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3. VERIFICATION OF PREDICTION FORMULAS FOR WHEEL/RAIL NOISE

In this section we desc~~be Leas~re~ents of wheel/rail "oise

that were pe~formed at t~e Champ Ca~ry ~ech:.~cal Center test track

of Pullman Standard (?-S) in Hammond, Ind~ana, as well as a nJn

ber of scale-~lodel imoact noise measurenents made at BBn. \'Ie com

pare both sets of measurements wit~ predict~o:.s based e,- the

ar.alyt::" callempirical forrrJlas of Sec. 2. At ?-S, \·re measured

the noise produced by the interact~o:. of the steel wheels of a

small ?P.~ (personal rapid transit) vehicle with the rails of the

tes: trac~. Idea~~y, we would ~ave 2een able to pe~ferm nea

suresents on a fu:~-scale transit system, but the ma~r.itude ef

t~e costs and the complexity of :he legistics involved disceur

aged us fro~ taking that ap~roach at t~is stage. Ir. fact, since

the P~T vehic~e has flanged steel wheels and the test :rack ~as

steel rails 2as~cally the same, except fer size, as these in a

full-sca~e t~ansit sY3te~, the wheel/rail i~teractie:. ar:d noise

prodJction mecha:.~s~s shoJ~d be essentially :~e same in both

cases. Co:.seque"t~y, if OJr predictiens agree wit~ the measure

ments e~ neise and vibration from the PRr vehicle en :he test

track, the~e is strong ~eason to be~ieve :hat predictions based

on t~e analyses i" Sec. 2 wil~ also agree wi:h measure~en:s en

~ull-scale transit systems. Sim::"~ar argJmen:s apply to :he

scale-~odel impact :.oise meas~renents.

3.1 Description of P-S Tests

3.1.1 The PRT vehicle

As mentioned above, P-S operates a sna~l P~T ve~icle on a

test track at their S~amp Sa~ry ~ec~nical Senter. ~his ve~icle,

origi:.ally fabr~cated as an engineer~ng test ~odel, is s~own in

?ig. 3.1-1. The P:\I' has feur 14 ::"n. (35.5 cm) d~a~leter stee='



1.'
~..-.

Cl
e::
c::(
Cl
z:
c::::e
l-
V')

z:

..... ~
c::(
::E

,<\''t- ~..: ...J
...J, ,~~J"~\ =>

~... ,. ,< 0-

\ ... -1 ~ '..,
I-

,'" ~r''''' -~. c:r:
~ '.

l~ w./: ".ltI ...J
u......
:c
w
>-
l-
e::
0-

-I-
C""l

c.!l......
u..

157



wheels, each of which is individually powered by a hydra~lic

motor. The forward and aft bolsters (metal frames containir.g

the two hydraulic meters a~d the asseciated wheel bearings)

are each s~spended independently en fe~r co~l springs with

hydra~lic da~pers. ~igure 3.1-2 shows some details of ~he sus

pe~sior. system. Specifications for ~he vehicle are given in

Table 3.1-1.

TABLE 3.1-1. VEHICLE SPECIFICATIONS

Vehic~e we~ght

Wheel base

Width over side sills

Length over end sil:s

Heignt of the floor
above the rail

Extreme height of
vehicle

3.1.2 Test track

6500 lb (2950 kg)

8 ft (2.43 m)

~.5 ft (1.38 m)

12 ft (3.66 m)

-2 :t (0.61 ~)

-7 f~ (2.13 ~)

The test track, shown in Fig. 3.1-3, is an oval -1/3 mile

(0.53 m) around with a sp~r leading to twe successive 3C ft

(9.2 m) radius c~rves. The oval conta~ns 70 ft (21.4 ~), 80 ft

(24.3 m), and 90 ft (27.4 m) radi~s curves and both welded and

bolted ASCE 60 Ib/yd (30 ~g/m) steel rai~ a~ 42 in. (1.07 ~)

gauge. The rai: is laid on wood ties 4 in. x 6 in. x 6 ft

(10 c~ x 15.2 cm x 1.83 ~) on crushed limestone ballast. A

three-phase power rail is located on the ir.ner side of the

oval and on the westerly side of the spur.
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FIG. 3.1-3 PULLMAN STANDARD TEST TRACK



Meas~re~ents of squeal noise were made on the 30 ft (9.2 m)

and 90 ft (27.4 m) radius curves as shown in Fig. 3.1-3. A

section of ~angent welded rai~ no~th of the station on the west

leg of the oval was selected for ceasurements of rear noise.

~wo points, one just "-orth of tne roar noise section and one on

the eas~ leg of the oval, we~e selec:ed for im~act noise meas~re

mer.ts.

3.1.3 Test wheels

~eise and vibration measure=e:.ts were made for three wheel

~ypes - standard, resilient, and dacped.* T~e standa~d wteel

was a 14 ir.. (35.5 em) r~:.ning ~read diaceter fla~ged steel

wheel weighing approximately :40 Ib ~63.5 kg) and made by

lnited States Steel. A half section o[ the w~eel is shown in

Fig. 3.1-4. In order to fit the wheel onte the taper-lock

at:achme:.t on the ve~icle axle, t~e hub of the wheel was faced

dcwn to approximately tte dotted line in the fig~re.

Af~er testir:g the vehicle fitted with the standard wheels,

we ~emoved the whee:s and a~plied damping treatment to them*

as shown ~n ~ig. 3.1-5. A 1/4 i:.. (0.63 cc) thick layer of

damping material (Lord Corporation 1D-400) was glued to the

side of :he tread. We then glued a stee: ring o~ top of the

damping material as shown in Fig. 3.1-5. ~he result was a

contrained dar-ping layer desig:.ed to give the w~eel a loss factor

0: between 5 and 10% for axial vibration of the wheel. According

*Nete that at the completion of the standard wheel tests, an acci
dent cccur~ed in which ~he vehicle sustained considerable dar.
age. This damage, combined with ~odi=ications made to the power
rai: for the purpose of obtaining clearance for the wider tread
on the resilient and damped wheels, necessitated a 2-month delay
between sta"dard wheel testing and tests on the resilier:t and
damped wheels.
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7 in.
(17.8 em)

2 3/4 in.
(7 em)

1 in.
(2.5 em)

1 in. (2.5 em )

r~--- 6 in. (l5.3em) -------1
FIG. 3.1-4 STANDARD STEEL WHEEL
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.. 8 II (1 l( 7/ 2.5 x 2.2cm)
STEEL RING

FIG. 3.1-5 DAMPED STANDARD WHEEL
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to the predictions in Sec. 2.2, this amount of damping should

totally s~ppress sq~eal. Before applying the treatment to the

PRT wheels, we similarly damped a 14 in. (35.5 em) diameter

wheel* in the laboratory and measured ~he bandwidtr. of the wheel

resonances before and after the trea~men:. After the treatment

only one resonance at -1808 Hz could ~e found; all otiers iad

been totally suppressed. This o~e resonance had a loss factor

of 1.3%, somewhat ~ess t~an expected.

The third type of wheel tested was a 14 in. (35.5 em) dia

meter Penn Cushion resilient wheel made by Friedrich Krurp

Huttenwer~e A.G. in Gerrr.any and ~arketed in this country 8Y

the Penn ~achine Co. A ha~f section o~ the wheel is shown in

Fig. 3.1-6. The wheel is s:eel and weighs 92 Ib (42 kg). Tr.e

tread is isolated from the web by rubber pads spaced at regular

i~tervals around the circumference. There is no published

information on tr.e stiffness of the resilient layer, i.e., the

deflection of the tread relative to the ri~ under ~oad. We

attempted to determine this stiffness by rr.easuring the wheel

deflection under the weight of the PRT vehicle [_1625 Ib

(736 ~g)J per wheel. Unfortui.ately, :he tests were inconclusive,

showing on:y that t~e deflectio:.s were less than 10 r.ils (0.25 m~)

t~e lower limit cf :he calipers we were using for the ~easure~ent.

3.1.4 Instrumentation

Both the noise radiated by the wheel/rail i~teraction and

the vibration cf the rail and bolster were measured during :he

roar and impact ~cise testing. D~ring the squeal noise test,

*The wheel was the same as the PRT wheel excert that the h~b was
not faced.
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FIG. 3.1-6 PENN CUSHION RESILIENT WHEEL
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only the noise radiated by the vehicle was measured, al~hough

a~ attecpt was made to tele~eter wheel vibra~ion data (see ~ig.

3.1-2). Low dynamic range and hig~ electronic no~se in the trans

m~tter prevented us ~rom ojtain~ng good data.

~he noise was measured by a cicrophone hung on a boom

suspended frem the vehicle such that the mic~ophone was 3 ft

(0.91 m) from t~e face of the wheelan the axis of the wheel.

The microphone always hung on the orposite side of the vehicle

from the power rai~. The arrangement of the microphone and

booc is shown in Fig. 3.1-2.

~he bolster accele~ation in the vertical direc~ion was

measured with an acceleromete~ at~ached to the ~etal fra~e

forming the bolster. The accele~omete~ was loca:ed nea~ the

wheel nearest the boom microp~o~e.

The rail acceleration was ~easured wi~h two accelerometers,

cr.e attached beneath the ~ail head to measure vertical rail

vibration and one attached to ~he side of the rail ~ead or the

center of the web to measu~e ho~izontal rail vibration.

The instrumer.tation chain used for these ceasurecents is

show,- in Figs. 3.1-7 and 3.1-3. Kote that ~he chain differed

slightly between the standard wheel tests and the resi~ient and

damped wheel tests. Also, since no bolster accelerat~o~ data Nere

recorded dur~ng t~e sound pressure ~evel measurer.ents of squeal

and roar for resilie~t and damped wheels, a single-:rack Kudels~i

~agra II: tape recorder was used to record ~he sound pressure level

data.

3 . 2 Sque a 1 ~1 0 del Ve r if i cat ion

As described above, squeal noise was measured for the PR~

vehicle on curves of 30-ft (9.15 ~) and 90-ft (27. u m) radius. ~~e

vehicle was run :~rough the curves at a range of speeds, and t~e

squeal was measured by the boom-mou,-ted r~cropho,-e.
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3.2. 1 Sound level of squeal

Figures 3.2-1 and 3.2-2 show ~he meas~red sou~d level of the

squeal as a function of vehicle speed i~ :he cu~ve for the 9C-ft

(27.4 D) and 30-ft (9.15 m) ~adiJs CJrves ~espectively. T~e

figures also show the theo~e~ical p~edictions :or these conditions.

~here is considerable scat:e~ in ~he ~esults w~~ch may 8e caused

by the differences ~n tracE. co;.ditio:-s at di::erent ti~es. Eo~

ever, a~othe~, more serio~s, source of u:-certainty ~s the uncer

tainty as to which wheel was sqJealing. ~hese ~easurements were

made wi~h a microphone placed only 3 :t (.915 ~) from the side

of the ca~. T~ere ~s clearly a large di::erence in level de~end

ing Jpon whether a wheel close to the ~~crophone or one far away

is squealing. The predicted levels :or all fo~r wheels are plot

ted i~ ~hese f~gures. It see~s that t~e wheel c~oses~ :0 the

Dic~ophone was rarely the one to sq~eal. On the 30-f~ (9.15 m)

curve, the leve~s for the other w~ee~s are withi~ ±5 dB of most

of the meas~rements. J~ t~e 98-:t (27.4 m) curve, the predictio~s

for ~he whee~s other :han t~e closest are abo~t 5 d3 highe~ ~ha:

~he mea~ ~easured val~e. Eowever, bearing in mind :he assump

tions tiat had to be ~ade in the model and :he u~ce~tai:-ty i~ the

condition 0: the rail, :~e investigators co~sider this agree~ent

to be acceptable.

3.2.2 Squeal frequency

The freqJency 0: each of toe squeal events was measured on

the 30-ft (9.:5 m) and 90-ft (27.~ ~) radi~s c~rves. The fre

~uency is ext~e~ely d~:ficult to meas~~e, since it is generally

quite inte~mittent and co~ventional analog f~lters cannot be

used. ~owever, ~sing a digital f~equency co~nter, co~nt~ng over

a tenth of a second, and using a sonogra~ (voiceprint) machine

proved successfu~.
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The occurrence of squeal in terms of t~e frequency vs vehicle

speed is plotted in Figs. 3.2-3 anc 3.2-4 for the 30-ft (9.15 =)

and gO-ft (27.4 m) radius curves. There seems to be l~ttle rela

tion betwe·en the speed and the frequency of the squeal. Eo,....ever,

on the 30-ft (9.15 m) radius curve, squeal a: 1.75 kHz is much

more common than at any other frequency. T~is is not inconsis:ent

w~th the model, whic~ states that the mode of lowest frequer:cy

will be t~e most unstable and, r.ence, =ost co~mon =ode.

The results of the freQuency counter measurements for one

squeal frequency are shown in Fig. 3.2-5. A signif~cant ciscrep

ancy is noticeable. For the squeal mode considered, the nat~ra~

resonance frequency is 2050 Hz. ~owever, sq~eal was rarely

observed at this frequency, but was lower by about 15%, the

squeal frequency varying from l65C Hz to 1850 Hz. Similar fre

quency shifts are discovered for other s~ueal modes. =t s~ould

be poin~ed out, ~owever, that the wheel whose resonance was mea

sured was slightly different (Sec. 3.1) from that on the P-S

vehicle. ~his might account for part of the frequency shift,

but not the spread in freque:.cies.

The sonogram analysis showed that even c~ring a partic~lar

occurrence, the squeal ~requency would vary by discrete steps,

with rare occurrences at the nat~ral resonance freQuency. This

freq~ency shift is not proper~y understood at this stage. It ~s

possible that it arises from the loading of the wheel by ~he

rail. ~he discrete frequency j~mps would then occ~r as the wheel

passes over a rail join:. However, the calculated frequency

shifts are only abo~~ 1% as co~pared wit~ the 15% observed.
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3.2.3 Ultrasonic squeal

Du~ing the ser~es 0: tests on the FRT vehicle, we made an

unexpected discovery. On tr.e tight, 30-:t (9.15 m) radius cu~ves,

squeal was found at a freq~ency of ab8ut 25 kHz, well abeve :he

n8rmal range of hearing. The sQueal was extremely ~ntense, being

150 to 160 dB, although there was S8me uncertainty due to uncer

tainty in the calibrat~en 8f the recording appa~atus. The squea:

was so intense :hat i: could be sensed as a raspiness in the

sound. This ultrasonic sq~eal ceuld occu~ alene or i~ cor.junc

tion with an a~dible squeal. The mode 8: the squea~ appea~s to

correspond te a longitudi~al stand~r.g wave operating transversly

in the whee~ tread. 7he tread s~des are nodes, with the center

an antinode. It is not ~nown at this stage if the ultrasonic

sqJeal occurs on other transit vehicles, bu: this d8es appear to

be a very distinct possibility.

3.2.4 Relative sound radiation from wheel and rail

In :he codel fo~ w~eel squeal, it was assumed that the

sound was radiated by the wheel. This assumpti8n needed te be

verified. ~or a :requency of 1.75 kHz, we can describe :he sOJnd

radiated from the wheel or the rail in terms ef :he accelera:ien

of the surface as f8llews.

Wheel SPL 68 + 20 log(g/~) dB

Rail SFL = 75 + 20 log(g/IR) dB

whe~e g is the mean acce~eration of t~e surface and R is the

distance 8f the observer in mete~s. Now, the impedance of the

rail was measured as 3000 lb sec/f: at 1.75 ~Ez a~d t~e impedance

of the wheel at this resenance was ~easured as 7.5 Ib sec/ft.

Since equal and epposite fo~ces act between wheel and rail, the
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velocity of the wheel at resonar.ce m~st be LOO times greater than

the velocity of the rail. ~herefore,

~P due to wheel

Lp due :0 ra~l
19 - 10 log ~ d3 .

Thus, for distances close to the track, the wheel radia:ion dom

inates ever the rail radiation. However, as we move fu~ther away,

the noise due to t~e rail decays less rapidly t~a" t~at due to ~he

whee~, since the rail 8ehaves like a li"e source at high freQuency

and the wheel like a point sou~ce. 30wever, when we go mare :han

about one rai~ length [3 L ~t (lC.3 m)] away fro~ the track, the

rail will no longer behave like a line source, because the vibra

tions cannot propagate across a ra~l ~oint. Thus, eve;. far from

the track, the wheel radiated sound will dominate ever the rail

radiated so~r.d. Eence, the assumption in the model t~at the

seund is radiated fro~ the wheel is jus:ified.

3.2.5 Testing of treated wheels

The standard wheels on the Pullman ?RT vehicle were replaced

by a set of resilient wheels (?enn Cus~ion) manufactured by Pe"r.

Machine Ce. and a set of damped wheels made by B3N. The effec

tiveness of both wheels at red~cing o~ eliminati~g squeal was

investigated. The model o~ wheel squeal gives tte following ex

pression for the damping required to elimir.ate squeal:

PVmax
mw . Vmln

For the PR~ vehicle, P = 1500 Ie (6700 N), m = 50 Ib (22.7 kg),

and w. = 10 4 rad/sec. ~hus, to avoid squeal
~ln
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with V ~n ft/sec. Ttere ~s great uncertainty in the value of

vmax ' t~e peak slope of the st~ck-slip c~rve. Values can range

~rom 2 to 30. If we ~ake an arbitrary value of vmax of la,

t~en we w~ll not expect sq~eal for speeds of

V > l/n
int

ft/sec

For the Penn Cushion whee~s, when squeal occurred, tte ot

served leve~s were lower than with a standard whee~ by ato~t 10

to 15 d3. In fact, the squeal was comparable to the roar noise

and, hence, diffic~l~ to measure. The loss factor of t~e wteels

was measured and fo~nd ~o be 8% (±2%). Thus, on the argument

presented above, we wo~ld not ex~ect sq~eal a~ speeds above 8 mph

(13 km/h). On the 30-ft (9.15 ~) rad~us curve, a weak sq~eal

~as ir.deed heard only a: speeds up to 8 Qph (13 km/h). However,

on the gO-ft (27.4 m) radius c~rve, weak squeal was ~eard up to

20 mph (32 kr/h). ~~is may be due to a larger value of v
max

on

the lar~er radiJs CJrve.

The B3~ damped wheels also substantially reduced ~he level

of squeal, when sq~eal occ~rred. Indeed, squeal was never heard

on the gO-ft (27.4 ~) radi~s curve at any speed a~d o~ly a: 4 a~d

6 mph (6.4 and 9.8 k~/h) on :he 30-ft (9.15 m) curve.

~he loss factor of the dam~ed wheel was beneral~y too ~arge
\

to be measured by the resonant amplication ~echnique employed,

except at 1850 Hz. This means :ha: :he loss factor was generally

well in excess of 10% excep~ at 1350 Hz where i~ was o~~y ~.3%.

In conclusion, it a~~ears that both the resilien: wheel,

with its significant loss factor, and t~e damped wheel do sib~if

icantly reduce or elimina~e t~e wheel squeal.

178



3.3 Experimental Verification of the Impact Noise Model

Limited scale-model experiments at BBN anc full-scale

experiments at ?ullman Stannard were carried out to give some

prel~mi~ary verification of the analyt~cal model deve~oped i~

Sec. 2.3. These exper~ments and their resul~s are discussed

briefly i~ the fol~owing two subsections.

3.3.1 Scale-model experiments

To validate experimen:ally the analytical model of impact

noise generation caused ~y ~ail discontinuit~es, we performed

a scale-mocel study using BBN's 1:8-scale-model railway fac~lity.

The facil~ty consists of a 1:8-scale three-axle steel locomotive

bog~e and aluminum magnesiu~ alloy rai~s. Both the bogie ar.d

the ra~l are precise geo~etric sca~e ~ocels of a~ actual lccc

mot~ve truck and rail. Since the exper~~ental program was re

stricted to evaluatio~ of the dependence of the impact noise en

train speec a~d on the height d~fference of the ~oint, no a:

tempt was made to scale exactly the dynamic properties of a

full-scale bogie and track.

~he bogie frame, show~ ~n F~g. 3.3-1, is made of cas:

iron and the wheels anc axles are mace of steel. T~e s~spe~

sion of t~e wheel set consists of brass ~eaf sp~~r.gs ~earing

on the journal boxes, which are free to move i~ t~e vertical

direction but are restrained in the horizontal direction.

The impo~tant parameters of :he scale-model facility a~e:

\

Total weig~t of bogie:

Weight of a wheel se:
(axle plus two wheels):

Weig~t of bogie frame:
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FIG. 3.3-1. PHOTOGRAPH OF THE l/B-SCALE-MODEL BOGIE.
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Spring constant of a
sing:e leaf spring:

~ominal wheel radius:

Track gauge:

1175 lb/in. (2.07· 10 5 ~~/m)

2.2 in. (5.6 cm)

7.25 in. (18.5 cm)

The rail fasten~ng arrangement, as shown in Fig. 3.3-2,

consists of model tie p~ates spaced 5 in. (12.7 cm) apart and

nailed through a rubber pac onto a compositio~ board. At :he

test rail join:, the two ad2acent fasteners 0" either side of

tte ~oint were replaced by vertica~ly oriented bolts separated

~rom the rail by rubber pads. The height of the rail could be

adjusted by t~rning the bolts. This arrangement is shown in

Fig. 3.3-3.

The 15-ft (D.6 m) long test track was positicned r-ear the

center of a semia~echoic room. A 1/2-in. (1.27 cm) diaceter

condenser micropho~e (B&K Type 4133) was placed 4.5 i~. (11.4

cm) to the side cf tte rail and at the height of t~e rail ~ead

at t~e joint. The ground in tte vici~::'ty of the ~oint

and the ~icrophone was covered by a highly absorptive layer of

fiberglass mat to avoid gro~nc reflections which would inter

fere with the direct sound. For certain runs the vertical ac

celeration of the ru~-on rail was a:so measured by a miniature

accelerometer mo~nted or. the underside of the rail. 30th the

impact scund and acceleration signals were displayed as a fu"c

tion of ti~e on the screen of a calibrated oscillosccpe and

p~otographed by a properly triggered camera. The blcc£ diagram

of the instrumentation used in these scale-model experime"ts is

shown in ?ig. 3.3-4.

The truck was accelerated to the required speed by an

initial ~anual p~sh and was running free by :he time it reached

the portion of the track t~at contained the experi~ental rail
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FIG. 3.3-2. SKETCH OF THE 1/8 SCALE MODEL RAIL FASTENING
ARRANGEMENT.
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PHOTOGRAPH OF THE EXPERIMENTAL 1/8 SCALE MODEL RAIL
JOINT, WITH HEIGHT ADJUSTING BOLTS, AND BOGIE, SHOW
ING DETAILS OF WHEEL SUSPENSION.
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joint. The ~rain speed was measured by means of twc closely

spaced stationary switches located alongside the trac~, which

were triggered by a beam that was rigidly at~ached ~o the mov

ing truck. The first switch started an electronic cou~ter a~d

also provided the tr~ggering signal for s:arting the horizontal

sweep cf the oscilloscope. The second switch provided a short

electronic pulse used to stop the ccun~e~.

Rail Joint with Height uifference

The speed dependence of the peak i~pact so~nd pressure was

evalua~ed for a rail joi~t wit~ ~eig~t difference h = 0.039 ~n.

(0.1 cm) ~or travel i~ both the step-up and step-dcwn direc

ticns. Figure 3.3-5 shows the ~esults of this test. For travel

in the step-~p directior., t~e peak sound pressure level increases

monotonically with inc~easing train speed, wit~ a c~aracter

istic slcpe of 20 d3 for a ten~o~d increase in trai:. speed.

This behavior is i:. accordance with the speed dependence pre

dicted by Eq. 2.3-33.

rcr travel in the step-down direction, :~e peak so~nd p~es

s~re level at low speeds coincides with that cbtai:.ed for tr.e

step-up direction, as predicted by Eqs. 2.3-29 a~d 2.3-33.
Howeve~, above 50 in./sec (4.27 m/sec) train speed, the SPL vs

speed curve leve~s o~=, the~eby co:.fi~ming t~e existence of a

crit~cal train speed, as predicted by Eq. 2.3-~2, above wh~ch

t~e wheel separates from the rail. T~e critical trai~ speed

calculated by inserting the app~opriate wheel radius, wheel

~ass, and axle load intc Eq. 2.3-12 is V = 52.3 in./sec
c

(1.32 m/sec), whic~ is confirmed by the experimenta~ data.

Since Eq. 2.3-:2 is applicable to the rigid rail case, the

agree~ent between the measu~ed and predicted critical speed

indicates that the experi~e~tal scale-model track can be con

sidered essentially rigid.
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Figu~e 3.3-6 preser.ts the expe~imental results cbtained

for a rail joint with a skaller height difference of h =
0.023 in. (.056 cm). Eere agai~, the SP~ vs train speed CJ~ves

obtained for travel in both the step-up and ste~-down directions

follow the characteristic speed de~endence predicted by Eqs.

2.3-29 and 2.3-33. Co~paring Fig. 3.3-5 with Fig. 3.3-6, one

notes that the rail joint with the smalle~ height difference

generates consistently lower impact so~nd levels for both

d~rect~ons of travel as compared to ~he rail joint with the

larger height difference. Equaticn 2.3-33 p~edicts a sOJnd

~ress~re level difference of DS~L = 10 lcg(h /~ ) = ~O log
- 1 2

(0.039/0.023) = 2.3 dB, which is smaller than t~e difference

~ndicated by the ~easured da~a. I~ is believed ttat t~e reason

fo~ this discrepancy is the lack of accJracy in the measurement

of s~a~l heigh: differences.

Time histopy of the ppessupe pulse

Figure 3.3-7 is a ~hctog~aph of tte oscilloscope trace of

the time histcry of the sound press~re as cbtair.ed for a step

down rail joint. The left-~and side of the trace ccrrespcnds

to the rolling noise befo~e ~~pact. The ~m~actir.g wheel gen

erates an intense short-duration pressure ~ulse with a peak

am~litude much higher t~an the amplitude of the ~clling noise.

The s~ort pu:se width of a~proximately 1.5 msec indicates that

the intense dynamic interaction between wheel and ~ail must

take place during a similar ti~e ~ericd.

An ~mportant fi;.ding of the expe~imental stJdy is that the

duration of the pressure pUlse seems to be practically invari

ant with train speed and joint height difference. Because of

the special trigger~ng arrangemer.t, the photograph of the

oscilloscope trace did not have sufficient time reso:ution to
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reveal small variations in the time duration that may be caused

by nonlinear Hertzia~ contact stiffnesses. Identification of

the major para~eters wr.ic~ dete~mine the pulse duration requires

further deta~led stud~es.

Dependence on axle load

To explere the effect of static axle load on the peak im

pact sound pressure generated by a train passing over a non

leve~ rail joint, ru~s ~ere made wi:h and wit~o~t added lead.

The added load consisted of a 61.8 Ib (28 kg) lead brick at

tached to the ce~ter of the bog~e frame. ?igure 3.3-8 shows

the resJlts obtained for passages in the step-~p direction;

they indicate that for th~s direction of travel the peak ~~pact

sound generated does not depend on axle load. This is because

the wheel is dynamically decoupled from ~he begie, and the im

pact ~orce is essentially the iner:ia force crea:ed by fo~cing

the wheel te move en a pa:h dictated by the rail join: geometry.

Both the independence of the peak impact sound on axle load and

the 20 dB/decade slope of the SP~ vs train speed curve in

Fig. 3.3-8 are in accordance with the a~alytica~ results pre

sen~ed in Eq. 2.3-33.

~or travel in the step-down directior., the wheel is in

contact with the rail belew critical speed and the static axle

load does not inflJence t~e impact noise. Above critical speed,

where the wheel separates froc the rail, the ~ncreased ax:e

load, which p~educes a ~~gher downward acceleration o~ the

wheel, increases the ~~pact speed and the corresponding peak

impact sound pressure level. The experimental data presented

in Fig. 3.3-9 confir~ this characte~istic dependence. Accord

ing to Eq. 2.3-25, the increase in pea~ impact sOJnd pressure

level above critical train speed should be given by
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~SPL = 10 log[(l+~/~)/(l+~'/m)J,which wo~ld yield a 3-d3 in

crease in our case, instead ef the 2-d3 increase i~dicated by

the experimental da~a presented in Fig. 3.3-9. The 1-d5 dis

crepancy betwee:. the pred~cted and measured ~ncrease is withi~

the overall accJracy of the experi~ent.

Speed dependen~e of wheel acceleration

The peak wheel a8ce~eration as a functien of train speed

was ~nvestigated by a~taching a m~n~ature accelerometer te the

~nderside of the journal box and r~nning the exper~mental ve

hicle ~n beth the step-up and s~ep-down directions over a rail

joint w~th height difference. As shown ~n F~g. 3.3-10, the

journal box acceleratio;. level has the sa~e character~stic

speed dependence as the correspend~ng peak sound pressure level

stown in Figs. 3.3-5 and 3.3-6.

Level Rail Joint

Wit~ the addi:ion of a r.e~ ~ishp:ate, the ~or~zonta: gap

between the ad:oining rails ~as widened and the ~eight d~ffer

ence was, as much as practically possible, e:im~nated. ?igure

3.3-11 s~ows t~e characteristic speed dependence o~ the peak

sound press~re level genera:ed by t~e passage of ~he ex~eri

me~tal vehicle ever the level rail joint. The slepe 0: the

SPL vs ~rain speed curve is 20 dE/decade, as predicted by Eq.

2.3-17. Note t~at the peak i~pact noise level dees ne~ depend

on the direction of travel, i;.dicating that the jein: was in

deed level.

The analytical formulas presented in Eqs. 2.3-17 and

2.3-33 indicate that, for the same :rain speed, :he difference

in peak seund press~re leve~ ebtained for a step-up 20int wi~h
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height difference hand th2t obtained for a per~ectly level

joint with a horizon~21 gap of w is given as ~SP~ = 20 log

(2I2ah/w). Fo:' a = 2.2 in. (5.6 cm), h = 0.039 ~n. (0.1 cm),

and w = 0.125 in. (0.318 cm), the analytic211y predictec. c.iffer

ence in peak so~nd pressu:,e level wo~ld be ~SPL ~ 16.5 d3. ~he

~S?L deter~ined by co~paring the data presented i~ Figs. 3.3-5

and 3.3-11 is on~y 10 dB. ~~e cause for this discrepancy is

primarily t~e presence of ro~ling noise, which for a level :'ail

joint ~s the same order of magnitude as the i~pact noise. This

point became evident d~ring eval~2tion of the oscilloscope

traces, whe~ the impact ~oise gene:,a:ed by the level joint was

hard to sepa:,ate f~o~ the rolling r.o~se.

Since the impact noise generated by level rail joints is

negligible compared with the impa~t noise generated by rail

joints with even the smallest height difference and ~s only

slightly higher than the continuously emitted rolling noise,

one can conclude that the level rail joint plays only a very

minor role in the generatioYo of railway noise.

Wheel Drop Test

To st~dy the generation of w~eel/rail impact noise free

of the rolling noise, we re~oved a w~eel set from the bogie

and carried out a wheel drop test. =n this test, the wheel set

was positioned on the track and while one wheel retained con

tact wit~ the rail the other was lifted up to various ~eights

above the rail head and let free to drop on it. ~he ti~e ~is

tory of the sound pressure caused by :he impacting wheel was

again displayed on the screer. of the oscilloscope and photo

graphed to obtain a measu:,ement record for later evaluation.

The drop experiments we:,e per~orQed in the immediate vicir.ity

of the rail joint and also ~arther down the t:'ack at the midpoint
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between two successive rai~ ~astening points. ~he relative

location of the mic~ophone for t~ese tests was the same as that

used in ~he previously repo~ted experiments.

Figure 3.3-12 shows the peak impact sound pressure level

as a function of the drop height for the two lecatior.s. Since

the wheel velocity at the instan: of impact is propertier.al to

the square root of the falling height, the pea~ sound pressure

level should increase by lC dB for each tenfold inc~ease of the

~alling height; this behavior is con~irmed by the experi~ental

data. The peak S?L attained away fro~ the experimental ra~l

joint is 6 dB higher than that obtained near the ~o~nt. This

differe~ce may te attributable to la~ger bending stiffr.ess and

larger equivalent impact mass of :he rail at locations away

from the rail joint. Additio,-al, more detailed, expericental

and analyt~ca~ studies would be needed to explain th~s be~avior

in a quantitative mar.r.er.

To test whether o~ not the peak so~nd pressure leve:s ob

tained by the wheel drop test and those obtained for a step

down ~oint above critical train speed a~e compatible, we have

extrapolated :he peak sound pressure level from Fig. 3.3-12 dew,-

to a heigjt of h = 8.039 in. (0.1 em), ettaining 1=2 dB. 8onsider

ing ,-ew that, in the case ef a step-dow,- ~ai: jeint of tje same

height di~~erence, the impact speed ef the wheel is :arger by
k

tne factor of (1 + Mlm) 2, because of the addit~onal accelera-

tio,- provided by the sp~ing force acting on the whee:, the

l02-d3 impact sound press~re level pred~cted from the drop test

must be increased by lO log(l + ~/m) = 10 log(l + 7.29/3.19) =
5.2 d3. Accordingly, the peak impact sound pressure level pre

dicted for a step-down rail joint with jeight di~ference

~ = 0.039 in. (0.1 em), ~s 107.2 d3 at train speeds in excess of

t~e cr~tical train speed. Since we have directly measu~ed the

1 07
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peak SPL of the step-down joints under the above conditions,

we can check the accuracy of ou~ prediction by co~pa~ing tje

predicted level ef 187.2 dB with the 107.5 dB obtained ~rom

Fig. 3.3-5.

This excellent agpeement between the data predicted from

the 0heel drop test and the data dipe~tly measured on a pail

joint suggests that the wheel drop test perfopmed at full-scale

can be used with the analytical models of Sec. 2.2 to predict

the impact noise ge~epated by ~heeZ ani rail discontinuities.

Comparison of Impact ~nd Rc~r noise

The relative importance of the i~pact anj roar noise was

determined from pho:ographs of the oscilloscope traces. The

photographs were ~sed to evaluate both the rms value of the

roar noise just prior to the i~pact and the peak impac: seund

pressure projuced by the standard whee~ travel~ng over a step

up ra~l ~oint w~th a he~gtt difference h = 0.023 in. (.059 em).

Figure 3.3-13 stows the di~ference of the peak impact sounj

pressure :evel ar:j the est~mated rms-based sound pressure level

of the ro:ling ~oise as a ~unction of the train speej.

~he data i~ Fig. 3.3-13 indicate that: (1) fer this par

ticular rail joir.t, w~ee: roughness, anj rail reJghness, the

peak ~mpact sound p~essure :eve: caused by the rail joi~: is,

on the average, 14 dB above the level of t~e ove~all relli~g

noise; (2) both ~he peak i~pact noise and the everall rellir.g

noise have the same speed depenjence - namely, be~h ir.crease

by 28 d3 for each ~en~o:d increase in train speed.

It shoJld be noted t~at the 20 log V dependence of the

overall sOJnd pressJre leve: of the rolling noise and the

3C log V dependence of the A-weighted sound pressure level of
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the rolling noise are compatible.

Resilient Wheel

A limited progra= of sca:e-model expe~ime~ts was under~ake~

to determi~e wha: effect, ~f any, t~e JS~ o~ resi:ie~~ wheels

has on the noise generated by the impact between wheel a~d rail

at a rail jeint. This work supplements the fermerly described

experiments employ::'ng a standard "rigid" wr:eel.

A single w~eel of the six-wheel tr~c~ was modified te

accemmodate resilient mou,,~s tha~ dynamically decouple t~e

wheel ri= ~rom the hJb. Meun~s with different spring constan~s

were used to evaluate the effect of mount stif~ness on noise

~adiation. ~he i=pact neise and ve~tical rail acceleration

caJsed by this wheel in rolling ever selected rai: joints were

meas~red as a f~nction of the rolli~g velocity o~ the truck.

A sketc~ o~ t~e resilient w~eel is sr.own in ~ig. 3.3-14.

The hub portion of a standa~d cast iro~ wheel (sa=e as used ~n

the rigid wheel experimen~s) was =achined out, leaving only the

rim. The ~~b was replaced by an aluminum dis~ fastened to t~e

axle inboard of the rim. Rubbe~ vibration isolation un~ts,

arranged sy~~etrically around the periphery of the disk, s~ppert

the rim. ~hese units, acting in s~ear, prov~de the resiliency

in the w~eel.*

Tests were carried out both w~th ~our and with eight

r~bber-::'n-shear uni~s in place, thereby provicing two values

of wheel spr~ng rate. The shear units used are manufactured

*This arrangement is simi:ar ~n concept te the SAB ~esilient

wheel.
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by ~he Bar~y Corporation (Serial Xo. A2~-041). They ~ave a

~ominal spring rate in s~ear of 120 lb/in. (2.12 . ~84 N/~), so

tha~ toe wheel spring ~a~es obtained a~e roug~ly 488 and 960 lj/

in. (8.5 • 10 4 and 1.7 • 105 N/~). The larger of these two

rates provides a scaled static def~ection (under scale loadi~g)

comparable to ~he values pub~ished for the SA3 resilier.t wheel.

The truck, with the resilie"t wheel always ~ounted on t~e

leadi"g axle, was rolled at various speeds and in both direc

tions over two rail joints. Cne jo~nt had a vertica~ rai~ mis

alignment of 0.039 in. (1 m~) and a negligib~e, but nonzero,

horizontal gap. The second jo~nt had no measurable vertical

rail misalign~ent and a horizo~tal gap of C.125 ir:. (3.18 ~m).

:o~ t~e sound pressu~e level ~easu~e~ents, the microphone

was placed about 4.5 in. (1~.4 c~) fro~ t~e track, o~ ~he near

side, leve~ with the rail head. Vertica~ acce~e~atior. of t~e

i~pacted rail (the rail downtrack from the joi"t) was measured

by mountir.g an accelero~eter or. the u~derside of the ~ail i~

mediately adjacent to the joint. T~e instrumentation used for

both sound pressure level and acceleration ~easurements was

ider.tical to that e~ployed ~or the corresponding tests involv

ing a standard wheel.

FigJre 3.3-15 shows the peak sou~d pressJre levels ~ea

sured at the ~ail joint having a 0.039 in. (1 ~C) vertical

misalign~ent for the resilier.t whee~ with eigjt resi~ient

mour.ts. Repeating t~e rJns wit~ t~e same wheel but with four

~esilient ~ounts yielded practically identical results, indi

cating that the wteel hub is dynamical~y decoupled from the

ri~, even for the stiffer construc~ion cor:tair.ir.g eight o~ the

resilient mounts. The shape of the peak SPL vs train speed

curves obtained for the resilier:t wheel is similar to that

obtained with standard wheels.
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In Fig. 3.3-16, t~e data of Fig. 3.3-5 are shown along

with compa~able data obtained ~reviously fo~ a s~anda~d rigid

wheel. The resi~ient wheel produces abou~ 8 dE less noise at

all velocit~es. If one aSSJmes that the rim o~ the resilient

wheel is dynamica:ly decoupled from the hub (so that the hub

and axle are not disturbed by the joint), then the effective

moving mass fo~ the res~lient wheel would be that of the hub

a~one. The corresponding ~uantity for the rigid wheel wo~ld be

the wheel mass plus one-third of the axle mass, or near~y one

half t~e mass of an axle se~. A: any giver: tr~ck velocity, the

impulsive loadings betweer. w~eel and rail at the joint are pro

portional to these masses. =~ the acoustic radiation is propor

tional to the imp~lsive loading, then we get for the recuction

in SPI..,:

LIS PI..,
mwheel

20 log
r.1 •
~lm

2C log 3.19 ~
1:34 - 7 ~

I '-' dB ,

which agrees wel~ wit~ the expe~icental data.

A rather limited nu~ber of data were col:ected for the

level joint; ~hat is, the rail joint with no d~scernible verti

cal misalignment but witt. a horizontal gap of 0.125 in. (3.2 mm).

These data seer.1 to indicate a 30 loglOV varia~ion in 0eak SPL

with train speed. No expla:.a~io" for ~~is is offe~ed at

p~esent.

So~e measuremen~s of rail acceleration were also made.

These showed the same qua~itative behav~or as the SPI.., data,

although with considerably ~ore scatter.

0:. the basis of the data ob~ained, we conclude t~e follow-

ir.g:
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1. Compared with the scale ~odel hard whee~, the scale

model resilient wheel provides a substantia~ reducticn of t~e

peak so~nd pressure level observed when the rail ro:ls over a

nor.level rail joint.

2. The extent of t~e reduction of the peak sound press~re

is substantially indepec.der.t of the direction of travel a~a

fcrward speed and for essentially rigid rails is proporticnal

tc tne ratio of the respective e::ective masses of the impact

ing wheel (i.e., total wneel mass/ri~ ~ass).

3. Practically no dif:erer:ce is observed between pea~

sound pressure levels ob0ained with scale model resilient wheels

ccntaining fo~r as ccmparea to eight rubber-in-shear mc~nts,

indicating that the wheel hub was effectively decc~pled from

tne rim even for the sti::er constr~ction containing the eight

mour.ts.

3.3.2 P-S tests

I~pact testing was per:crmed at the ?ull~an Standard Champ

Carry test track using the P~T ve~icle. ~~e te2t trac~ and vehicle

are described in detail in Sec. O~r series of experi~ents

invo~ved takin£ measurements similar :0 these of the scale-model

study with the PRT venicle fitted wit~ standard steel wheels.*

~he data acquisition system wa2 that described in Sec. 3.l

and illustrated in Fig. 3.1-7. The tape recorded transients were

~ater reduced using the transient capture capabilities of a

Federa~ Scientific Corp. ~A-5CO real-time a"alyzer.

*Alt~ough ~easure~ents were taken with the p~r venicle fitted v!it~

da~ped and resilient wheels, funding ar.d time limitations have
prevented our reducing, a~alyzir:g, ar.d presenting :~at impact
data here .

. ,F
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Figure 3.3-17 shows the peak i=pact sound pressure level

vs train speed data obta~ned on the experimer.tal rail joi"t for

travel in both step-up and step-down directions. The joint

represented in Fig. 3.3-17 had a height difference of 0.17 in.

(4.3 mm) ar:d was situated abcve the cer.:er of a tie. The joint

was apparen~ly rigid, since neither r~il end was visibly de

flected as the vehicle passed over the joint and transferred

the load from one rail end to the other. Bot~ the 20 log V
I a

dependence of the peak SP~ and the existence o~ a critical

speed for travel in t~e step-down direction are evident from

the experime"tal data. Actually, the critical :rain speed in

dicated by the experimental data agrees closely with the value

of ~5.5 mph (24 kr./h) calcJlated from ~q. 2.3-12 using the

appropriate paraceters of the experimental veh~cle.

In conclusion, the results of the full-scale and scale

model experiments strongly suggest that the analytical model

developed for predicting the dependence of the impact noise on

train speed, geometry, and the dynamics of the suspension sys

tem is basically sound.
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3.4 Comparison of Roar Noise Predictions with Measured Data

We here compare analytical predictions of roar noise based

on the analytical formulas developed in Sec. 2.4 witt measure

~ents of ncise from the P-S P~T vehic:e on a welded sectior. of

the P-S test track. The ?RT vehicle was equipped with three

different types of wheels: standard 14 in. (0.35 m) diameter

steel wheels, 14 in. (0.35 m) diameter Penn Cushior. resilier.t

wheels, and damped wheels modified from the s~andard wheels

as described ir. Sec. 3.1. We discuss be:ow the measuremer.ts,

the analytical noise predictions, and the agreement between the

two ~or each of these wheels.

3.4.1 Standard wheels

Measurements

~1e conducted several tests on the FR~ vehicle eQuipped

with standard 140 lb (63.5 kg), 14 in. (0.35 ~) running tread

diameter steel wheels. Noise and vibration measure~ents were

taken as t~e vehicle passed over a welded secticn o~ the test

trac~ at P-S (see Sec. 3.1). Apprcximately one month befcre

these measurements, we ~easured the rcughness of the rail

secticn usir.g ~he roughness ~easuring device described in

Sec. 2.4.

The rail section ~easured was Ie ft (3.1 m) lon~ and sitJated

-250 ft (76 m) north of the terminal ~Jst before the switc~ o:.to

the S curve. We measured the roughness of twc parallel strips,

or lines of co,,:ac~ between the wheel and the rail, on the

outside rail. The ~/3-octave band wavenumber spectra o~ the



two strips are snown in Fig. 3.4-1. There is considerable dif

ference in roughness at high wavenumber between them. Since it

is not possible to know at all ti~es exactly where t~e wheel

contacts the rail, the spread in rail roughness will lead to

a band of uncertainty in our predictions of roar noise.

In addition to measuring rail roughness, we also measured

the rougr.~ess of one of the standard wheels using a setup

similar to the one described in Sec. 2.4. The wheel was mour.ted

in a lathe and ~easured for roughness be:ore and after it was

turned smoo~h. ~igure 3.4-2 compares the roughness spectra

be:ore and after turning. The t~rned wheel is considerably

s~oother and, in fact, is sufficiently s~oother than the rail

that for all practical purposes its roughness can be neglected.

~he remaining three sta~dard wheels were also turned smooth

and ~ounted on :he PR~ vehicle. A microphone and a wind screen

were then mounted on a boom and a~tached to the vehicle 3 ft

(0.91 ~) from t~e face of t~e lead wheel, in line with its

axis, as shown in Fig. 3.4-3. The microphone was used to

measure roar noise when the vehicle e!itered the test section

where the rail roughness had bee~ measured. Its output along

with the acceleration 0: the bolster was recorded as described

in Sec. 3.1. At the sa~e time that roar noise and bolster vibra

tio~ from the moving PR~ were being recorded, two accelerometers

mo~~ted to the rail in the center of the test section recorded

the rail vibration as described in Sec. 3.1. Bo~ster acce1era

tio~s were typically 10 dB below rail acceleration and will

therefore be considered no ~urt~er ~ere.
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?or the noise and vibration tes:s, the PRT vehicle was

driven over the test sec:~on in both directior.s at 10, 20, and

2S mph (16, 32, and LC k~/h). A mark was placed en the voice

:rack of beth the tape recorders as the vehicle reached ~he

center of the test section. In the laberatory we reduced the

data to 1/3-octave band spectra by passing the ~ecorded signa~s

:hrough a Ger.eral Radio real-time analyzer. We wi~l co~pare

these da:a with predict~ons ir. the following sections.

Analytical Predictions

Using the analy:ical formulas of Sec. 2.4, we can predict

the SPL at the wayside due to passage of the FRT vehicle througt

:he test section for comparison with our ~easured data. This

SPL is composed of radiation f~om the rail excited by each of

two wheels on one side of the vehicle ana radiatio~ from each

of :hese twe wheels.*

?or the ASCE 60 lb/yd (30 kg/~) rail ef the P-S test track,

:he width of the head is 2-3/8 in. (6 c~) ar.d the width of :he

foot is 4-1/4 in. (l0.8 cm). 7he wheels are 14 ir.. (0.35 m)

in diameter. These parameters yield the fellowing expressions

for the SP~ radiated by the rail due te excitation by a single

wheel,

= -12.5 ~ 10 log OR + 10 log
Z'r+ZR\\

2

+ 10 leg IHcp (k)!2

(3.4-::')

*We are neglecting radiation ~rom the wheels a~d rail o~ the
opposite side of the vehicle. Because :he microphor.e is so
close to the wheels and rails on ene side, this sho~ld result
in at most a 1 or 2 dB error in our predictions.
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and the SPL radiated by a single wheel,

-12 + 10 log
2

(3.4-2)

w~ere R' is the distance from the observer to the wheel of

interest.

I: will also be usef~l to CO~Dare Dred~ctions o~ ~ail ~e

sponse with measured response. The rail acceleration level ALR
due to the excitation of a single wheel is easily ootained from

the results of Sec. 2.4 as

I
ZIT

ALR = 10 log Z :Z.
I R ~'J

2

where the :erm 4.36nL ~ncludes the fact that the whee~ and the

meas~rement point on the rail may be sepa~a:ed by distance L.

The wheels each weigh -:40 Ib (64 ~~) and have a tread

cross sec:ion (neglecting the flar:ge) of 4 in. x 1 in. (10 cm x

2.5 cm). The 60 Ib/yd (30 kg/m) rail has a radius of gyration

of' 1.57 in. (4 cr.:). Using the analytical form~las of Sec. 2.1.:,

we can estimate the wheel and rail impedances. The estima:es

are s~ow~ in Fi~. 3.4-4, where (based on impeda~ce measurement~

of t::e 14 i::.. (.35 r.) diameter w::eel) t:-;'e f~eouency a: w:-:ich

the wheel ir.pedance drops has been chosen to be 1600 Ez.
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In fact, because of some ur.certainty as to just where the break

occurs, we will assume that from 1250 to 2000 Hz, Zw ~ ZR such

that

2 I Zw

- IZR+ZW

2
1

- 4

The we~ght of the ?RT vehicle is -7000 lb (3:80 kg), which

gives 1750 1b (7700 N) load applied to each wheel. The radius

of the rail head ~s given as 12 i~. (0.31 m). The contact patch

then is an ellipse wi:h major and minor axes of ler.gth 0.12 ir.. x

0.23 ~n. (3 mm x 5.9 mm). As before, we will approximate this

by a circle havi~g a radius b of

b = ~ 1(0.12)(0.23) = 0.083 ~n. (2.1 mm)

The co~:act patch wavenumber fil~er car. then be es:imated froffi

:ig. 2. L-2 of Sec. 2.4. 0s~n~ the est~~ate ~or :he co::tact patch

wavenumber filter and :he rail rough::ess data of Fig. 3.4-1*, we

ob~ain F~g. 3.4-5, which displays the dimensionless rough;.ess

excitation applied to the wheels and rails at 10, 20, and 25

mph (16, 32, and 4C k~/h).

The wheelbase of the PRT vehicle is 8 ft (2.45 ~). Equatio"

3.4-2 demonstrates that only the radiation ~rom the wheel opposite

the microphone is significant, and from Sec. 2.4 it can be showr.

that below 2000 Hz only the excitation in the rail produced by

that wheel is significant in causing the rail to radiate sound.

Above 2000 Hz both wheels cause the rail to radiate equally.

*The turned wheels are much less rough than the rails.
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Co~parisons of measured and predicted radiated so~~d and

rail vibration are shown in Figs. 3.4-6 through 3.4-11. In gen

eral, the agreement is quite good except that at low frequencies

we tend to underpredict the radiated seund.* If we had included

the local Hertzian stiffness, these low-frequency levels would

have been raised approximately 3 dB (see Appendix C), which would

certai~ly improve the agreement. However, within the li~its of

the approximate models used to develop the predictions, the

agreement is as good as co~ld be expected. The ~ajor cor.clusions

~o be drawn fro~ t~e resul~s are that the wheel do~inates the

sound radiation a~ lew frequencies «315 Hz) and high frequencies

(>2000 Hz) and that the rail dominates in the mid freq~encies

(400 Hz to 1600 Hz). At lew frequencies the wheel impeda~ce is

only slightly larger than the rail icpedance, i~plying t~at re

sponse levels are comparable. However, t~e rail is an inefficient

rad~ator at these low freq~encies, which resul:s ir. wheel radia

tion domina:ir.g. In the mid frequencies, t~e rail impedance is

much less than :he wheel impedance, implying higher rail response

levels; since the rail is an efficie~t radiator, the sound radia

tion from the rail dominates. At high ~requencies the wheel i~

peda~ce drops below the rail impedance, resulting in higher wheel

response and, hence, higher sound radiation levels.

Figures 3.4-9 through 3.4-11 show measured vs predicted

vertical rail acceleratior. levels at three speeds. ~ail acceler

ation is well predicted at 25 ~p~ (40 km/h) but overpredicted at

20 cph (32 km/h) and 10 mph (16 km/h). Part of the discrepancy

*Previous measurements of the propulsien neise from the vehicle
[Gramse and Spence (1974)J made with the vehicle jacked up shew
ed that the vehicle was 15 to 20 d3(A) noisier when r~nning on
the rails at 10 to 25 mph (16 to 40 km/hr) than when jacked up,
providi~g at least one indication that wheel/rail noise domi
nates propulsior. noise.
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may resu~t fron the fact t~at o:.e-half secont averages were used

to obtair. t~e rail vibration da:a in Figs. 3.4-9 t~rough 3.4-11.

A ~ark 0" :te voi8e track of the recording tape ~ndicated when

t~e wteel was directly ove~ the accelerometers in :he 8e,,:er o~

:he rail test section. Unfort~nately, because of :he rapit decay

of vibration alo"g tne rai~, at sone freque:.cies the averagen

measured ~evels can be considerably lower than the peak ~evels

when the wheels are directly above :~e accelerometers. We have

tried to correct fo~ this effect i;. :he pretictions by assum~"g

that the averaging beg~ns w~en the veh~cle is centered over the

acce~ero~eter and that the ~ean square rail vibration de8ays like

e-nx whe~e n ~s given in Sec. 2.1.3. ~he predictions a~e ther.

correc:ed ty

-nL/2 rl -nd,e \ -e )

nt

where L ~s vehicle wheeltase, 8 ft (2.45 m;, and d ~s the

d~stance the vehicle trave~s du~inf the averag~n~ ti~e. Un-

~ort~nate~y, small errors in p~tt~n~ the t~~e ~ar'k on the tace

o~ ~n beginning i:.te~raticn of the nata d~rin~ data retuction

can result in consiterably retucet acceleration levels. ~~ese

may be two of the causes ~or the ~easuret accelera:io:. levels

falling below :he pred~ctions.

3.4.2 Damped wheels

For the da~ped wheel tests, dampin~ was ann~ied to the

stan~a~d wheels, whic~ we~e t~rned smooth before the tests

began (see Sec. 3.1 for desc~~ption of damp~ng treatment).

The data were ~at~ered in the sa~e ~anner as Por the standard

wheel tes:s. Accordinv to the analvt~cal models o~ Sec. 2.4,
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we would expect no change in roar noise to ~esult through the

use of damped wheels, since unde~ radial forcing the wheel

~esponse is prima~ily nonresonant. This expectation is ~on

firr-ed by Figs. 3.4-12 through 3.4-14, which co~pare the wayside

SPL fro~ the damped wheels to the noise from the standard wheels

for three speeds. Ir. ge~eral, the :evels are co~parable.

3.4.3 Resilient wheels

According to our model, res~lient whee:s should modifv

wheel/rai: noise in two ways. First, the wheel iroedance will

cha~ge, which w~l: affect the relat~ve levels of w~eel and ~ai~

res~onse. Second, if the web on the wheel ~s effe~tively

vibration isolated from ~he tread, then wheel ~adia~io~ should

be reduced.

Using the device desc~ibed ~n Sec. 2.4, we measu~ed the

roughness of or.e of the Penn Cushion resi:ient wheels desc~ibed

in Sec. 3.1. The 1/3-octave 8and sDect~um of roughness amolitude

is shewn in Fi~. 3. D-15. Note the~e is so~e scatter in ~he data

with retation speed. The solid curve that follo~s the data

from the lewest rotation speed is the one that will be used in

the following predictions. The wheel reu~hness below k = 10 rad/in.

(4 rad/crn) is much less than the r~il rou~hness. However, above

that va:ue of k, w~eel a~d rail rou~hness hecome c0m~arable.*

Co~b~ning th~s da:a with t~e rail roughness data described i~

Sec. 3.4.1, we obtai~ Fi~. 3.4-16. This fi~ure nlots the

dimensionless wheel/rail rou~hness, includin~ the fil:eri:.~

effect of the contact patch (t~e same fil~er characte~istic

that applies for the standard wheels).

*This is in cont~ast to the standard wheels which after turning
were everywhere less rough than the rail reughness.
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The radial icpedance of ene of t~e resilient wheels was

measured by simply resting the wheel (unattached to an axle)

on its hub and forcing ~t at the tread wit~ an electromagnetic

shaker in the same way used to measure the impeda~ce of the

14 in. (35.5 cm) diameter standard wheel describec ir. Sec. 2.1.1.

The results of the impedance ceas~remer.t are shown in ?ig. 3.4-17

along with the predicted impedance of the 60 lb/yd (30 kg/m) rail

used in the P-S test track. The wheel impedance was measured in

lila-octave bands. =n the ~igure, the dotted pertions o~ the

curve of iffipedar.ce amplitude show that impedance data avera~ed

in 1/3-octave bands.

The phase between ferce and velocity also stown in Pi~. 3.4-17

was measured with a pelarity coi~cidence correlator. It ~easured

the phase angle betweer. force and acceleration a;.d ob:ained t~e

phase angle 8etween force and veloci:v 8Y subtracti;.~ 90°. A

d~f~ic~lty is that this tyne o~ phase ,eter gives a;. ang~e

between 0° a~d 180° and cannot tell whether ~orce or accelerat~en

is leading (i.e., a +5° or -5° phase shift bet~een force and

acceleration would both be measured as 5°). Thus, the s~~n of

the real part o~ the i~pedance is ~ncertain. )rd~nari~v, this

ambiguity causes no ~roblems ~nless :he w~eel and rajl imDeda;.ce

are nearly equal. In ?ig. 3.4-17 this occurs aro~nd 5C~ ~z and

arou;.d 1250 Hz. ~owever, by reasoni;.g ~hysically we see t~at a

negative real part of t~e i~peda~ce implies ;.e~ative damnin~,

w~ich ca;.;.ot occur in a passive sys~e~. As a res~lt, :~e ~hase

shewn i~ Fig. 3.4-17 ~ust be cerrect.

~he resilient pads 8etweer. :he tread and web tend to isolate

the web from excitation applied to the tread. ~o examine th~s

isolat~on, we sup~orted o;.e o~ the resilient whee:s at its hub as

for the im~edar.ce measurement and used an electromagnet~c shaker
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to excite the wheel in the center of the tread face in the radial

directio~. Acceleration measurements were then recorded at five

positions arour.d the tread and around the web using a B&K 4333

accelerometer through an Ithaco preamplifier into a ~udelski

Nagra III tape recorder. ~he data were later reduced in the

laboratory in 1/3-octave bands using a General Radio ~eal time

analyzer. The ratio of the tread acceleration (average of five

points) to the web acceleration (average of five po~nts) is st.own

in Fig. 3.4-18*. In what follows we will assume that the wheel

radiates primarily fro~ the web and use Fig. 3.~-18 ~o relate

tread to web acceleration.

*The data in this figure were originally 10 dB higher, i.e., the
web appeared to be 10 d5 better isolated from the tread than
shown. These data indicated that the resonance of the tread
and web ~asses on the isolating pads separating the two was
arou~d 100 Hz. Measurements of the pad stiffness obtained by
measuring the de~lection of t~e tread relative to the web under
the weight of the PRT vehicle gave a lower bound for the stiff
ness o~-20106 Ib/ft (2.9 010' ~/m). Wit~ ~~e tread mass at
60 lb (27.2 kg) and the hub (web) mass at 27 Ib (12.3 kg) this
stiffness implies an antiresonance (peak) in impedances at
-250 Hz and a resonance (minimum) in impedance at 300 Hz. Be
cause the st~ffness of the wheel is a lower bound, these
frequencies are lower bounds. In fact, the impedance measure
ments suggest that these frequencies should be 300 to 400 Hz
for the antiresonance and 800 Hz for the resonance, im~lving

that significant attenuation would not occur until above 300
to ~OO Hz. Based on this simple model and taking the anti
resonance to occur at 400 Hz, the dotted curve in ~ig. 3.4-18
shows what one would predict for attenuation with no damping.
The damping i~troduced by the elastomer causes the discrepancy
near 400 Hz. As a result, we conclude that there must have
been a 10 dB error ~n recording one of the attenuation settings
and we will use the corrected curve of Fig. 3.4-18 in the
calculations that follow.
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At the Pullman Standard test track, the PRT vehicle was

fitted with the four Penn Cushion resilient wheels a~d measure

ments of wheel/rail ncise ta~en as with the sta~dard wheels using

the sa~e section of trac~ as a test section. The data are shown

in Figs. 3.4-19 through 3.4-21 for vehicle passage speeds of

10, 20 and 25 mph (16, 32 and 40 km/h) along wi~~ the data frorr.

the standard wheel tests. ~he major differences that one notices

are the strong dip in the no~se at 800 Hz that correlates wi~h

the dip in wheel impedance at 800 Hz and t~e higher levels at

h~gh frequencies d~e to the higher roughness on the resilient

wheels as compared to the polished standard wheels.

Csing the same met~od we used for the standard wheels, we

have ~omb~ned EQs. 3.4-1 and 3.4-2, the above rcughnesses and

impedances, the the radiatio;. efficiency models of Sec. 2.1.3

to predict the sound radiated by the wheels and ra~ls. These

predictions are shown in Figs. 3.4-19 through 3.4-21. In general,

the authors believe that the agree~ent between prediction and

measurements is quite good, although i;. all cases we tend to

predic~ noise levels that are too low at 800 Hz. The noise at

the measurement position, 3 ft (0.91 c; :rcm the lead wheel, is

due primarily to the radiation from t~e lead wheel a:.d to the

rail vibration excited by that wheel.* At 800 Hz, ~he drop in

wheel impedance causes the rail radiation to decrease and the

:act that the web is well isolated from the :read causes the

wheel radiation to drop. In all likelihood, radiation from

other sources (drive ~otors, tread of the second wheel, etc.)

keep the SPL from dropping as much as predicted.

*As with the standard wheels, radiation from the rail d~e ~o

excitation by both wheels on the ~icrophcne side cf the PRT
contributes significantly to the total ncise above 2000 Hz.
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4. TECHNIQUES FOR THE SUPPRESSION OF WHEEL/RAIL NOISE

The predict~ve ~o~mulas for wheel/rail noise ve~ified

with measured data prov~ded cons~derab~e ~ns~Eht ~nto va~ious

mea,-s by wh~ch whee~/rai~ noise Lay be contro~~ed. Altho~gh

it is apparent that so~e of the f~ctors affecting wheel/r~il

,-oise cannot be ~ocifiec, we ~~ve ex~mined etr-ers t~at may

be changed wit~ beneficial results. 1,- some cases, tte

suggestec noise contrel tech~iques meri: fJ~ther s~Jdy of

their utility a~d prac~icality.

4.1 Suppression of Wheel Squeal Noise

4.1.1 Articulated trucks

wheel sQuea~ isca~sed primarily by the crabbing of the

wheels of a ~ruck in a curve. Thus, the most ebvious technique

for eliminating w~eel sQuea~ is ~e elimin~te the crabbing of

the wheels. Cne way of Going this is to use a~ticulated trucks

whose front and rear axles can pivet about a vertical axis.

Such t~ucks could "steer" around curves. However, an articu

~atec truck \\OJld be rr.echan~ca~~y co~.p~ex ~nc ;;j~y "hi.;.~t",

or escilla:e la:e~ally a: hi~h speecs.

An alte~,-ative app~each to eliminating crabbing wou~d be

to des~gn the axle suspension to be compliant, so that the axles

wou~d natur~lly steer t~emselves ~rou~d curves. The cempliance

might be achieved through the use of swing li~ks and would have

to be very ca~efully designed.

4.1.2 Short trucks

According to our medel, the ~aximu~ curve rad~us ~t which

wheel squeal car. occur is about 100 times the truck leng:h.

Thus one can eliminate squeal on ~a~ge radius curves by
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employi~g shorter tr~cks. Por example, a 5-~t (1.5-m) lon~

truck would not squeal o~ a curve with a radius greater than

500 ft (153 ~). ~his techniq~e might be usef~~ on e system

such as EA~T where the tig~~est radius is about 525 ft (160 m).

Cf course, practicel limita~ions, s~ch as provicin~ su~fic~ent

space for traction notors, may make the design of so short a

truck dif:'icu~t.

4. 1 .3 Reduced \'/heel 1oadi nSl

The wheel sa~eal stability d~agrams in Sec. 2.2 showed

~hat below a minimum wheel lOed~ng, squeal wil: not occur.

T~ere~ore, installing ~ore wheels on e car and/or reduc~ng

the we~ght of the car will meke sq~eal less likely.

Unfortunately, i~creas~ng the number of w~eels by addin~

e ~hird truck to a car or employing six-w~eel trucks ~ay in

crease cost and complexity to such en extent that such rodi:'i

catio~s would be im~ractical. Reduc~ng the weif-h~ of cars ~ay

elsa te di~f~cult, for in recent years t~ere ~as bee~ a weight

reducing incentive in car des~gn and additional sig~ifica~t

reductio;. in we~ght may be d~fficult to achieve wi~hou~ gojng

to smeller, ~ower capacity veh~c~es.

4. 1 .4 Damped wheels

The wheel s~ueal model requires thet the nega~iveirDed

ance due to the stic~-slip pheno~enon must exceed, in maf-nitude,

the positive da~ping due to aco~stic radietion and internel

rechenisms i~ the wheel for saueal to occur. Under this ~ro-
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gra~ we were able to measure the natural internal damping of

railroad wheels. At the sq~eal ~requencies, we found a loss

factor of 0.03%, a very s~all value. The radiat~on damping has

a si~~lar value. The :.egative i~pedance ef s:ick-slip has a

val~e about 100 tices greater. Thus, one possible methed of

eliminating sq~eal is to increase the damping ef the wheel

greatly se that it exceeds the magnitude of the damping due to

stick-slip.

Large a~ounts of dampi~g material car: be applied to t~e

wheel to increase its loss factor. Since subway ca~ wteels

are very mass~ve, the damping ~aterial canr.ot be s~~ply sprayed

or 80nded ante the wheel, but must 8e constrained between a

sti~f ~ing and the wheel itself. The less factor n reQuired te

prevent squeal is given by

1 >
?v
mwV

Take typical values of wheel loading P = 10,000 lb (44,500 N),

w = 3,000 rae/sec, codal mass m = 200 lb (98 k~), and V =
IaF whe~e a = lateral acceleratio:. = 3% g and R = ~ad~us 0:

2/R

Let JS suppose arbitrarily ttat v, tte slo;e of :he

friction-c~eep 2u~ve, ~s given by

v
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where R is the ~~ximum c~rve radiJs a~ ~h~ch scuea: can occur.o -
The;. v = 00 at ~ ~ c~d v = 1 a: R = R /5. Accerdingly, to

o 0
avoid squea:L

Tl > 2(R -R)
o

~he~e the curve radius ~s in feet. If we hcve a radius of

600 f: (183 ~) =~o = 700 ft (213 m)], we require a loss factor

of 60% to prevent sqJeal. Eowever, a curve cf 200-f: (61 m)

radius reQuires a loss :actor of enly 6% and a 50-ft (15.3 m)

~adius curve ~eqJires a :Loss factor of cnly 2-~% te preven~

squea~. The tighter curves need a lower less fac:er to prevent

squeal because the slope of tr.e fric:ien-creep curve decreases

as the creep increases or. the tigh~e~ curves.

Kirschner (1972) has reported the resu~ts of applying

d~r.ping treatment to sU8way tra~n w~eels. The loss factor of

the constrained damping treatment was between 10% and 20%,

depend~ng upon frequency and te~per~ture. Kirschnc~ observej

t~~: this o~m~i~~ t~eat~ent sucpressed squeal on ~he t~ghter

curves. dowever, it is Jnlikely that ar.y SJch moderate dar.p~ng

:reatment can suppress squeal on the larger curves. On the

o~he~ hand, the intensity of the squea~ noise en these l~rger

curves will be lessened.

4.1.5 Resilient wheels

It has bee~ found that resilient subway wheels rarely

sQueal. ~owever, there is no:hing in the model of wr.eel squeal

which predicts that resilient wheels are any less likely to

squeal :han regular ones. The model does predict that the fre

quency of the sQueal may be lower than with a regular wheel
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since the resilient wheel is more complia;.t. However, measure

ments cond~cted u~der t~is program have deter~ined that a

resilient wheel has a loss ~actor of about 10% co~pa~ed to .83%

for a regular wheel. ~ndeed, this loss factor ~s comparable to

that fer the dacped wheel ~entioned above. ~herefore, ~t is

not surp~ising that a res~:ient wheel is nearly as effective

as a damped wheel at suppressing squeal. The res~lience itself

is irrelevant; it is the da~ping associated w~th the resilience

that is important.

4.1.6 Wheel damping ring

For many years London Trar.spo~t has bee~ ~si~g a da~pi~g

~ing loosely inserted into a groove en the inside of the wheel

tread. When the wheel vibrates, the ring moves in the groove

ar.d produces damping by friction or ai~ p~mpir.g. This tech

nique is co~mon~y used i~ helicopter gears to reduce vibration.

Measurements were made under this progra~ as to t~e effective

ness o~ this damping ring. The ~ing was ~eund to inc~ease the

da~ping by a factor o~ three or so, but the less factor was

still only about O.lr. ~h~s is not sufficient te suppress

squeal and the damping ring ~s Y;ot considered effective to

this end.

4.1. 7 Wheel damping plate

The effect~veness o~ a wheel damping plate was investigated

at the same time as the damping ring.* ~he damping plate is

bolted to the face of the wheel. The damping produced by the

*The test involved bolting a 1/4 ~n. (6.3 mm) aluminum plate to
the ~ace of a 1/2-scale-model stee~ railroad w~eel. ~oles were
dr~lled and tapped into the web o~ the wheel suc~ t~at w~en the
bolts holding the plate of the wheel were tightened, t~e plate
pressed against the h~b and the side of the tread.
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plate was four.d to be greater and core reproducible than the

ring. Eowever, the plate produced a loss facto~ of less than

1% (even though it sounded very dead), and this is no: generally

enough to prevent squeal.

4.1.8 Rail lubrication

It is known that relative humidity above 58% reQ~ces the

static f~~ct~on and the slope of t~e ~rict~on-creep curve and,

conseq~ently, will ~educe the negat~ve impeda~ce of :he stic~

slip and suppress squeal. Hence, one me:hod for suppressing

wheel squeal is to ~ncrease the rela:ive h~midity ty spray~ng

water o~ the rails. ~owever, this step has a severe s~de ef

fect and that is that i: su~stantial~y increases the ~ear on

wheel and rail. This increased wear happens because :he water

b~eaks down the protective oxide layer on the s:eel, givir.g

rise to metal :0 ~etal contact that e~ables particles of cetal

to be pulled out o~ the rail by the wheel a~d vice versa.

Corrosive IJtricants, such as soaps, have t~e sa~e e~fect:

they suppress sq~eal but increase wear great:y.

A ~e~ain~ng possitility is ~ydrodynanic lubr~cants, which

are generally based or. hydrocarbons. These lubrica~:s car. te

applied to the rail just before the train :~averses the curve.

t~ev conta~inate the train wheels, t~ey seve~ely reduce the

brak~ng efficie:-cy. One attem~ted solJ:ion has been to use a

hydrocarbon of moderate vapor pressJre, such as kerosene.

:deally, the lubricant will evapo~a:e ~ro~ the wheels soor. af:e~

the trai:- has traversed the CJ~ve.



4.2 Suppression of Impact Noise

Because impact noise is gene~ated by discontinuities in

the contact surface of rail a~d wheel, it could be virtua~:y

eliminated by perfect mair.:enance of the trac~ and ro~ling

stock. Observatio~s made or. :r.e scale r.odel as well as on

well-maintained trac~ i~dicate :hat the impac: noise can be

reduced to such a~ extent :ha: it blends into t~e ro:ling noise

and becomes indistinguishable from it.

3ased on the resul:s of ou~ a~alytica~ and ex~er~menta~

st~dies, we ~ave identified a ;.u~je~ of ;romisi;,g measures for

the contro: of impact ;.oise; they are lis:ed below in order of

their relative importance. ~he ~~p:e~er.tatior. of ar.y or.e of

the listed noise cont~ol ~easures may have a substa;.tial impact

on :he initial invest~ent o~ cost of ~air.tenance of rolling

stock and track. Fc~merly un:ried measures ~ay introduce new

prob:ems in installation a~d mair.:e;.ance. Accordingly, the

effec: of eac~ noise control measu~e co~:e~plated fo~ an exist

ing or planned vehicle or trac~ m~s: be careful~y studied by

the design engineer, the maintena~ce special~st, and the aco~s

tical consultant to assure that a:l aspects of cost, safety,

and noise reduction benefits are considered.

4.2.1 Welded rail

welded rai~ joints e~im~nate the largest rail su~~ace dis

continuities. Acco~ding:y, if w~eel flats are also eli~inated

or held :0 a mir.imu2, impact noise can be virtually eliminated,

except, of course, a: switches a~d sigr.al ju;.ctio~s.
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4.2.2 Limit of vertical misalignment at rail joints

Both :he analytical and exper~mental st~dies ~ndicate t~at

the vertical misalign~ent of the ra~~ head at rail joints ~s

ene of the pri~cipal sources ef i~pact noise. The gap between

the adjoining rail ends has negl~gible effect on i~pact no~se

i~ the vertical alignment is per~ect.

~olerances for ve~tical ~isalign~ent should be chosen so

that the jo~nt is a s:ep-down ~ather than a step-up joint for

the pr~ncipal directio~ of travel. With th~s specific choice

ef tolerances, the impac: noise levels o~f above the cr~t~cal

train speed (typically 25 :0 30 mph [40 to 48 km/hr]) and be

comes mas~ed by the rolling noise at high train speeds. Since

most rapid trar-sit tracks are trave:ed in one d~rect~on only,

this noise a~d vibration contro~ measure could be implemen~ed

"" .:on %6"s: rapid transi ~ line s .

4 . 2 . 3 Lim ito f perm iss i b1e whe e 1- f 1at he i ght

The results of the analytical studies have indicated that

flat wheels behave exactly like a step-down rail :o~nt. Accord

ingly, wheel flats ~ust be controlled te mini~ize impact noise.

Since impact noise generated by wheel flats levels off above

the critical train speed, the impact noise caused by them would

be ~asked by :he rol~~ng noise at high train speeds. ~oweve~,

the impact producing properties of wheel flats wi~h rOJnded

"corners" have net been studied suff~ciently te enable predic

tion of their behavior at high train speeds.



4.2.4 Resilient wheel

Scale-model experiments with a resilient wheel rJnning on

._,.~a~ es~~~tiallY rigid rail indicated that the res:1.lient w:,eel

ge'nera"tes substantially less impac: r.oise than does a rigid

standard wheel. The decrease of the impac~ sound pressure gen

erated at a rail join~ was p~opo~tional to :he ratic of the

total mass of the solid steel wheel and the rim mass' cf the

resilient wheel.

Based on the results of full-scale experimer.ts ~epc~:ed

in the literature, we expect that for resilie~tly suppcr~ed rail

the decrease in noise owing to use of a resi:ient wheel ~ay be

substantially smaller than for rigid rail.

4.2.5 Wheel radius and wheel mass

As indicated in Sec. 2.3, the icpact noise caused by ~ail

joints and by a wheel flat cf the same heig~t is propo~:ional

k
to the ratio (~/a) 2, where h is t~e height and a is t~e wheel

radius. Accordingly, a larger wheel dia~eter would help to

reduce i~pact noise. However, a whee: of larger radius usual:y

is heavier than a wheel with sma::er radius. The noise reduc

tion gained by the :arger wheel radius may then be compensa:ed by

the increase in whee: mass, so ~ha: r.c net reduction in impact

noise is achieved. In addition, t~e allcwable range in ~he

wheel radius is rela~ively small compared with ~he pcssible

variation in joint and wheel ::at height. Thus, c~e can safely

conclude that increasi~g wheel radius is not a cromising ~eas~re

for controlling impact noise.
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4.2.6 Axle load .. _..,4 --.-.- ;..":~

Above cr~tica~ trai" speed, whe~e the wheel separates fro~

the rail and both the spring force F acting on the ~~eel a~d ~.
o :

the duration of separatio~ t s deter~ine the total change ~n

momer.tJm ~6v ~ ?ot s ' tie impact noise increases w~t~ ~ncreasing

axle load. However, axle load is usually deter~ined by ~Jnctional

and econom~c considerations, and th~s para~eter can be consid

e~ed as unchangeable fo~ the pu~poses of noise control.

4.2.7 Hertzian contact stiffness

It is widely ass~med that the i~pact duration ~s control~ed

by the Hertzian con~act stiffness. According~y, measures wt~ch

would reduce the Hertz~an contact stiffness (see the discJssion

o~ the resilie:.~ly treaded whee~ ~n Sec. 4.3) wo~ld increase

the impact du~ation and, conse~uently, would reduce the ~igh

frequency components o~ the i~pact noise, which components

contribute most strong:y to the A-weighted sound pressure level.

4.2.8 Administrative measures

Since impact noise increases with i~creasin~ t~a~n speed,

one can limit the level of i~~act noise ty ~est~~ct~ng tra~n

speed i~ critica~ areas situated near rr,a:or impact producing

rail irre~ular~t~es, sucr. as switches a~d f~ogs. Of course,

measures such as this would o:.ly be applied o~ a te~porary

tasis J~til noise centrol measu~es that do not ~i:-:-.it s~.'stern

capacity cou~d be installed.
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4.3 Suppression of Roar Noise

Roar noise is p~oduced when the ~icroro~ghnesses on whee:s

and rails exc~te the whee~s and rai~s which then radiate noise.

The approaches that one ~ight ta~e te suppress roar noise can

be placed in three categories: (1) tc reduce t~e radiation of

sound :ro~ w~eels and rails, (2) te redJce t~e response of

wheels and rails, and (3) te reduce tte roug~ness on w~eels

and rails.

4.3. 1 Reduction of radiation

Sig;.ificantly dec~easing the radiation o~ so~nd fro~ wheels

and rails by such simple approaches as reducing t~e radiating

area through the ~se of spo~ed wheels cr cutcuts in t~e rails

is ~sJally unrewarding and ~ay lead in seme cases te excessive

stresses and co~ponent failures. ~o achieve a 10-dB reductio:.

i:. rooise by reducing t~e radiating area so as to redJce radiated

power reQ~ires a factor of lJ red~c~ion in ~adia:ing area*, a

goal that is generally qJite diffic~l~ to achieve. There is

one appreac~, the use of a low ~ail barrie~, that might, however,

be fruitful. Referrillg back ~o Sec. 3.4 (Figs. 3.4-6 to 3.4-8),

we find that at the frequency at whic~ the wheel/rai: noise spectrum

peaks, the rail is generally the do~inant radiator. Modest reduc

tions in the overall noise level (in excess cf 6 dB) co~ld be

achieved by reducing radia:ion fro~ the rail along.

*c: co~rse, by care~ully reducing the radiati;.g area in SJch a
way as also to reduce the radiatien efficiency, one can achieve
additional ~edJctions in radiation. ?or example, with spoked
wheels o"e ~ay achieve additional redJction in radia~ed sou;.d
due to ~he aco~stic short-circuiting achieved by effectively
putting hcles in the web and thereby reducing its baffling
effect.
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Rail Barrier

8ne poss~ble approach to control~ing roa~ ~oise by reduc

ing radiation from the rail would be the i;.s:alla~ior. o~ a low

barr~er on each side of eac~ rail i~ tr:e track bed. The cOu

cept is shown graphically in Fig. 4.3-1, where bar~ie~s only

slightly higner than the rail ~ead, with absorpt~ve treatment

on the ~ail side, are at:ached ~o the ties. The barriers or.

the oute~ side of the rails would have to seal aga~nst the

ballast and those on the i;.~e~ side co~ld eitne~ seal against

the ballast o~ extend over tte su~face o~ tne ties as shown.

A barrier 1 ft (0.3 m) i:. heigh: above the ties can ~ower the

rail generated noise 0;' :he ou:s~de o~ tne barrier :y 10 to 15

dB i;. :he 50C to 15JO Ez ~ange. The two barriers C~ the i;.;.er

sides of the rails co~ld conce~vably be e~i~inate~, :ut tr:e

o~te~ barriers would ther. have to be ra~sed to ajout 2 ft (J.El ~)

~igh ~o have the same noise ~educt~on pe~~or~ance.

~his type of low barr~er, although considerably cheaper

and rr.ore compact than a fu~l barr~er, may no: be p~actical ir.

some cases. For example, trolley brake sys:ems tnat work by

p~ess~ng a ~arge shoe on the rail wou~d be i;.compati:le with

the barrier on t~e ~nr.er side of the rail. Also, tr-e jarrier

extends -6 in. (0.15 m) above the rail nead a~d, ~ence, there

may be c~earance pro:lems wi~h :he i~ner barriers.

Absorptive :~eat~ents wo~ld be desirable c;. the i,-ne~ sur

~aces of the ba~riers to prevent coherent re~lect~ons ~rom

inc~easing the r.oise ~evels iuside :~a~sit cars. For examp~e,

a : ft ~0.3 m) spacing between bar~ie~s ~ight cor.ceivab~y lead

to an aco~s:ic resonance when this spacing equals half an

acoustic wavele;.gth (or some multiple thereo~). Absorptive

treatments imperv~ous to weathe~, oil, etc., are available,
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FIG. 4.3-1 LOW RAIL BARRIER
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al~hough occas~onal cleaning wou~d probably be re~uired to

~aintain good performance.

4.3.2 Reduction of response

One means by which the response of wheels and rails can be

modified is to change the wheel and/or rail impedar.ce. As a

general rule, thoug~, modifying impedance is not an effective

technique for reducing wheel/~ail ~oise. ~he reason ~or this

is that fo~ equivalent response levels the noise radiatet by

the wheels or by the rails is about the same, except a~ very

low f~equencies, where t~e rail ratiation effic~ency is low.

Large changes in impedance si~ply change the primary respo"der

~ro~ the wheel to ~he rail or vice versa. The resJlting noise

will in most cases change only a very few decibels. As an

example, cons~der the situatio~ i~ the freqJency region between

4CO a"d 1000 Hz where tte wheel impeda~ce Zw ~s ~uch greater

t~an the ra~l i~pedance ZR' BecaJse ~he ~a~l response is

proportional to Z~i,/(ZR+Z~) - 1 and the whee~ response is pro-. \.

portiona~ to Z-(Z~+ZR) - Zp/Z~ « :, the rail radiation domi~ates,
_\. t'l t .~.

RedJcing Zv so t~at Zw « ZR would s~~ply reverse the situation

and resu~t in t~e wheel rad~ation do~inating

Another approach to reducing response is to vibration

isolate toe pri~ary radiating surfaces of the wheel or ~ail

from the running surfaces where the excitation occurs. Toe

~enn Cushion resilient wheel used ~n the ?-s ~est p~ovides

isolation above 800 Hz by effectively iso:ating the web from

the tread. Cnfortunately, little noise reduction is achieved,

because tie rail remains a significant source. Clearly,

~or vibratio~ isolation to be effective, it would have to

be applied to both wheel ant rail. One can conceive o~ a

"resilient rail" ana~ogous to t:-:e resilier.t wheel ~n which
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the rail head is effectively isolated from the foot. The

primary effect in the oid to tigh frequencies wou~d be a

~eduction in the radiating area by a factor o~ 2 to 3. T~e

resu~ting 3- to 5-do i~provemer.t in noise see~s to be a small

gain when compared to ~he costs associated with the design,

~a~ufacture, and insta~lation of new resilient rails.

Da~ping is another approach commonly used to reduce re

sponse. It is e~fective only if the response is resonant. ~he

wheel response in the case of roar noise is nor.resonar.t, and,

as was seen ~n Sec. 3.4.2, no real change ~n raaiated noise is

achieved with damped w~eels. So~e reduction ~n the effective

le~g:h of ~ai~ that radiates eight be achieved by applying damp

ing. The damping ~esults in a" e~~ective increase in the decay

constant 1 described ir. Sees. 2.1.~ and 2. u. ~~ nR > :, where

R ~s the distance from ~he rail to t~e receive~, the~ the ef

fective raaiating leng~h of rail is lin. This ~elatien implies

tha: a lO-dE reduction in noise frem the rail weuld require a

tenfold i~c~ease in n. It may be qui:e d~fficult :0 achieve

this increase, especially belo~! 1000 Hz whe~e :he ~ail decay

constant is already qJite large.

The last ~eans for reducing respense that we will co~sider

is the en~arge~ent ef t~e centact ~atch at the wheel/rail i~te~

face. In Sec. 2.4 we fo~na that the wavenunber filtering ef

the co~tac: patch prod~ced signi~icant reduction in wheel ana

rail respo"se to ~oughness, especia::y at high waven~~bers. If

the size ef the cor.tac~ patch could be increased, present roar

no~se :evels could be redJced sig~ifican~ly. One suggested

techn~que ~or deing t~is is to Jse a tita~iJm ~readed wheel.

Usi~g :he si~ple formulas fer t~e co~tact Datch size i~

Timoshenko and 300dier (1951), one can s~ow that a typical
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di~ension of the titanium wheel contact patch is increased

over the same dimension of the steel w~eel contact Datc~
3 -

by the factor 1:/2 (1 + ES/ST )' w~ere ~T and ES are the

mod~li of elasticity of titar.ium a~d steel, respectively.

This imp:ies a 14% increase in ~he contact patch size.

For the wavenumbe~ ~ilter developed in Sec. 2.4, for a = 10

one can de~ive the anticipated reduction in roa~ noise for a

train with 30 in. (76 cm) diameter wheels passing at 50 mp~

(80 km/hr) under a loading of :0,000 ~b per wheel (44,500 N).*

The ~oise reduction is showr. in Fig. 4.3-2. using the range of

noise spectra from the META in ?ig. 2. li -14, we calc~late or.ly a

: dB(A) reductio~ in noise.

Resilient Tpeaded WheeZs

A co~cept for attaining a ~ig~ly complia~t tread on a

wheel ar.d yet retaining good wear resis~ance of the tread

s~rface is shown in Fig. 4.3-3. The whee: is in many ways

similar to a resilie~t whee~ in that a compliant layer is

inter~ected between the running s~rface a~d the body of the

wheel. The major differer.ce here is that the metal ring form

ing the tread is much thinner than the tread of a typical re

silient wheel.

Preliminary calc~~ations have shown that i~ t~e tread is

constructed from 1/2 in. (1.25 cm) thick steel and if the com

pliant mate~ial behind i~ (probably an elasto~er with a low

loss facto~ to reduce heating prob:e~s) is also about 1/2 i~.

(1.25 cr.) thic~ with a modulus of around 10 4 psi (6.65 . 10 7

*For a ~ail head radius of 12 in. (0.3 m), this gives a contact
patch of ~0.32 x 0.26 i;.. (8 mm x 6.6 ~7.).
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N/m 2 ), a factor of 2 enlarge~ent of the contact patch is pos

sible. Figu~e L.3-2 gives an esti~ate of t~e red~ction in

total wheel/ra~l noise for a train eQu~pped with these res~l

iently treaded wheels operat~ng under the same condit~ons as

described for the titanium ~readed wieels. Agai~, ~si~g the range

of ~BTA noise spec:ra ir. Fig. 2.4-14, we calculate a 7 dE(A) re

duction in noise which is very encouraging. Also encou~aging

is the fact that one would an:icipate strains p~aced on the

elastomer by the 10,080 It (44,500 N) wheel load to be less

than 10%, w~ic~ should pose no problems with regard to

deterioration.

Safety co~sideratio"s will probably reqJi~e Jse of a

rr.echanical constraint to ensure the r~ng re~aining attached to

the wheel should the elastomer ~ail. Interlock~ng teeth (or

threads) similar to those in the Acousta~lex wheel, with elas

to~eric ma~erial betwee~ the threads, would retain the ring as

well as provide side co;.straints to res~st shear loads at the

tread in the direction o~ the whee: axis. Braking presents a

special problem t~at only ~n-serv~ce tests can resolve. Heat

ing caused by t~ead trak~ng has been known to ca~se deteriora

tion of the elasto~eric ~aterials in existing resilient wheels.

7he thinr.er rr.etal t~ead Jsed here may worsen these problems.

However, the use o~ disk brakes in place of tread braking is

being serioJs~y considered in new subway car co~structio".

Disk bra~es would eli~inate the t~ead heati"g problem.

4.3.3 Reduction of roughness

Rail Grinding and wheel Truing

Roughness on wheels and rails can be effectively reduced

by tJrning the ~heels or gri;.dir.g the ~a~ls. Care:u~ truing 0:
the 14 in. (8.35 m) d~ameter wheels at Pull~an Standard resulted
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in up to 20-dB reduction in :he ~o~ghness spectrum. Whee: tr~

ing carried out 8y the ~3TA at their Everett Shop resu:tec i~

significant recuction ir. roughness at low wavenumbers, although

the hig~ wavenumber compone~ts were not reduced. The high

wavenumber performance seemed to be caused by a tool chat~er

problem which can be co~~ected. C~ear:y, careful truing of

wheels ca~ produce signif~cant reduction in ~heir ro~gh~ess.

Reduc:ion of roar noise reauires tha~ the rails a~so be ground.

At the present time, :here is no in~or~at~on available on the

recuction of ro~g~ness through rai~ grindin~. If it is comnar

able to the reductions achieved wit~ wheel trui~~, the~ a co~

bina~ion of whee~ truin~ and ~ail grindir.g could resu~t in con

siderab:e (10 to 20 dB) ~educ~io~ i~ roar noise.

Another ~nknown is at what intervals one must repeat the

truing and grindi~g to ma~ntain a given level o~ noise reduc:ion.

Also un£now~ is the effect of welced rail, an~iskid b~akin~

systems, etc., or. the prope~ inte~vals. If ~he i~tervals are

too closely spaced, truing a~d gri~ding may not be econo~ica:ly

feasible for controlling roa~ noise.

In any event, truing and grir-di~g are potentially useful

techniques for reducing roar r.oise. However, t~e econor.ic

feasibility of a ~egular schedule of tr~ing and gri:.cing r.eecs

to be exa~ined.
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5. SUGGESTED TESTING PROCEDURES FOR EVALUATION OF WHEEL/RAIL
NOISE CONTROL MEASURES

For purposes of eval~a~ion, it is essential that test pre
ced~res which give accurate, ~epeatable results be available

for measuring the acoustic per:ormance ef measures for the con

trol of wheel/rail neise. The insight gained from the analyses

of Sec. 2 and the field testing of Sec. 3 has been valuable in

designing such procedures, prese"ted in this section.

A draft international standard, ISO/DIS 3095, "Measure~ent

of Noise Emitted by Railbo~nd Ve~icles," from the Internatiena~

O~ganization for Standardizatior. (ISO) is applicab:e in part to

the meas~rements under ce,-side~ation tere. The following sug

gested proced~res will refere"ce a~ticles in t~at standard when

appropriate.

5.1 General

Here we discuss those elements of the testing procedures

of general applicability to squea~, impact, and rear no~se. In

later sections we d~scuss these elements of specific applica

bility to each of the three types ef wheel/~ail no~se.

Fu~pose

The intent of the test~ng procedures presented here is to

provide a rr.eans fer reproducib:y evaluating the acoust~c per

formance of devices and procedures for the control of squeal,

impact, and roar noise.

Measu~ed Quantities

Of particular interest here is the peak A-we~ghted sound

pressure level du~ing passage of a vehicle. For d~agnostic

work, 1/3-octave band spectra of the sound pressure :evel may

also be of in:erest.
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MeasuPing Equipment

See A~t~cle 5 of ISJ/DIS-3095.

5.2 Evaluation of Squeal Noise Control Measures

hocustioaZ Environment

In general, Article S of ISO/DIS-3095 is applicable. Hew

ever, beca~se it has been feund that coneitions of high h~midity

may suppress squeal, it is recommended that ~o testi,-g be car

ried out ~ith ambient humidi:y i~ excess of 70%.

Tr20k and Vehicle Conditions

~he trac~ and ve~icle w~eel s~rfaces m~st be ~n reasonably

gooe coneition. The sur~aces co not have to be specially

ground before :~e ceasure~ents, but they must be devoid ef

corrugations or ~lat spots. Since, for etherwise similar con

eitions, wheel sq~eal semetines has been found to occ~r on worn

rails, but net on freshly ground o~es, it may be desi~able to

selec: a wo~n ~ail te tes: for sq~eal. Both rail and w~eel

m~st be clean and dry during tr.e test.

Wheel squeal is a highly var~able phenomenon that occurs

enly inte~mitte,-:ly. ~h~s, p~ac~ng a micrephone 7.5 m (25 ft)

from the trac~, as reco~~eneed by ISC/DIS-3095 A~:icle 9.1,

wo~ld res~lt in large uncertainty as :0 the distance of the

trair. f~oL tr.e m~crophone at :~e exact momen~ o~ squeal. =n

orde~ to overcome this difficulty two alternative m~cropr.one

positions are recommended:
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(a) Place the microphone at the center of curvature of

the track. The train will thus be at a consta~t, and known,

distance free the ~icrophor.e as it trave~ses the curve. The

so~r.d level ~eadings can be corrected to a star.dard dis:~nce by

assuming inve~se squar~ spreading.

(b) F~ace a m~crophone 3 ft te the side of the car, o~

both sides, opposite the cen:e~ ef a t~uck. ~~e so~nd levels

~easured sim~ltaneously on beth sides ef the vehicle. The

h~ghe~ of the two readings is taken.

Test Procedure

Tests ~ay be performed on a,-y c~rve where squeal is of

concern. However, if a generalized set of measurements is re

Quired, tests should be cond~cted er. the smallest radius curve

enceuntered and a radi~s close to, but no: g~ea:er :han, ~OC

times the truc£ leng:h. (Both radii are req~ired, because

eliminatien of sq~eal 0'- the sharp curve dees not necessarily

entail eliminatio,- of squeal on tte la~ge cu~ve.) Du~ing the

tests the :r~ir. sheuld be loaded to its ~aximu~ epe~a:i,-g

weight.

Two sets of tests will be perfor~ed: basel~ne tests with

the vehicle and t~ack in their standard operating condition

and noise cont~ol tests with the noise control package(s) in

sta:led o~ the veh~cle and/or track.

a~e

The tests shou:d be carried out at a range of speeds which

will give a late~al acce~eration of from 0.5% to 5% g. This

should cover the range of speeds enco~~tered in practice. The

vehicle sho~ld be run in both directions down the track with a

total of at least three runs at each speed. If :he spread in

peak A-we~ghted sound pressure level exceeds 3 dB(A) fer any

speed, the measurements at :ha: speed should be ~epeated.
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5.3 Evaluation of Impact Noise Control Measures

Acoustica~ Environment

See Article 6 of ISO/DIS-3095.

Track Conditions

Both rai~s on the :rack section o~~osite w~ich ~eas~rements

are to be ~ade should be s~ooth, straigit, level, and free o~

co~r~gat~ons.

?or t~ose tes~ cases in wh~ch a we:l-controlled wheel flat

can be obtained on one of the wheels of the test vehicle, the

track test section shou~c be at-grade with smooth welded rai~

joints.

In ~hose cases in wt~ch a track discontin~i:y, e.~.,

a rail joi~t with a height difference, is the impac~ ~oise

source, a~y changes in the geometry of the discontinui:y duri;.g

vehicle ~assage shoulc be noted. In addition, bot~ rails

should be free o~ all discontinuities :0 at least 18 :t (5.5 m)

to each side of the discontinJi:y of inte~es:.

Vehic~e Conditions

If a ra~~ discontinuity is tie impact no~se source, then

t~e wheels of the vehicle should be s~ooth, round, and free of

all :lat spots.

If a flat spo: or. a sir.g~e wheel is the i~pact noise

so~rce, the remaining wieels shou~d be smootj, round, and free

o~ a~l flat spots.

The test vehic~e shou~d be ru~ tjrough the test section

loaded as in ac:ual service wi:h all auxiliary eq~i~Lent tur"ed

off. In general, although impac: noise will dominate p~o~ulsion
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noise for electric-powered vehicles and may even domi~ate in

some sel~-propelled ve~icles, whenever poss~ble, measurements

should be performed with t~e veh~cle coasting t~rough the test

sectio~, espec~ally when the noise control package(s) are in

stalled, unless it can be shown that propu~sion noise is at

least 10 dB(A) belcw whee~/rail noise.

Miorophone Position

Eecause of the localized nature of impact excitation, it is

~ecessa~y to measure the impact noise in the v~cir.ity o~ the

surface irregularity ca~sing it; i.e., tc separate it f~o~ t~e

rolling ncise which is generated a~ong the entire track. For

the rail discontinuity measurement, posit~on a statior.a~y

mic~ophcne at 5 ~o 6 ft (~.5 to 1.8 ~) horizontal distance fro~

the rail at a height corresponding to the cente~ line of the

wheel. To ~ini~ize the inter~erence effects o~ grc~nd re~lec

tions, line the ground with a 6 in. 05 ern) thick layer of

fiberglass bats tied down by a chicken wire screen, or select

a site where the ballast bed is carried on an earth berm and

the relative geometry of source, receiver, and ground is such

that there are no paths fo~ geometric ground ref~ections.

Tc measu~e the impact noise generated by a wheel flat,

mount the ~~crophone on a boom fastened to the veh~cle. ~his

arrangement, w~ic~ is especially convenient for experiDental

vehicles running on experimental tracks, enab~es the record~ng

of many wheel impacts. ~he microphone distance from the vehicle

should be the maxiQuc allowed by sideway clearance and practic

ability of booc mounting. A wind screen should be used, and it

may be necessary to vibration isoiate the microphone.
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Test F~ocedure

Two sets of tests wil~ be perforQed: baseline :ests with

the vehicle and track in thei~ standard operating cor.dition and

noise con:~ol tests with the noise control paci.age(s) i:.s:alled

on the vehicle and/or track. Fer each set of tests, the vehic~e

will coast throug~ the track test section at speeds in 10 ~ph

(16 km/~) i:.c~ements up to t~e maximum ogera:in~ speed 0= the

vehic:e. The vehicle s~ou~c be run in both directions down the

track with a total of at :east three runs at each speed. Fo~

t~e rail disce:.ti~uity test, there should be three ~~ns in each

di~ection, to allow exa~ination of both step-up and step-down

joints. If the sp~ead in peak A-weightec sound pressure level

exceeds 3 c3(A) for any speed in a given direction, the measure

ments at that speed a:.d t~at direction shoulc be repeated.

Nheel Drop Test

T~e good agree~ent between the iD9act noise ~eas~red by

running t~e scale-model expe~i~e:.:al vehicle over a step-down

rail joir.: with that predicted from t~e wheel drop tests indi

cates t~at the w~eel drop :est may be a ~niversal enough test

to provide all t~e informa:io~ :.eeded to predict bot~ t~e

amplitude and spectrum of all type 0= ir,pact producing rail and

wheel ir~egula~ities, especially at train speeds ajove t~e

critical :rain speed. It is most li~ely that the wtee: crop

test also can be used to evaluate :he extent of i~pact noise

reduction for any particula~ noise cor.trol measu~e conte~plated

without the neec for a much ~o~e expensive rolling test, alt~o~gh

more work is required to conf~rm this supposition.
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5.4 Evaluation of Roar Noise Control Measures

Acoustical Environment

See Article 6 0: ISO/DIS-3095.

Track Conditions

The rails in the track sec~ion opposite which measurements

are to be :aken sho~ld be smooth, straight, level, and free of

corrugatior.s, wit~ smoo:h welded joints. The measurements should

be performed at grade with the rail la~d on tie a~d ballast.

Grinding of the rail or measure~ent of ~ail ro~ghr.ess is

generally not required ~f the rail is smooth and free of dis

co~~inJities and ~f the section of rail to be tested is dedi

ca:ed to the testing program, i.e., if the rail will rema~n

unused between basel~ne tests and tes~s with the noise control

package(s) installed. If the rail sectio~ is to be extens~vely

used between baseline tests and tests with the noise control

package installed, it s~ould be grour.d smooth before each se:

0: tests.

Vehicle Conditions

The wheels of t~e vehic~e sho~ld be smooth and free from

fla:s. ~f the r~nning surfaces of the wheels are to be changed

between baseline tests and tests wi~h the :-oise control pack

age(s) instal~ed, the wheels must be :Jrned smooth prio~ :0
eacn set of tests. The vehicle should be run throJgh the ~ail

test section loaded as ir. actual service wit~ all aJxiliary

equip~ent turned off. In general, alt~ough w~eel/rail noise

wi~l dominate propulsion noise for electric-powered vehicles

and may even dominate in so~e self-propelled vehicles, w~enever

possible, measu~ecents should be performed with the vehicle
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coasting th~ough the test secti8n, espec~ally when the noise

co,,:rcl package(s) are insta~led, unless it can be show" that

propulsion noise is at least 10 dB(A) below wheel/rail noise.

Uicrophone positions

ISO/DIS-3Q95 Article 9.1 recommends that the microphone be

placed 7.5 (25 ~t) from the cente~ of ~he :rac~ a~d 1.2 ~o 1.5 m

(4 to 5 ft) above the runni"g s~~face of t~e rail.

Test Procedure

Two se:s of tests will be perfer~ec: baseli"e tes:s wi:h

the vehicle and track in their s:andard 8pera:i"g co~dition a~d

~cise c8ntrol tests with :he :'8ise c8ntr81 package(s) i:.stalled

o~ the vehicle and/8r :rac~. For each set of tests, the veh~c1e

wil~ coast through the t~ack test section at speeds in lC mp~

(16 .km/~) i:.creQents up to t~e maxim~n orera:i:.r- sneed of :he

vehicle. ~he vehicle shoulc be run in bct~ directicns down :he

:rack with a total of at leas: :hree runs a: each speed. If

the spreac ~n peak A-weigtted so~nd pressure level exceeds

3 dB(A) fer a~y speed, the meas~re~ents at that speec sh8~ld be

repeated.
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6. CONCLUSIONS AND RECOMMENDATIONS

~his report has prese:.ted the results of a cemprehensive

st~dy o~ the noise generated whe~ a flanged =eta~ wheel rolls on

a metal rail. Three very general categories of wheel/rail noise

have been examined: squea:, ~~pact, and roar. In t~is sectien

we review the mechanisms that generate wheel/rail r-eise as well

as metheds for their control and t~en recemmend further werk to

advance the sta~e-of-t~e-ar~ ~or wheel/rail noise centrol.

6.1 Review of the Wheel/Rail Noise Sources and Their Control

6.1.1 Squeal noise

SqJeal, the intense noise composed o~ one or more ~o~es a:.d

occurring when transit vehicles round shert radiJs c~rves, is

produced by the "crabbing" er lateral sliding of the wheels of a

truck as that tr~ck rou~ds a curve. The crabbi"g is caused by

the fact that the finite-length wheelbase of the tr~ck prevents

the wheels fro~ running tangent to the rails in the curve. This

lateral sliding of tte wheel on the ra~l res~lts in a sticking

and slipping me~ien that excites the resonance o~ the wheel,

resulting in an in~ense narrowband noise. Analytically, tr-is

excitation can be medeled as a ~egative dampir-g. Control of

squeal noise is based primar~ly on prever.ti~g crabbing through

the use of short-wheelbase or articu:ated trucxs; e:i~inating the
.' ',""'.-.:

sticking and slipping thro~gh lubr~catien of the wheers~,and
::';. "\ ~ . '; .~.:

rails; and damping the wheels to overco~e the negative.:damping

due to the stic~-slip excita~ien.

6. 1 .2 Impact noise

Impact noise is generated when the wheel e:.cc~nters discon

tinuities on t~e rail or rolls over ~ts ewn flat spots. when
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the w~eel encounte~s a disconti~uity, its vertical velocity

abruptly changes, ~esulting i~ an ir.~eractive force that excites

both the wheel and the rail a~d causes them ~o radiate sound.

S:ep-up rail joints are the most serious cause ef impac~ no~se,

especially at high speed. E~fective ne~se control measures in

velve the use o~ welded rail, wheel ~ruir.g, cor.~ourin~ of ~he

"run-on" rail end J and, in general, goed mair.~er.ance procedures.

6.1.3 Roar noise

Roar noise is p~oduced by ~icrorough:.esses on the rJnnin~

surfaces ef wheels and rails that excite both structu~es to radi

ate sound. Sound radiation from the rail te:.ds to dominate ~oar

noise, the wheel cont~ibution generally beir.g impo~:ai:: only a:

low fre~ue:.cies. The contact patch at the i:.terface between the

wheel and the rail acts like a ~ilter, a~te:.uati:.~ :he excitatien

produced by these components o~ reughness whese waveler.~tis are

on the e~der of the size o~ the contact ~atch. Con:rol of roa~

noise is accomplished priLar~ly by g~~nding ~ai~s and t~Jing

wheels to reduce the reughness excita:io:.; by increas~ng the s~ze

of the contact pa~ch to increase th~ filtering effect; and by

install~ng a low barrier along the rails to ~emove the sound

contr~bution due to the ~ail.

6.2 Suggested Future Work

6.2.1 Squeal noise

Nature of the Stick-Slip ~urve

One of the g~eates: uncerta~nties ~n the understanding of

wheel squeal concerns ~~e nature ef the variation o~ the friction

force with the slip velocity 0: the wheel. A very crude for~u~a

tion, x exp(-x), was taken for the ~odel, :or want of any better
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information. We know this form~lation to be wrong, since it i~

plies ~hat the friction goes to zero as the sliding ve~ocity goes

to infir:ity, but, nevertheless, all predictio~s of the wheel

squeal model are based upon this erroneous assump~ion. It appears

that, as far as rough estimates are concerned, :his error is not

too important; however, if we are to ~ake predictio~s with an

accuracy of better than 20 or 30%, we must find ou~ more about

the stick-slip curve. The best way of obtaining :his information

is ~o employ a model three-axle truck, as did Friedrich (197:),

yaw ~he center axle about a vertical axis, ar.d then mor.i:or :he

lateral force on this axle as a funct~on of yaw angle ar.d load

~ng. The effects of rail surface finish, rail profile, and

~ubricants can all be investigated by this method.

Reise ControZ Techniques

~he various noise control techniques ~entioned in Sec. 6.1

need to be eval~ated to detercine which are the cost effective

and practical. A preliminary evaluat~on on paper can be performed

based on the present theoretical codel for wheel squeal, with

more thought being given to the suitability of short trucks, to

a tentative design for an art~culated truck, and to available

lubricar.ts. Further attention sho~ld be given to rail grinding,

which has sometimes been fouri~ to be an effective ~eans of eli~~·

inating squeal, although the reason ~or this has not been fully

understood.

Study of Noise ControZ Devices

A theoretical study of the various noise control devices

suggested in Sec. 4 needs to oe performed. These dev~ces are

articulated trucks, short trucks, reduced wheel :oad~ng, damped

wheels, resilient wheels, and rail lubrication. The da~ped wheel
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appears to be the most versati~e method. However, ~t has two

problems: the da~ping is temperature sensitive ana current de

signs have d~bious structJral integrity. ArticJlated trJcks and

short trucks appea~ promising, except that they might give rise

to "hunting" (latera~ oscillatio:1s of the whee::").

The various noise co~t~ol techn~Ques should te compared sys

te~atically and tests of the most promisi:1g technique should then

be performed on a small rapid :ransit vehicle, such as the PRT

veh~cle of Pul::"mar. Standard. The effectiveness of the noise con

tro::" techniqJe would be evaluated ir. accordar.ce with t~e test

procedures recommenae6 ir. Sec. 5. In addit~on to tests 0: the

acoustic effectiveness of the techn~que, its operatio:1al perfo~~

ance should also be eva::"uated, ir.cluding such aspects as dura

bility, caintainability, and cost. Tt~s progra~ woula lead to a

practical method of greatly reducir.g, if not e::"imina:ir.g, wheel

squeal.

6.2.2 Impact noise

~he resJlts of our ar.alytical and expe~imental stud~es of

wheel/rai~ i~pact r.oise, describea in Secs. 2. and 3, have e~

ab~ea ~s :0 predict the change ir. impact r.oise~~.given changes in

wheel/rail geo~etry or :ransit vehicle operating para~eters. This

information has e:1abled ~s to suggest the noise control :echr.iqJes

described ir. Sec. 4.2.

One shortco~ing i:1 OJr newly gained knowleage of impac:

noise is u:1certainty as to the duratio:1 and spect~al content 0:
the impact force. Further study is required to obtain a better

understanding of this force, wh~ch would enab::"e JS to evaluate

the relative magnitude of t~e contribJtions of wheel and rai::" to

impact noise ana a::"low us to develop additiona~ innovative noise
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control concepts. In addition, a number o~ the noise 80ntrol

measures suggested in Sec. 4.2 stould be tried o~t in the field

in order to examine the~r feasibility and optimize their desig:..

T~ose topics requir~ng further study are discussed be:ow.

Pulse DuratiQn and Spectr~l Distribution Qf the Impact Sound

The analytical and experimental studies co~ducted within the

framework o~ this invest~gat~on show that the peak amplitude of

the impact sound 8aused by wheel and rail discontinu~ties is pro

portional to the total ctange in ~o~entu~ o~ the impacting bodies.

At the present time, we do not have enough deta~led knowledge of

the i~pa8t phenomena to predict toe exact time history of the

force pulse caused by the impacting bod~es. Accordingly, we are

not in a position to predict the spectra~ distribution of the

i~pact hoise or to determine if the wteel o~ the ~ail is t~e pri

~ary radiator. ~he limited experimental data collected during

the sc~le-model studies seem to ind~cate that the duration of the

acoustic pulse is not sensitive to the train speed or to the ~all

ing heigh~. Consequently, it seems reasonable to assume ttat the

impulse duratio~ must be cor.trolled by tte Hertzian co"tac: stiff

ness and by the mass of the i~pacting wheel and rai~. P.owever,

we do not have sJf~icient ~nfor~ation to support this hypothesis.

We recommer.d that fur:he~ analytical and experi~e:.tal work

should be carried out to identify t~e major variables influencing

the pJlse duration and spectral conte:.t of toe impact force in

order ~o aid tte develop~ent of innovative noise contro~ measures.

Maximum Tolerable Size of uiscontinuities

For i~per~ectly maintained tracK a:.d rolling stoc~, the way

side noise is 8o:.tro~led by the i~pacts generated by rail ~oints
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and flat wheels (Stuber, 1973). Accordi~gly, it is important to

know the extent to which t~ese discontinuities can be controlled

by maintenance so ~hat the ways~de no~se is red~ced to the level

of the rolling r.oise alone.

Since the establ~shed limits for wheel and rail discontinu

ities ~ay strongly influence r.aintenance cost, detai~ed, analy

tical scale-model and f~ll-scale experiments should be carried

out to determine t~e net benefit and cost of the various limits.

~lhee Z. Drop Te 8 t

~esults of the liQited scale-model experi~ents ind~cate that

the wheel drop test ~ay be the single most efficie~~ way of:

(1) ~esting the effectiveness of many planned noise co~tro~

measures and (2) obtaining s~fficient experimental data to

predict both the amplit~de and t~e spectral distrib~tion of

the impact ~oise generated by all characteristic impac~-producir.g

rail and wheel discontinuities.

Since ~he i~p~lse respo~se de:er~ines the steady-state re

spo"se of the wheel/rail system, the w~eel drop test may also be

used to evaluate experi~entally the effectiveness of various

noise control measures (such as resi~ie~t Whee:, damped wheel,

damped rail, etc.) on ro~~i~g ~oise. In addition. w~eel drop

tests carried o~t under special controlled conditions cou~d yie~d

sufficient infor~ation to deter~ine whether the radiated noise is

due to the whole-body ~otion or to the elastic surface deforma

tion of the wheel.

3ecause the w~eel drop test is the si~plest and most economi

cal procedure for gaining needed infor~ation on wheel/rail noise,

we strongly recommend that its use as a too~ for predicting im

pa;ct noise and as a test for the effectiveness of' certain noise
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control measures should be the subject of a detailed scale-model

study followed by verification at full scale.

6.2.3 Roar noise

The analytical and experimental work described in previous

sections has resulted in a fairly comprehensive analytical model

of roar or rolling noise. The insight afforded by that model has

resulted in a number of innovative concepts for ~he cor.trol of

noise. Much further work could clarify several areas of u~cer

tainty in the analytical model and, as a result, increase insigh~

into means ~or the control of roar noise. However, at the pre

sent tiLe, the most cost-effective approach is to begin develop

ment and testing of the innovative noise-control measures

described in Sec. 4.3. As a res~lt, our s~ggestions given below

for further work ~eavily emphasize developmen~ and testing rather

than further analysis.

Refinements to Analytical Model

One area of the analytical model that is somewhat in doubt

is the microroughness spectru~, in particular, the spectrum of

roughness in the horizontal direction across the head of the rail

or in the axial directio~ across the tread of the wheel. ~his

detail of the roughness spectrum is crucial to a co~plete under

standing of the filtering effect of the contact patch between the

w~eel and rail and has significant noise control implicatio:.s.

The railroad wheel is a mechanically very complicated s~ruc

ture. The details of the rad~al impedance of the w~eel, especi

ally its sudde:. drop in ~agnitude above 1000 Hz, have strong

implications as to whether the wheel or the rail is the dominant

radiator in various frequency bands. The reason for the sudden
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drop in impedance is presently poorly understood. A finite

element computer study combir.ed with an in-depth :aboratory study

could improve the u~derstanding and poss~bly resu:t in loweri~g

the f~equency at which the drop occ~rs, permitt~ng develepmer.: of

an all ~etal resilie~: w~eel. ~his type of resilie,,: wheel wo~ld

be more resista~t tha~ exist~ng types to stresses a: the wheel/

~ail interface. An additiona: benus to lowering tte ~~equency at

wh~ch the i~pedance drops ~s that the wheel would p~ebably become

the domina,-: radiation source, which co~ld tten be control:ed

throug~ :~e use of whee~ ski~:s.

Tte ~ate of decay ef vib~atien aleng t~e ra~: is not pre

ser.:ly well understeod. Limited data are avai:ab:e only for rail

mour.ted on tie and ballas:, and these data are not ~n good agree

ment in so~e freqJer.cies. Addit~onal da~ping data tegether with

analytical studies of tie and ballast track and res~~iently ~ounted

track wi~l be necessary :0 inc~ease e~r Jnderstanding 0: the da~p

ing mechanis~s. Althougt considerable inc~ease ~n rai~ damp~ng

would be requi~ed to effect a sigr.ificant reduction in wteel/rail

noise, an imp~oved understanding of the mechanis~ by wh~ch the

~ail fou~datien ~ntrod~ces this dacping might ma~e dramatic in

creases in rai: da~ping possible, fer exaQple, thro~gh the use 0:
highly damped resi:~ent fas:ei.ers.

Resiliently Tpeaded wheel

The resiliently treaded wheel concept of Sec. 4.3 appears

hig~ly promising. ~n-depth analytical stJdies a~e required to

ensure the development of a mectar.ical desig~ able to survive

the stresses, fatigue, and heating produced by braking and

running. These studies should be followed by inexpensive,

small-scale, field :esting (e.g., with the Pul:man Standard ?RT



vehicle) to exa~ine the viability of the ~echanical design and

its noise control effectiveness. ~he construction of the small

scale wheels wo~ld, of course, requ~re the cooperation of acous

tic experts, railroad wheel ~anu:acturers, and materials experts.

After the design was refined on the s~all-scale vehicles (wheel

loading would have to be prope~ly scaled), full-scale wheels

could be designed, bUilt, and tested on a full-sca~e transit

system.

R~il Barrier

For modest reductions in whee~/rail noise, the low ra~l bar

rier disc~ssed in Sec. 4.3 presents an economically attractive

approach. A simp~e plyweod or chipboard barrier co~ld be con

str~cted and field tes~ed very inexpensively on a small-scale

rai~ system, such as the ?-S ?RT test track, or on the full-scale

DOT test trac~ at Pueblo, Colorado. ~ore pe~ma~ent barriers

could then be performance tested 0" actual transit syste~s.

Rail Grinding and Wheel Truing

~ai~ grinding and wheel tr~ing are ge:.erally accepted as ef

fective techniques for the control of roa~ r-oise (and of impact

noise from wheel flats), provided that in order to achieve

the full noise control benefits, both proced~res are per-

~ormed at regular intervals. ~wo ~ajor a~eas of unce~tainty

remai,,:

1. What reduction in reughness (and, hence, in rear noise)

is achievable through the use of eXisting techn~ques :or grinding

rails and truing wheels?
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2. What ~a~ntenance intervals, i.e., for regrinding and

retruir.g, are required to maintain the wheel/rail roughness at a

sufficiently low level?

Ite~ 1 could be fairly easily eval~ated by measu~ing the rougt

ness spectrum on wheels a~d rails (using the 33~ ro~ghness mea

suring device) before and after truing or grinding was done with

existing devices. A natural by-product of such a study wou:d

be suggestions for iLproved gri~di~g and truil:g pract~ces, e.g.,

turning speed, depth of cut, grindin~ wheel coarseness, etc.

Item 2 requires a more exper.sive and time-consu~ing study,

but one that is crucial to determining if ~ail grinding and w~eel

trui~g are ecene8~cally viable noise-cent~el tecr.n~ques. ~ num

ber of approaches are avai~atle. As a first step, ene could

true the wheels on a transi~ car (p~eferably two ca~s, ene with

anti~ock bra~es and one without), rur. the car on an eperating

transit sys:em, and monitor :he char.ge i~ :he wheel reughness

spectru~ at regular ~nterva~s. Similar~y, one could g~~nd a

sectier. of rail en a transi: line in regula~ revenue service and

mor.i:er the cnange in roughness witn tiffie. It would be necessary

to moni:or :~ack sections represen:ing different operating condi

tior.s, such as level tangent track, curved t~ac~, track in sta

tions, track in tunne:s, track exposed :0 the elemer.ts, track on

elevated str~ctures, and track witn changing elevatien. A study

of this type could result in recemmendatiens of grinding inter

vals fo~ different track geomet~ies. T~e :inal step ~n t~e study

weuld be to determine whethe~, by tr~ing the wneels 0: all t~e

vehicles us~ng a giver. line and grinding all the rails of that

line, one can considerably inc~ease the intervals between truing

a~d grinding. 0: course, the r.eed fer sucr. an expensive final

study would depend on the informatien gained in the earlier stud

ies.



APPENDIX A: REVERBERANT CHARACTERISTICS OF PULLMAN STANDARD
TENSILE TESTING MACHINE ROOM

The tensile testing machir.e room at the C~amp Carry Techr.ical

Center of Pul~~an Standard is a large room [10~ ft 3 (280 m3 )J with

painted concrete blcck walls. ~his roor. was ~sed as a semi

reverberant room for measuring the ~adiation efficiency of a

railroad wheel. A number of tests were pe~formed in the room to

determine i~s suitabil~ty for such measure~ents. With a sta~dard

1L8 broadband sou~ce* ~sed fo~ calib~ation, :he sound ~~essure

level (SPL) was meas~red for three differen~ source posit~ons

at six receiver positions to determine reverberant behavior

:hroughout the room.

Figure A-l shows ~he room, the ILG source nos~tior-s, and the

microphone posi~ions all to an approximate scale of llL in. eauals

1 ft (2.1 em equals 1 m). The meas~rement proced~re was simply to

r.ount the microphone [1/2 i~. (1.25 em) B&K 4134J in one posi:io~

ar.d ~ecord (Kudelski ~agra III single-track tape recorder) the

level wi~h the =LG so~rce in each of its t~ree cositicns. The

microphone was then moved to a new position and the levels again

rec~rded with the I~G source at ~ts three pcs~tions.

The spread in levels at micrcpr.one posi:ion 6 resultir.g

from the ILG so~rce being ~oved through its th~ee positions is

shown i~ Fig. A-2. Above 200 Hz the sp~ead is less than 4 dB

and above 800 Hz the spread is less than 2 dB. Microphone posi

tions 1, 3, ar.d 4 have somewhat r.ore spread. In all three cases,

higher levels at these positions occurred wher. the source was

nearby, suggesting :hat ~he microphone was in the direct rather

than the reverberant field.

*ILG Industries, Chicago, Ill.
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For ~LG source positior. 1 (the positio~ wtere the wheel

was to be tested), Fig. A-3 shows t~e spread ~n levels at the

six cicrophone positions. I~ we divide the s~x cicrophone

positions into two gro~ps, those farthest away (2, 3, 5 and 6)
and those nearest (1 and 4), ~e f~nd that the snread in the ~irst

group is small, less t~an 4 dB above 200 Hz. Levels at micro

phones 1 and 4 are consistently somewhat hi~her, s~ggesting that

the ~icrophones are close enough to the source to be in the

direct field.

Although the above measurements su~gest t~at the room is

not ideally reverberant, by placing any source at source position

1 and measuring the SPL at micro~~o,-e positior.s 2, 3, 5, and 6,
we can ge~ a ~easure of the ~ower radia~ed ty that source that

is sufficiently accurate for o~r purposes.
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APPENDIX B: CONTACT PATCH WAVENUMBER FILTER

For simplicity consider a circ~lar region o~ radi~s b o~ a

rail. Let x be the distance along the rail and let y be :he

distance across the rail. Let t~e patch sense and filter (or

weight) the roughness r(x,y) on tl:e rail such that the resul:ing

sensed output rl(~,n) when t~e patch is centered a: (~,~) (see

Fig. B-1) can be written

(B.l)

where h(~-x,n-y) is a general weighting function t~a: takes o~

finite values in the circle centered at (~,n) bJt is zero outside

it. The function h(~-x,n-y) is analogo~s to the impulse respcnse

function for a linear system i;. the time domain. ~ecall that the

Fourier transform of tl:e impulse response function is the fre

quency respcnse of the li;.ear system. In a co~pletely analogous

way, the Fourier transform cf the function h(x,y) is the wave

number response o~, or the wavenu~ber filtering ~rcduced by, t~e

contac: patch in Fig. B-1, i.e.,

H(k ,k ) = [rxJ (rxJ
X Y J_rxJ J-rxJ (B. 2)

For simplicity assu~e that t~e co~tact patch uniformly ave~ages

the roughness co;.tained within it. The fu;.ction h(x,y) becomes

a pil~ box of radius b and height 1/rrb 2 centered at x = 0, y = o.
Equation B.2 ther: becomes

= _1_ (b dy
rrb 2 J-b

jk x
dx e x
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FIG. B-1 CONTACT PATCH FILTERING
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where k = I k 2 + k 2
• Under suitable assumptions of spatial aver-x y

agir.g, t~e waven~~ber spectrum sensed by ~he con:act patch,

~ ,(k k ), is related to the act~al waven~r.ber spectrum ¢ (k k ),r x y r x y
(again in complete analogy with ~iltering of random signals in

the tir.e domain) by

4J 2 (kb)
I

(~b)2

¢ (k k)r x' y • (B. 4)

~f when r.easuring the wave~umber spectruTI, one uses a point

sensor that r.oves along the rail in the x direction, the wave

~umber spectrum that is sensed, ¢ (~ ), is related to the act~alr x
spectrum by*

¢ (k ) = /00 dk ¢ (k k)r x _00 y r x' y (' (3.5)
~.

By analogy ~he wavenumber spectru= sensed by the contact

patch is

¢ I (k )r x d~
Y (kb) 2

¢ (k ,k )r x y
(B. 6)

*One can see this by ass~ming ~ha: the autocorrelation of the
roughness R( 8 ,8 ) is measured on the rail along a line i~ thex y
x direction yielding R( 8 ,0). This is related by :he Fourier

x
transform to the wavenumber spec~r~m Q (k k ) orr x y

co 1k 8 00 co
R(8 x '0) =1co dk e~ x Xi dk ¢(k ,k ) -1 dk

x -co y X Y - -00 x

jk 8
e x x ¢(k )

x

which implies that ¢(k )x ¢ (k ,k ) dk .x y y
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t

To go any further requires a knowledge of the k dependence o~
y

the roughness spe~trum. This has ~ever been measured and so we

make the assumption ttat

aK < k < a/.:x y y

= C , Ik I > aky x
(E.7)

where ¢ (k ) is defined in Ea. B.5 and is the s_oectrum definedr x .
by running a point sensor along the length of the rail (or the

circumference of the wheel). Equatior. B.7 implies a f~at band-

limited spectrum in k wtere tte wavenucber above wtich no energy
y

exists is a ~ul:ip:e of :he wavenumber ir. the x direct~on. This

impl~es that for a give~ waven~mber component in the x directior.,

k x ' the a~tocorrelatior. ~s of the form sina~xo/a/.:xo, whic~ furt~er

implies a correlation length in the y directior. proport~onal to

Ax/a where Ax is the wavelengt~ in t~e x direction. 3ubstit~tin~

Eq. E.7 in:o Eo.. B.t 2.n~ s'lbstiLltin,g: /:y k x tanS for Ky ' He have

¢ ,(k ) =
r y

4¢ (k )
r x

aCc b) 2
x

(B. 8)

Equation B.8 is, of course, a r estimate based on a guess at

the ky dependence of t~e wavenumber spectrum. Other guesses

might be equally viable; for exanple, one might assume that

¢ (k ,k ) is bar.d limited at k , wtere k is independe~t of kx 'r x y Q Q

This ass~mption imp~ies a correlation length in t~e y directior.

across the ra~l tead or tte wheel tread proportional to l/kQ'
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APPENDIX C: THE EFFECTS OF LOCAL DEFORMATION ON RESPONSE

If the local Hertzian contact stiffness of the wheel i~ con-

V and V .w r
tion from the wheel and rail, the motions a~ the contact poin:

d~e to tr.e contact stiffness being very localized.

~act wi:h the ~ail ~s small, this could reduce the effective

impedance of the wheel and rail and :hus affect the response. We

can examine the possibility in sonewha: more deta~l by lineariz

ing the contact s:iffness and using the approximate ~odel o~

Fig. C-l. In that figure the contact stiffness K is sp:it
c

between the w~eel and :he rail, and the motions on :he surface of

the wheel and rail are each split into two parts: those due to the

contact stiff~ess, V and V ,and those due to the impedance*,cw cr
I~ is the latter motions that result in sound ~adia-

Solving for V and V we obtainw r

V =
ZR

v
w ZR + Zw + 2Z Z /Z

,
rough!1ess

W R c

V
Z\\f

V=
ZR Z\oJ 2Z RZ1:?ZCr + + roughness ,

(C.l)

(c. 2)

where Z = 2K /J'w and V . is the ~ouo~hness velocit J" fromc c rougn;.ess
the wheel and rail sensed as the wheels rollover the rail.

Clearly, if Z > > Z'1 and Z > > ZR' then the above equat io;.s sir.:-c ,~ c .
plify ~o the ~esults i!1 Eqs. 2.4-5 a!1d 2.4-6 and Eqs. 2.4-14 and

2.4-16 a~e u;.af~ected by tr.e co~:act stiffness.

We know o:~ no formula fo~ calCUlating ?C c ~or two cylinders':

in contact, i.e., a wheel and a rai:; however, we can estimate

*This model implies that the impedances have been measured u:.der
circumstances where the i~pedance of the contact stiffness is
much greater than Zw or ZR'
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K
C

for an elastic sphere p~essed into a half-plane as

1/3
K = 1.22(E2. a P)

c

where E is the ~odulus of the mater~al, a is t~e sphere ~adius,

and P is the load applied to the sphere. Si~ulating the para

meters of the PRT vehicle and wheel, for a 11., in. (35.5 em)

diace:er sphe~e (to simulate a wheel cf simila~ radius) under

1750 lb (7800 N) load, we obtain K = 3.3 X 18 7 lb/f~ (4.8 • 10 8

c
N/=). Figure C-2 co~pares this contact impedance to the analyt-

~ca~ impedance models developed ~;. Sec. 2.~ for the ?R~ ~~eel and

:he Pullman Standard test track rai~ [ASCE 60 lb/yd (30 k~/m)J.

Above -500 ~z the contact impedance cecoces ccmpa~able to cr less

than the wheel impedance and some effec: would be expected.

Below 500 Hz little effect would be expec:ed.

It is useful to distinguish two regions in Fig. C-2: the

regicn whe~e Zw » ZR and the regio;. where ZR »Zw' In those

two regions it is possible to si~plify Eqs. C.l ar.d C.2, as is

s~own in Table C.l. Ir. regicn I the contact stiffness ~odifies

TABLE C.l. WHEEL AND RAIL RESPONSE INCLUDING CONTACT STIFFNESS.

Region VW/Vroughness VR/Vroughness

I ZR Z
~

Z
v c

(ZH » ZR) z:-; Z + 2Z R Z + 2Z R\~ c c

II Z Zw Z
c c

(ZR » Zw) Z + 2Z
W ZR Z + 2Z,/

C C \~
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ar:d in region II

Consequently, to

the wheel and rail response by Z /(Z + 2Z R)c c
the responses are modi:'ied by Z /(Z + 2ZlJ)'c c ~~

examine the effects of the contact stiffness, one need only exam-

ine Z /(Z + 2Z
R

) in regio~ I and Z /(Z + 2Z,~) in ~egion II.c c c C ~J

Using the analytical models of Sec. 2.1, we find that

- 1 0 3 ( f) ~ (l-.~) 1b secZw IITOO - ft

ZR = 4.10 3
( f)~ Cl-J') Ib secI050 ft

Z 9.90 • 10 6 Ib sec
c = j f ft

(Region II)

(Region I)

(~egior:s I and II)

Figure C-3 shows ~he resulting e:'fects of ~he contact sti:':'ness

in the two regions.

In Sec. 2.4, all calc~lations were per~ormed assuming that

Z + 00 As a result, in all these calculationsc

zc
=

Zc
Z +2Zc w

= I

and Fig. C.3 shows the correction factor that should be added

to all the roar noise predictio~s in Secs. 2 and 3 to correct

for the contact stiffness. On~y at very high frequency (> 4080 Hz),

whe~e Z is much less than both Z~ and Z~, is this correctionc \. ~,

significant.
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APPENDIX 0: EVALUATION OF THE ROUGHNESS MEASURING DEVICE

To e:lsure that t:Je Y'oughness measuring device properly

measuY'es surface rougnness at the wavelengt:Js of interest, ~e

perforned a detailed evalua~ion of ~~s operation. In ~his

appendix we describe these measureme~ts and t~e resulting conclu

sions.

0.1 Isolation of the Probe

A schematic of the measuY'ing device is shown in Fig. D-~.

The total signal as registered by :he accelero~eteY' w~en the car

riage is in motion is give;. by

S
P

n S + ~ S + Sb + Srp r C) c ' e
(D .1)

where Sand S are the accelera:ions of the rail s~rface and
r c

caY'Y'iage, respectively, as recorded in a,- inertial fra~e ~oving

at a uniform speed u along the rail. Sb is mechanica: background

noise, Se is electrical noise, and H~, ~rr, are the carria~e-~o

probe a~d rail-to-proce ~ransfer functions. The useful quantity

S must be "fil~ered" out from the rest of the terms.
r

~hrough proper design o~ the carriage and carriage-to-probe

couplin~ we obtained IH I ~ 1 and jP. S I » IH S lover aC:::, rp rp r :0 c
large portion o~ tne range of interest, which allo~s us to ignore

the second ~erm of Eq. D.l. =n particular, we polis~ed the

carriage ~rac~ to reduce S and applied str~ps of damping andc
vibration insula~ion material along tte transmission path

(Fig. D-l) between tne carriage and probe to reduce the magni:ude

of E .
P

The last two terms, Se and Sb' of Eq. D.l are very small

most of the time and can be neglected, except at very low frequen

cies, where the actual si~nal S~ becoces increasingl~ weaker for
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ACCELEROMETER
~ HINGE JOINT

(a)

I-BEAM

I-BEAM

RAIL

TEFLON BLOCK

E=~L, TEFLON STRIP(HINGE)

.-+-RAIL

( b)

FIG. 0-1 ROUGHNESS MEASURING DEVICE
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a given speed u and is finally los~ into the backg~ound level Sb'

This subject of signal-to-r.oise ratio will be discussed furtr.er

in subsequent sections.

0.2 Details of the Test Setup

Tr.e mai" str~ctural details of tte final carriage design

are illustrated i~ Fig. D-l. We repeatedly changec the carriage

shape, teflon blocks, a~ount of damping, and acce:erometer holder

in an effort to achieve a sa~isfactory signal-to-noise ratio.

The final carriage design is basically an aluminum channel seg

ment par~ially coated with damping material; it is co~plec to

the I-bea~ by means o~ teflon b:ocks. r~e probe consists of two

pieces joined together w~th a soft teflon stri~ (hinge) which

serves as a low-pass filter. The arm contai~i~g the probe is coa~ed

with da~ping materia~ and its coupling to t~e acceleromete~ holde~

includes two layers o~ vibration insulation material.

The accele~ometer holder (Fi~, D-2) has two threaded pieces,

~I and Hz, that hold a l-~n, diameter ball bearing 3. An accelero

meter A is attachec to the ~pper ~iece E z ' The accelerations

registered by t~e ~celerometer a~d the ball bear~ng will di~~er

as a result of some finite compliance in the A to ~I and HI to B

couplings, but t~e di~fe~ence is ~egligi81e in the low-frequer.cy

range of interest.

This partic~lar holder design a~so solves ~he prob:em of

"spragging ll resulting froD an excessive::'y worn-oClt surface of

contact. Whenever the worn-ou~ patch exceeds 1/10 (0.25 in) of

an inch, one can obtain a new clean sphe~ical contac~ surface by

unscrewing Hz and rotating the ball bearing to a new position.

One of the basic assu~ptions ~ade in t~is project is that

the carriage speed reoains constant throughout ar. en~ire run.
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ACCELEROMETER

BALL BEARING

FIG. D-2 ACCELEROMETER HOLDER
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To achieve constant carriage speed, we ~sed a hig~ i~pedance

motor drive and occasior.al oil lubrication of the track. Hcweve~,

we om~tted this type of l~bricaticn duri~g o~r second field trip

because the first field trip established :hat its results were

detrimental at low tempe~atures.

We socetimes measured the car~iage speed by ~eccrding the

time spacing of pulses corresponding to 2 ~t (0.61 m) ir.:e~vals.

The carriage had a soft shimstock arm on one e:.d which when it

made ccntact with track extensions [spaced 2 ~: (8.61 ~) apa~t~

closed momentarily a circuit t~a: gives a 6.7 volt p~lse. I~

mas: cases, however, we ceasu~ed :he speed by ~sing a stopwatch

to measure the ti~e it took :he carriage to t~averse 8 ft (2.4 L ~\
- • J •

D.3 Measurement of Hp

The extent to which :.oise caused by ccntact betwee:. the

carriage a:.d the I-bea~ is transmitted to the probe can be dete~

mined by the test set~p of Fig. D-3a. When :he =-beam is shaken,

the acceleration levels Sp at the probe and Sc at the ca~riage

are measured simultanecusly to yield :~e transfer f~nction H
p

de~ined by

s
p

Sc

~t should be noted that during this test t~e shake~, the beac,

and :he prote are all isolated ~roD the gro~nd ar.d each other to

ensure t~at Sr ~ O. In all cases Se and Sb were found to be neg

ligible compared to Sc and Sr'

The response of both acce~erometers to :he pink noise used

as the driving signal is shown in F~g. D-3b. It is clear t~at

with the exception of the 31.5 Hz and 3~5 Hz ba"ds, vitratio~
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0.4

erigina:ing at the carriage is attenuated by at ~east 10 dE on

its way to t~e probe. ?u~thermore, for typical metal strips that

were tes':;ed, the "rail" roughness in the above two banci.s was much

higher than the carriage roughness; therefore, ':;he~e ~s always a

very good signal-to-noise ratio in all bands.

A better picture of ':;he behavior of H is shown in ?i1.p
D-3c which plots 20 log (lIT I) vs frequency, where ~ is the

~ D
average ever 4 runs defined-by

2 s(i;
H i

i 1,2,3,4 (D. 2)( i) =p
2 S
i c

Measurement of Hrp

The valid~:;y of t:'1e e;::;ire reughness measuremen: procedure

presented here is based or. ':;he assumpt~on that the probe and rail

maintain good centact whi:'e the carr~2.ge moves. However, this

assumptio:: does not aliJays ):o::'d trc;.e. On very rough surfaces o~

at ve~y high carriage speeds, tile probe li ft s off the ra~l and

then bou;:ces off a few ti~es before resum~ng smooth contact,

thus leadi:1g te erroneo".lS resu:' ts. It is q".li te impo~tant, t21e:.,

to detercir.e some basic methods for ma~ntaining good contact.

The arrangement used to determine the t~reshold for lif':;

off as weil as the transfer function H is shown ~n Fig. D-4a.
~p

The probe is shaken by an impedance head and the readings of the

probe and impedance head accelerometers are ~ecorded si~ultau

eously. At each frequency (1/3-octave band tones), the level

was increaseci. until lift-of~ eccc;.rred, i.e., Jntil the signal

developed a substantially d~sterted ferm accompan~ed by an

audible rat:::'e. S".lbseqc;.ently, the level was decreased until tte
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ratt:e d~sa~peared a~d :he s~g~al assumed its ~ndisto~~ed ~orm.

The level at which lift-o~f comnences (i.e., inc~easi::.g

levels) \<las consiste;:tly higner t1:1an the level at wilic::' li~t-off

stopped (decreasing leve:s). The dr~v~n~ acceleration o~ tne

:a::er case \<las defined as the threshold of lift-off a;:d ~ound

to be al\<lays larger :ha;: g/5.

I;: al: ~easurements tha: fol~ow, tne signal was first tested

to ensure ~he absence of li!t-off before any data were acqu~red.

The test setup of ~ig. D-4 was also used to determi;:e the

transfer f~nction H defi;:ed jy
r~

:rrp I
Is c o

Duri;:g the lift-off :est, heavy pieces of metal Here supported

f~om the carriage to ensu~e ttat Is I ~ 0, and the accelerat~on
c

of the Wilcoxon impeda;:ce head and ~robe were ~ecorded simultan-

eously. ~~e results of th~s test also appear i;. ~ig. D-~. It

is noted that lsi = [sri with a bette~ than ± 5 dB acc~racy u~t~l

w = LOJ nz, beyond w~ich the accele~ome:e~ response becones very

irreg~lar due to cou~ling resonances. ~he red~ced vers~on of

H is shown ~n Fig. ~-4c \<lhere we ~ave plo:tedrp

2C log IE I
r~

I-ie used t~e detailed ~or~ of the transfer f~nction E i;: reducingrp
all our roughness da:a.
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D.5 Reference Rough-Surface

The tests ~us~ descr~bed for t~e measurement of Hand H
v rp p

~ave been carried out with :he carriage at rest. ~o make sure

that this methcd does work, we constructed a:.d tested a surface

of (approxir.ately) known roughness.

We constructed a sinusoidal surface by epoxying a 2~ in.

(6.35 cm) wide and 0.806 in. (0.2.52 mm) t~ick shir.stocx strip over

a,l array of \ in. (0.635 cm; wide strips of the same shimstock

spaced 2 in. (5.1 cm) apart. Conseque:ltly, the peak-to-peak rough

ness amplitude was

E = 6 mils (0.152 ~m)

For a roughness wavelength A = 2 in. (5.1 cm), t~e acceleraticn

at a speed Va = ti ft/sec (1.22 m/sec) fro~ t~e shi~stock would ce

or -~8 dB re 1 g rms amplitude.

The ~easured spectrum is show:t i:t Fig. D-5. There is a dis

tinct spike at 25 Hz of -10 dE re 1 0' which is lower than

o~r prediction. Kcte :hat in addition to the peak at 25 Hz,

there is ancther distinc~ peak at 50 Hz, the first harmcnic. Its

substantial level is explai"ed by the irregularities of our ha:.d

made wavy surface, which is periodic but not perfectly sin~scidal.

~he -8 d5 discrepancy can be easily explained in terms of :he

expected i:.creased effective a~plit~de of the corr~gation result

ing from the ~se of glue i:l tte construction of the wavy surface.

A 4- to 5-mil layer of glue would account for this difference,

which is a not an unreasonable possibility.
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D.6 Conclusion

The above ~eas~rements show that the roughr.ess ~easuring

device operates properly, and that data produced by ~~ in the 6

to 200-Hz range are reliable. In addition, the ~easJred transfer

functions can be used to reduce the new data, up to about 200 Hz.

Above that frequenc~ there is a s~rong resonance or antireso~ance

at 400 Hz that makes data take~ near tha~ frequency of Question

able validity.

The operating range in frequency can be easily trar.s~ated

to the operating range in wavele;.gth by

where u is the carriage veloci~y. For a carriage velocity of

3 ft/sec (0.91 m/sec), tne 6-to 200-Hz frequency range i~p~~es a

6 in. (1S.2 em) to O.OlS-in. (0.38-:-:-un) wavele"gth ra~ge. For a

transit vehicle traveling at SO mph (88 km/hr) tnis would give a

frequency range of -140 Hz to -6000 Hz, well i~ the range of

interest.
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APPENDIX E: REPORT OF INVENTIONS AND INNOVATIONS

The fol~owing inventions and innovations were made during

the course of the p~ogram described i~ this report:

• A device fo~ the measurement of wheel/rail roughness,

pp. 133 to 147 and Apper.dix D.

• The res~liently treaded wheel, pp. 257 to 260.

• The low rail barrier, pp. 252 to 255.

• The constrained layer damped wheel, pp. 161 to :64.
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