclty, We know that this 1s not the case and, in

fact, a careful loock at these equations shows that they imbly no
such thing., Recalling that k = w/V,we can see that at a glven
fregueney an increase in velocity impliles a decrease in wavenumber.
As a result, how the spectra of interaction force and wheel and
rail veloclty vary with velocity depends Intimately on the charac-
ter of the wheel and rall roughness, We willl discuss this ques-

tion in somewhat more detall below.

Equatioﬁs 9, 10, and 1) represent a general formula for the
vertical foreces and motion at the wheel/rall interflace due Lo
wheel/rall roughness. A complete evaluation reguires data on
wheel and rail roughness wavenumber spectra and analytical ahd
experimental formulations of Zw and Zr' Although rall spectral
data have been acquired [1], the wavenumber range 1s far too low
for purpases of nolse calculation, To apply to vehleles travel-
ling at, say, 100 ft/sce, over'a frequency range Crom 100 — 5000
Itz these data must span a wavenunber range 'rom about 6 ~ 300
rad/ft., This corpesponds to wavelengbh of .02 — 1 I't, Pregently,

rall and wheel spectral data valld over thils ropglon are not
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extant but are sorely.needed. Without such data, absolute levels

ecarinot be predicted; however, the effect of modilicatlons to

existing systems may be ilnterpreted with Egs. 9 — 11, once Zw and

Zr are characterized,.

3. -NHEEL AND RAIL RESPONSE
3.1 Theoretical

The impedance Zw of the train looking into the wheel‘depends
at low and high Irequeneies on constructlon details but 1ls likely
to be rather independent of such detalls over a mid-Irequency re-~
gime, Axles are generally mounted to truck rames with springs
on rubber bushings whilch 1solate the frame from the wheel set.:
Springs can become effective al frequencies under 10 Hz, whereas
rubber bushings do not take effect untll about 30 ~ 50 Hz, Ac-
cordingly the wheel behaves as a rigld mass above roughly 50 Hz
and below the first rescnance which oeccurs at several hundred Hz.

Thus, & reasonable flrst approximatilon ror Zw Ls

Zw = qu s {12)

where M ls the mass of the wheel, bearing, and an cqulvalent axle

mass.® A wheel typleally welghs 800 lbs and an axle 820 1lbs,

tyilewlng Lhe axles as a rigld beam, plvoted about one end, this
equivalent mass is one third of the total axle mass,

BN e s oy ot rare oy e
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Thus, the parameter M in Eq., 12 is expected to be 1In excess of

1000 lbs.

Whether mounted on tle and hallast or-to a rigid foundaticn
by means of resillent fastencrs, a’rail may reasonably be modeled
2s a beam on an elastic foundatlon. The response to a localized
exeltatlion at the wheel/raill interface 1s rather straightforward,
and existing derivatlons are readily available [£,3,4], Here we

will dnterpret the expressions for the complete rail response and

for the impedance.

The spatilal part of the rail response for x 2 0 to a harmonic

force I at frequency w may be vlewed in the followilng form that

1ls readily amenable to Ilnterpretatlion:

-k _x/2
70 T % k. x
y(x) = e cos(~£~ + sin(_z—) fsr, (13)
HETK Ve v2 ]
- Jk.x ~kK..X
y(x) = L (j e U o-e ¥ ) rzf, . (1
HEIR;

Here kr = |K/EI (mz/mg - 1)[, X is the fastener stiflfness per
unit length of rall, E = Young's modulug, I = the moment of in-
ertla, and £, = 1/2w /k?pﬂ is the natural frequency of the rail

acting as a rigid body on the fastencr. Equatlons 13 and 1l are

sketched In Fig, 2. At lrequencies below ), there 1s only a

b v 2 0

al Lt bt i i R it A bt

v e
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structural nearficld asseclated with the rall; at higher frequen-

-ciéE:"ﬁéth near and, far fields are present. For typical rall sys-

tems, I, lies somewhere bebtween 50 and 300 Hz.

The rall impedance 1s found by differentlating Eqs. 13 and
14 with respect to time to obtaln the vertical rall velodity, and

evaluating the ratio F/y(0). The results are

2, = 52/2ED K1 [1 - (w1 e s (15)
_ - 3 3 - w 2 % .
z,, = 2(ED¥KYu~! {(5}') - 1] (1-1) w2u, (16)

3.2 Experimental Determination of Rail lmpedance

In ordef to glve ourselves seme confldence in the simpllfiled
model of rall impedance above, we measured the mechanlcal
impedance of an AREA 100 rall resiliently mounted (HYCTA fasten-
ers with a stiffness of 5 % 10% 1b/4n.) in an operational New
York City Transit Authority roadbed using a vibratlon generator
and an lmpedance head as shown in Fig, 3. The measurement was

made In the vertical direcetlion normal to the surface of the rall,

A small plate contalning a stud was glued to the rall head,
To this stud we attached an Ilmpedance head (for measuring the

applied foree) and shaker. A separate acecelerometer attached

S e Tl e W B ST SR S S KA
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dircetly to the raill head was used to measure the acceleration at

the foreing point. 'YThe shaker was exclted with 1/10 octave bands

The amplitude of a phase measurcment reflects the presence

'il of nolse in the freﬁucncy rangé from N0 to 6300 Hz. By recording \
g the amplitude of the lorce and acceleratién and the phase between 1
ﬁ them (using a polarity coineldence correlator), we were able to i
i obtain the rall impedance shown in IFlg, 4., The agrcement of the i
E measurements with the theory of ligs. 15 and 16 is seen to be very %
E good up to abeout 2000 Hz. é
3 {
% ?

|

of damplng in the rall fasteners whilch is not accounted for by
the theory. As a result, there 1s some discrepancy belween theory

and measurement near the resonance freguency,

At very low frequencies (below the resonance Irequency fu) !

ALY X T AT e A T T T UL T

the rall impedance 1s controlled by the stiffneas of the rail
fastener and, hence, decreases like l/w. At the resonance fre- i
quency, the mass impedance of the rall eancels the stlffness im- 1
pedance of the fasteners, resulting In a strong minlmum. At high I

frequencies, the rall moves essentlially independently of the fast- !

ener stif'fness and f'or all practical purposes is essenbtially a

. 1 !
frecly vibrating beam with the lmpedance Increaslng like w®, i
Measurements by other investipgators [5,6] have shown simllar

! results,

. h
- 2 - L C Pl R Tt i
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3.3 Comparison of Hheel and Rail Impedance

e -Tiﬂélot of 7, and Z,, for a range of values of Iy and for an
effeetive wheel mass of 1000 1bs is shown in Fig, 5. The curve
.for Zr applies to AREA 100 ;ail. This plol shows that above about
100 U= Zr << Zw. Accordingly, the wheel acts larpely as a veloce-
1ty source and the rall motion 1is largely independent of wheel or
rail impedanee., As a result the equatlon of the spectra of inter-

actlon force and wheel and rail veloeity (Eqs. 9 — 11) simplify

to
bpple) = S [Zp |26, () 4 0 (k)] an
7 2
by y (@) =8 ELD fo 00 + g ()] (18)
WV y ry W
o w? oo -
mvrvr(w) = o Lo, 00 40 00T (19)

Equaticns 18 and 19 imply that the loczl response of ihe
wheel (at the point of contact) is much less than the rall response
at that peolnt. However, thils does not necessarily Imply that that
radiation from the rail will dpminate the nolse from wheel/rall
interaction, Whether the wheel or the rail dominates will depend
on such considerations as the radiatlon efficlency of the wheel and

the ratl, how fast the rail vibration dles oul as one moves away

e o e T AT S At furvesy o T e e
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from the exeltation polint, and posslbly the location of the ob-
server., Equatlon 19 jmplies that the rall response 1s largely

independent of the ﬁhecl or rall impedance., We will usc this

fact in the next section to estimate the spectrum of roughness on

the wheel and rail.

4, ESTIMATION OF THE ROUGHNESS SPECTRUM

Although there are no data extant, we can obtain an order-of-
magnitude estimate of the combined wheel/rall roughness from rail
vibration data. Recalling that the aceeleration spectrum is simply
w? times the veloelty spectrum, Eq. 19 can be solved for the com-

bined wheel/rall roughness wavenumber spectrum as a lfunction of

the raill acceleration spectrum ®a {w):
'
Opp(i) + 0 (k) = s Yo a, ) - (20)
w"  Fpfp .

A 1/3-octave band spectrum of raill vibration talken on NYCTA
traeks 1s shown in Flg. 6. The traln was passing at approximately
32 ft/see, Dy processing the data using Rg. 20 we obtain the
1/3-occtave band wavenumber spectrum of Fig. 7. The roughness
amplitude at the shortest wavelength of Interest — L.e., the
length of the contect zone, approximately 1/2 in. is ~30 mlero-

inehes. lor wavelengbhs greater than Y in,, Eg. 20 is no longer

Ceerne
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vaiid, since thewwavelcngth implies a frequency of approximately
10071z th the aécelqvation data, and at that frequency the wheel
and rall impedances ére becoming comparable, The rms roughness
Al
though this caleculatlon 1s erude, it has given us some 1indication
of' the roughness ampllitudes we can expect, and 1t alsd shows us
that the roughness spectrum decreases as the fourth power of the
wavenumber. If we substitute this fourth powér dependence of the

roughness spectrum into Egs. 17, 18, and 19, we obtain

bpple) = ¢ — ]zR]’- . (21)

(22)

o) o (W) = ¢
VNVW

v -
¢ (w) = (23)
(AN

This medel then implles that the interaction force and wheel
and rall velocity speetra will incrgase as the third power of the
veloelty., It Lls a commonly observed fact that the sound pressure
level generated by traln passapges (wheel/rail nolse) does, in
faect, vary as 25 to 30 times the logarithm of the veloclty,whieh

agrees well wilth the above model.
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5, RAIL RADIATION

So far we have.considercd in some detaill the rall response

to the mleroroughness on the wheel and the rail. O equal impor-

tance 1s the efficlency with which this dynamlc response is trana-
formed into acoustle radlation. In thls section we describe an

analytieal/experimental study of rall radilation efficiency.

A rail will radiate sound from the structural nearficld and
from free bending waves that travel at supercritical velocitiles,
l.e., waves vhose propagabtlon velocity cxceeds the veloclty of

sound, The frequency regime of greatest interest in the radlated

noise spectrum (above several hundred Hz) 1s generally above the
rall natural frequency ;. Accordingly, there will always be

Tree bending waves whilch, if supercritical, wlll be the dominant

source of noise, Calculation of the propagation speed of bending

waveg on a rall with a resilient fastener of zero stiffness indi-
cates that for rails from light (AREA 90)% to heavy (AREA 133),

the frequency above whleh these waves are supcreritleal varies

from 55 to 65 liz — far helow the region of interest. The addi-

tional stiffness of actual elastic rall fasteners increasces the

bending wave speed at a given frequency, Accordingly, the

#AREA denotes an American Rallway Enginecrs Assoclation doslgna-
tion. The accompanying number is the welght of the rall (in
pounds) per yurd of leagth,

o § e TR L R TV E A (T by
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frequency range represents an upper bound for the eritlceal lre-

quency-of resiliently supported rails, -
An analytical description of the radiation from an object

with a shape as complicated as that of a rail 1s not caslily ob-

tained, at least until we have a better understanding of how the

rall responds to exeltation from Interaction wlth the wheel.

5.1 Rail Response

To examlne the rail response to polnt excitatlon simulating
its interaction wlth a wheel,we performed measurements on a 20 't
section of AREA-100 rall, The rail was supported every 2 ft
along its length by resilient pads which in turn rested on a con-
crete floor.l No attempt was made to simulate the stiffness of
resilient fasteners used in transit authorlty operations, because
in the frequeney range ol interest for acoustic radiation, ﬁhe
rall responds esscenilally independently of the fasteuer.stiffn&ss
{see Sec. 3).' The rall was exclted by a 50-~1lh capacity electronlc
shaker attached to the rall head. The shaker was orlented %o
foree the rail vertieally (such as one would expect from mlcro-
roughness or impact at Joints),.and then by attoching the shaker
to the side of the rall head, we excited the rail horizontally
{sueh as would result from flange impact)., The rall rcsponse was
measured at 5 posltlons on the head, 5 poslitlons on the web, and

5 posltions on the foot.

Ty .
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The rall regponse {a 5-point spatial average) on the head,
wab;"and“foot%'E;r vertical excitation is shown In Flg. 8, The
vertical acceleratlon of the head and foof are essentially the
same up to 3000 Uz and the web acccleration in the horizontal
directilon normal to the plane of' the web l1s negliglble to beyond
hooo Hz. 'This implies that the rail movep essentially as a simple
beam. At about 3000 Lo 4000 Nz is an apparent resonance ol the
foot on the web stlffneas in which the loot fesponse exceeds the

head response by about 5 dB.

The rall acceleration for horizontal execitation of tﬁe rail
head is shown in Fig., 9. The horlzontal aceceleration of the head
and the web are essentlally the came up to 2500 Hz, and the foot
response is negliglble up to about 2000 Hz, BExcept for a peak at
3150 Uz, where the foot response dominates, the head, web, andﬂ
lfoot respond essentially the same up to 5000 Hz where the web
begins to dominate the response. This response pattern 1s some-
what more complicated than for vertlcal forelng; however, at low
frequencies the pattern that the head and web respond and the
foot remdins essentlally statlonary is as one would expect from

the geometry of the fercing.

¥lor all measurements, the accelerometer was located in the center
of the web for web acceleratlon and half'way between the web and

the edpge of the foot for the foot accelerations (cce ¥igs., 8 and 9).
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i~ 5.2 Radiation Efficiency: Theoretical

With a clearer understanding of how the rail responds to the
anbleipated foreing during wheel/rail interaction, we are in a
better posltlon to discuss éhe antleipated radiation character-
istics. Recall that the radlation efficilency ¢ Lls defined as

/
—_—, (2h)
poh<v?s

!
I 0 =

vhere w 1s the time averaged acoustlc power radiated, pe 1ls the

| acoustic impedance, A 1s the area from which the object radlates
and <v®> 1s the mean squared, space-time averapged velocity of the
radiating surface of the object From the response measurements
in Sec. 5.1 we make the crude approximation that for vertical
forcing the head and foot respond the same and dominate the re-
gponse. For horlizontal forclng we make the crude eapproximation
that only the head and web respond and that they respond the same.
These erude approximations will, of course, lead te errors at
high frequencies, Buil at this state we want to make as simple a

| i model as possible., Refinements can be added as required.

To estimate the radlation effielency, we treat the rall as a
cylinder, Pormulations for the radiatign efficlency of a cylin-
drical ecross scetlon beam hnave been caleulated by Balley and Pahy
{#] under the pgood assumptions that the beam 1s above the colned-

dence frequency {supercriticnl bending wave speeds) and that it

R g
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is long compared to an acoustle wavelength., The expression ror

the radiation eflficlency lis

J = ke[ ]I (ke) |2+ ¥ Q) 21370, (25)

O 5 et

pe{2r)Lev?>

where r 1s the beam radius, L 1s the length, Ik 1ls the acoustlc

wavenumber, J, and Y, are Bessel functions ol the first and sec-

ond kind respectively of order 1, and

-9 '
Ji(z) = 57 J,(z} , ete.

Ve apply Eq. 25 to calculate the rail radiatlon eflflciency

for the horizontal foreilng of the rail by taking the ecylinder

diameter equal to the ;dil height (Eq. 26 with r = rall height/2

= 3 in.)., For the vertical forcing of the raill,we model the rall

as two eylinders vibrating Independently such that thelpower
radlated is the sum of that radiated from each, The diameter of
one cylinder equals the rail head wldth (2-11/106 in.),and the
diameter of the second eguals the rail foot width (5-3/8 in.).

The resulting expresslon for the radiation efficlency becomes

u(r”)r” + c(rF)rF

Ivertlcal . Tyt rp
forcing

(26)

3

where o(rF) is Egq. 206 evaluated lor » = rF and ) is half the

rall width and o is half the rall foot width, Ve willl compare

theue appreximatlons with meagured resulits in the next seetions,
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5.3. Radiation Efficiency: Measured

To measure the rail radiation effliciency for comparison with

the simple Lheoretical models discussed in Sec. 5.2, the same 20-

Ift section of AREA-100 rall was mounted as described in Sec. 5.1

in a reverberant chamber (~4000 cu ). The chamber was calibra-
ted so that the power radiated by the rail could be Inferred by
measuring the sound pressure level in the chamber. Thz rail was
exclted as described in Sec. 5.1 at the rall head in both the
vertical and horlzontal directions. The sound pressure level 1n
the room was monitored at three posltions anéd a mode mlxer was
employed to enhance the reverberant character of the room. By
enclosing the shaker in a box (3/4 in., plywood walls) lined with
2 in. of fiberglass, we were able to ensure that the noilse from
the shaker was more than 16 dB belew the nolse from the rail for
all frequencles above 200 Hu.® The rall response was measured as

described in See, 5.1, and the levels obtalned were the same as

those shown in Figs. 8 and 9.

In order to reduce the data by means of Eg. 2!, we require

the mean square rail velocity <v®>, the time averaged sound power

#¥This comparison was made by connecting the shaker to a very short
sectlon of rall, so that both shaker and rall were enclosed wilth-
in the box. By operating the shaker at the same current level
as when attached to the full rall and measuring the SPL in the
room, the nolse [rom the shaker could be assessed.

Lrm st o il
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radiated w, and an approprlate measure of' the radlatlng area of
the.rail. For both vertleal and horizontal forelng of the rail,

we take <v®> to be the spAce averaged rall head veloclty. Tor

vertleal excitation, the area A ls taken as the sum of the rail

head and raill foot widths times the rall length, and for heorizon-
tal execitation A is the rall height times the rail length; The
sound power l1ls, of course, obtained Crom the room characteristilcs
and the average of the SPL measured at the three points in the
room., A comparlson of these measurements with the theoretical

caleulations of Sec. 5.2 1s shown in Figs. 10 and 11.

For vertleal excltation, the agrecement between theory and
measurement in Fig. 10 is quite good, except in the vicinlty of
5000 Hz, where the fact that the foot response domlnates the head
responée tends to make measured estimates of o based on the head
response too high. Note that at hlgh [requency the theoretilcal
estimate of o tends to be 2 aB (the cylinder radiates from both
sides) and that in general the measured radiation eftieclency l1s
somewhat greater than the theoretical estimates, suggesting that

the theory would tend to underestimate the rail racdiation,

For horizontal excitatlon, the agrewment between theory and
measurement is -again good, In the 2500 to 4000 Hz range the mea-
sured values are hlph, because the foot response dominates at
these rrequencles and basing the calculation of o on the head re-

sponse tends to overestimate the radilation efrilelency.
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e We see then that ralls are very efflelency radiators of

Sra T
R
V
!
]
1

e e

acoustlec enerpgy above 500 Hz, colnciding well with those frequen-

cles to which the ear is sensitive. However, by referring to LCg.

23, we see that it is anticipated that the rall response will fall
wilth the squarec of frequency. Thus, reduced rail response at high

frequencies will tend to mitigate ef'fieclent radiation there.

The whole picture is still not complete. TFor example, we
st1ll require the length of rail that participates in the radia-
tion. Rail joints, hipghly damped rall fasteners, and damping due
to the ballast may all tend to reduce the rall vibratlon as one
moves along the rall and away from the exciltatdion pelnt. The
shorter the length oflrail effectively vibrating the less acoustic
power is rad%@ted. Some data from Naake [5] suggests that with

Jointed roll the rail length 1s generally on the order of one rail

segment (39 ft), but Turther work is requlred.

o a 5.4 Comparison With Measured Wheel/Rail Noise

3 It 1s Interesting to compare the predliected noise level that

willl be radiated by a rall according to the anpalytieal model in

Fig. 10 wlth the noise actually measured during a traln passage.

- To do this, durldng a traln passage we take measurements of rail

acceleration at the rall feot and sound radlated at 75 't away.¥

e

¥he measurements were made on the Staten Taland Rallroad (welded
rail) during PFebruary 1972,
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Uslng the acceleratlon measurements, treating the rall as a line
source, taking the rail characteristics ol an AREA-100 rall, and
assuming unlform difectivity,'We can predlcte by the analytieal
model of Fig. 10 the antieipated rall radlation. Comparing these
predictlons with the noise measurements show how much the rail
contributes to the radiaticn, Figure 12 shows that the rail ap-
parently contrihutes significantly only in a few bands (500 -
800 Hz and 5000 — 6300 Hz). Other sources, such as the wheel,

must be dominant in the other hands.

The results here should, of course, be viewved with some cau-
tlon., For example, we have neglected the directivity of the rall
and have assumed that an Infinlte length of raill partlcipates in
the radiatilen. If the raill is vibrating primarily in the verti~
cal direction, then these approximatlons are conservative, i.e.,
predlcting more rail nolse than actually occurs, If, however, the
rail also vibrates 1n the horizental directlon with an accelera-
tien level the same as that in the vertlcal directlon, then we
may be underestlmating the radlation by an amount that depends on
the directivity. In general though, the larpge differcnce 1ln mea-
sufed and predleted SPL suggests that the rall 1s a small contril-

butor to the sound radiatlon i1 1000 to 4000 Nz range.
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6. CONCLUSIONS

The influence of ralls on train nolse has becen examined with
particular refercncé to nolse generated by microroughness on
wheels and rails. dy modeling the wheel as a simple mass, we
showed that the wheel impedance is generally greater than the rail
impedanece, implying that wheel response should be less than rail
response. Further, it has been found that the rall impedance 1s
well modeled by a simple beam on an elastie foundation and that
it 1s an effieclent radiator above 500 Hz, with a radiation effi-
clenecy that can be well-modeled by the uniform notlon of simple
cylindrical beams. The roughness spectrum on wheels and ralls
has been estimated and shown to decrecase with increasing wave-

number, like y"“, leading to the well-known 30 log V wheel/rail

noise veloclty dependence.

It should be emphasized that the role of the rall in wheel/
rail noise 1is far from completely understood; several important
pleces of informatlon are still missing. For example, the length
of rail that effectlvely radiates when excited by the passage of
the wheel as well as the directilvity pattern of the radlation are
currently unknown, &nd no measurements exilst to deflne the rough-
ness spectrum on whéels and rails. Wlth respeet to the wheel, we
have assumed a very simple model of the impedances (a masa) when

i1n fact we know that the wheel 1s a rescenant structure in the

NOISE-CON 73
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frequency range of interest, If these resonances are lightly
dampled, they can strongly reduce (or Increasc) the impedance,

seriocusly affecting our model of the wheel/rall interactlon, As

a result, the wheel impedance needs to be measured and modeled,

Of course a complete picture of wheel/rall interactlon would also
require a detalled understanding of. the response and radiatilon
characteristies of the wheel as well as other mechanisms of nolse
productlon, sueh as squeal and Impact, but these are beyond the

scope of this paper.
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WHEEL AND RAIL ROUGHNESS PARAMETERS
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