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Program Director
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FORE_vVORD

This year marks Ithe centennial of the world's firstrapid transit ::

system, openedfor service inLondon onIanuary i0, 1863. In subsequent ,_

years the original London Undergroundwas greatly expanded, and similar i

systems were constructed in other major cities. Following this initial i[

periodof development there was, however, a marked decline in new con- i_

srructlon. The resultantcontraction of the market for equipmentlnhibited

investments in the improvement of transittechnology at a time when ad-

vanclng automotive technology was exerting itsfullimpact on urban trans-
portation. In this climate it might have seemed reasonable to suppose

that the whole concept ofrail passenger transportation was inadequate to

modern needs and destined forthe graveyard of archaic technologies. In

any case this view gained considerable credence in the United States,

and was at least partially correct.

Expanding automobile trafficcreated increasing interference

_,;_ with, and wa s itselfinhibitedby, the particularform ofralltransportation

known as electric streetrailways, streetcars,or trams. A majority of

these systems were therefore abandoned in favor of motor buses, which

. are much betteradapted to operation in mixed vehicle trafficon General

_. thoroughfares. The functional obsolescence of railtechnology for this

•. particularapplication had no bearing at all on its suitabilityforhigh-

capacity, exclu,siverlght-of-way elements ofurban transportationsys-

tems, although itdid inhibit the advancement of the technology.
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Itis slgnlflcant in thls regard that although many cities replacedI

theirstreetcarservices with motor-bus llnes_ no citiesabandoned _ll"e_

rapid transitsystems despite the fact that the oldersystems were builtio ]
standards of performance and comfort that are now considered obsolete.

On the contrary,investments intheexpansion and modernization ofolder I
transitsystems have been made inParis,London, [3erlln,Hamberg, Stock- ¢

holm, Moscow, Leningrad, Chicago, New York, Philadelphia,Osaka, and

Tokyo. Moreover, in the same period entirely new transitsystems have s

been or are being constructed in Barcelona, Cleveland, Vienna, Montreal, r:
Nagoya, Oslo, Rotterdam, San Francisco, and Toronto. In addition some ¢i

cities(Stuttgart,for example)are partiallyrelocatlngremaining streetcar i

I linesto newly constructed exclusiva rlghts-of-way as the firststage of a

_i conversion intomodern rapid transitsystems, v!

The currentexpansions; and new constructions of rapid transit a,

systems are too numerous tobe dismissed as a seriesof accidental sir- AI

eumstances contrary to a generai trend. They seem, rather, to define a f(I

new trend--a teohnologlcal renaissance of tallpassenger transportation, r_!

The extent to which modiflcations of, or maJordepartures,from the estab-llshed technology maybe require:din the application of basic talltransit
! concepts to meet modern standards of speed, comfort, and convenience

! has not, however been entJrelyclear. In particular,a major question

! has arisen in connection with the promotion of a transitvehicle design,

_i currently used in the Paris Metro system, which departs from the steel-
i ]

_:_ _ wheel and ralltechnology of vehicle support and guidance.

[ To begin wlth Itshould be noted that there is no a prlorlreason
_' for assuming thatthe idea ofsupporting a transltvehiclewlth steelwheel s

i[! rolling on steel rafts is inadequate for modern applications. "vVhoever

; thinksotherwise should reflecton the factthatthe wheels ofhisautomobile

: ' turn quietly and smoothly ontheir axles by v/trueof steelwheels rolling

: on steel.surfaces, I.e. roller bearings. In regard to speed, note that

_- the maximum normal operating speeds attained by steel-wheel and tall

vehiclesexceedby a wlde margin theperformanceofany otherformof

' _ public surfacetransportationvehlcle, and the now "obsolete" PCO-type

: ! streetcarhad anaeceleratlonwell above thatofcontemporary motor buses.r

> : Inthe absence of objective evidence, however, there has been

:, a persistent body of opinion that contemporary applications of the basic
_,' steel-wheel and tallconcept cannot satlefymodern standards of quietness

'_ and rldabillty,and thatitistherefore nece ssary to adopta majordeparture
intransittechnology. Impelled by this convlction, officialsof the Paris

Metro transitsystem and a group of French manufacturers set out to de-

i. velop pneumatlc-tiredvehlcles, and succeeded--albeltat the expense of
a more complicated vehicle running gear and track system.
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II Despite the impression of demonstrated superiorityof the pneu-

i matlc-tired vehicle conveyed by press reports,_cno substantial evidence_ has ever been developed that allowed a comparison of its characteristics
I. with those achieved by other engineering developmentgroups (inEurope,

principally,hut also inNorth America and lapan), which had devoted equally
competent teehni4al effortsto improved applications of the simpler steel-
wheel and rall concept. Thus, although transportation planners might

delightin the rlchvarlety of alternativedesigns emerglng from this tech-

nological renaissance, they have had equal teason fordespelt inthe poverty

of information forchoosing among them.

' Recognizing the inadequacy ofexlsting information on noise and !
vibration levels in contemporary transit s_stems, the National Capltal .'
Transportation Agency judged that itshould acquire such objective evidence

as could beobtalnedat reasonable cost to support the Agency decisions.

Although the investigations were specifically designed to satisfy the in-

formatlonrequirements ofthe NationalCapital TransportatlonAgency, these

requirements are basic to any system's planning project. Therefore, the

results should be of interestand value throughout the industry.

.... -- - Narold O. Davldson

' ' Vice Presldcnt

Director, Logistics and

Operations Division

!/'Ij

?;,i

, -_ = For example, TIME Magazine, _une zg, 1963, p. 80,

:_ and The "_Vashinqton (D.C.) Pest and Times Herald,

• August 5, 1963, p. BI.
f
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i , SUMMARY

!i
i,

PROBLEM )

I 'I. The National Capital Transportation Agency (NCTA) has been

• I assigned by the Congress of the United States the responsibilityfor de-
_ sign and implementation of a rapid transitsystem to serve the National :

['I Capital Region (NOR). Itis hoped that construction of the system will"

"{ _ begin in 1964 and initial'_operations will be startedin 1968.

!iI
' _ 2. In support of the NCTA program, Operations Research Ineor-
ii-'l perated was given the task of conducting measurements of vibration

i and noise levels to which passengers are subjected on existing rapid

: transitsystems. As part of the task itwas necessary to carry out an

: extensive fieldmeasurement program on rapid transitsystems in the

!.] USA, Canada, and Europe.
c

!'I
Specific Ob _eetives

3. _This reportpresents the results of a study of rapid {ranslt

vehicle noise and rldahllity,undertaken to fulfilla need for basle data

on these characteristicsof existing rapid transitsystems. The ob-

jective of this study was to obtain noise and ridablllty data which
• might be helpful in setting vehicle design criteria. A secondary ob-
jective was to determine the relativequietness and ride smoothness of

rubber-tiredand steel-wheeled rapid transitvehicles to assist in the

comparison of these systems.

vii t



' SCOPE
F,

i _m_ 4. To accomplish the study objectives, itwas necessary to under-

take e fieldmeasurement program. This involved the selection of in-

strumentation for the measurements and the design of a suitable test

procedure to collect the information on a comparative basis. Italso re-

quited the enlistment of operatingtransitagencies in the USA, Canada,

and Europe for participationinthe tests.

5. During the course of the study some 13 fieldtests were con-
%

ducted Measurements were made inside talltransitvehicles in Berlin,
%

Hamburg, Lisbon, London, Paris (rubber-tiredvehicle), Stockholm,

Toronto, Boston, Chicago, New York, and Philadelphia. In addition,
daze were collected in a modern city bus operating on the streets of

Washington, D.C., and in one o'fthe originalTALGO passenger trains

. near Madrid, Spain. A new rubber-tired vehicle being tested in Milan,

"_ Italy,was also inspected.
?

: 6. The standard test procedure followed throughout the study in-

volved the simultaneous measurement ofnoise and vibration in the
interior of a train of vehicles operating at controlled speeds on seotlons

of straight level track in subway. Because the study was oriented to-

wards passenger comfort, no consideration was given to noise and vl-

! brationat points away from the vehicles. Noise in underground stations

is included, h'owever, because of its relationto passenger opinion ofi

:! system quietness.
LIMITATIONS

' 7. The vehigle analysls islimitedto a comparison of noise and ride

( I_ smoothness for conditions of subway operation atspeeds of 15 mphand[[',i 30 mph. Some data are also presented for higher speed conditions in

those cases where such data could be obtained.

8. All comparisons are presented on a vehlcle-system basis; that

Is, one vehicle operating on itsparticularroadbed is compared with

other vehicles operating on theirrespective roadbeds. The results do

not indicate how a parHeular vehlole will rank when operated on a road-

_' bed or type of track constructionother than itsown. However, suffi-

cient data on track and roadbed are presented to permit some general
i

cross-predlotions.

viii
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J
FINDINGS

'I 9. Significant differences in loudness were measured among ex-
isting rapid transit systems. The relative average loudness levels,
in phons, derived from the measurements made in this survey on various
rapid transit trains running underground at 30 mph were:

Philadelphia 103
New York ' 98

Chicago 98
Boston 97

Lisbon 97

London 93:
S_ockholm 9Z
Toronto 90

iI Paris(Rubber-tlred) 89 ....."'I Hamburg 87Berlin 85

I The systems inthe United States were found to comprise the loudest
i,

group. This is significantbecause itrepresents the total experience

of the majority of United States residents with rapid transitsystems.x

i_ _ They do not have the opportunity tocompare the quieter rapid transit
. systems with other modes of travel, and their attitude toward rapid
,,. transitis influenced adversely,

10. No significantadvantage in quietness was found forrubber-

:_ tiredsystems over the best steel-wheeled systems. Lowest noise
levels inside steel-wheeled vehicles were measured inside vehicles in

Berlin, Hamburg, and Toronto. The noise levels measured inside

these vehicles in subways were found to be no higher than those inside

" the Paris rubber-tiredvehicle in subway as well as those inside a

modern bus operating on open expressway.

1i. The lowest noise levels in underground stations during train

arrivaland departure were measured in Berlinand Toronto, and were

lower than those measured for the Paris rubber-tlredvehicle. Station

noise during periods of train movement in these three systems was

found to be less than the background noise of city trafficon open streets.
!

Ride Smoothness

12. Two separate sets of measurement equipment were used to col-

lect vibration data simultaneously. Three analysis methods were

ix

........... ......... • . •.



employed in evaIuatlng the results, using passenger comfort criteria

developed by various researchers. The results of each analysis were

crass-compared to determine those systems judged best by all three

techniques. These were:

Hamburg Chicago

Stockholm Toronto

...._ Systems giving average ridabilitycharacteristicswere:

London V_rashlngton, D. C.

(Transit bus)
t' {I

' I Paris (Rubber-tired Lisbon
-- Berlin

i The systems.giving below average ridability characteristics were:

Boston Philadelphia

Paris(Steel-wheeled) Lisbon

NewYork TALGO

A number of quallficatlonsthat must be attached to these ratings are i

discussed in the body of the report. Despite incomplete data sets, '

there is evidence that Berlinalso should belong to the "best" group.

;"! _ 13, Complete correlation of the vibration data collected (and of

the noise data) with the design, construction, and maintenance factors

_-_, influencing them was beyond the scope of this study. Ho_yever, an

attempt is made to correlatesome observed system conditions with (

i measurement results. Enough information is presented herein to'permit !: _ _ identificationof these systems Judged consistently best in all respects, '
so thatthe fieldhas been narrowed to a small number for furtherinves- _ !
tigstlon. :i

[
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ill I.i INTRODUCTION

i.

OBIECTIVES AND SCOPE OF REPORT

I.i This reportpresents the resultsof a study of rapid transit

vehicle noise and ridabilityundertaken with the general obJectlv_ of

• obtaining comparative data on noise and vibrationlevels inside rapid

([i<i transitvehicles operating on existing systems inthe USA, Canada,

_i _ andEurope.

1.2 Comparative noise and ride data on existingTapld transit

' vehicle systems were virtuallynonexistent,comparisons heretofore have
generally been made on the basis of subjective opinion formed during

rides in vehicles in scheduled service, irreslSectiveof differences in

operating speed, trainlength, etc. As a result, there exists much

confusion about the extent of actual differencesamong systems and

about the value of certain features in particularsystems. This study

was undertaken as a firststep towards the identificationof those sys-

tems having superior ride characteristicsand low noise levels.

l.3 To obtain data that could be used for identificationofreal dif-

ferences among systems, itwas necessary to undertake a fieldmeasure-

ment program. This involved the selectionof instrumentation, the da-

sign of a standard test procedure to'be repeated ineach system, and
the enlistment of the cooperation of operating transitagencies in the

USA, Canada, and Europe.

l.-_ During the course of the study, a wide varietyof data was

:_: collected on vehicle systems, both old end new. The majority of
:[

!



operating rapid transitsystems in North America and Europe were in- 1.I

eluded inthe measurement program, and general data on each of the sm_

systems tested, along wlth specific date on the vehicles tested, are opl
includedinSectionIll. to

i! 1.5 Anotherobjectiveof the measurement programwas toobtain qua

noise and ride data on rubber-tlred systems in a manner suitable for 1.i'.

comparison with conventional steel-wheeled vehicles operating on steel aul"

rails. In accomplishment of this objective, measurements were made on ,

: inside the Paris Metro rubber-tlredsubway vehicle and inside a modern 1.I'

'_ diesel bus operating in the Washington, D. 0., area. tan_

| 1.6 Because this study was oriented towards passenger comfort in set_1

levels measured at points distant from the vehicles. However, station Like,_

noise during trainarrivaland departure may contribute significantlyto ran).

passenger opinion of system quietness. Since thistype of noise is 'con_

i! most difficultto control inunderground locations, itwas included in sinei

thestud?', sys_
abili

I .7 An attempt has been made in this reportto compare the noise exazI

levels encounteredby the passenger inmodern rapidtransitvehicles j
with the noises encountered on city streets and in other transport

vehlcles. In some cases this is done by comparison with data obtained STU i'
by other researchers. °A general comparison of transitvehicle ride

1.12_
smoothness with other forms of transportation is not attempted. How- sys_

' ever, a limitedcomparison of rubber- and steel-wheeled systems is the t

afforded by the data presented on the two rubber-tiredsystems, slbl!

n_
: NOTES ON COMFORT MEASUREMENT"

to
I

I .i.£

i: I .8 Noise and ride smoothness are obviouslyonly two ofthe several or a

factors that combine to give an overall impression of "comfort" to the tree)'

passenger, of dlI
tainl I

1.9 As normally discussed in vehicle riding,comfort involves such bestl
factors as heating, lighting, seatlng, noise, and vibration. In addition, !

the discomfort produced by acceleration and hraklng, as well as vehicle appa_

ii behavior affectsthe ofthe abouttheco're'- theb
on curves a opinion passenger

i: fortof his trip. 1.16

I .I0 Because the Judgment of comfort is a complex subjective decl- tern i

wherslon processbased on reactionto the combinationoffactorsJustmen-

tioned, the measurement of comfort in quantitativeterms is extremely dif- parti
f" Ham_

fioultapd-llasnot been accomplished in 31 years of vehicle ride research.

2
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I.Ii Itis generally recognized, however, that noise and ride {
smoothness are two of the more important factors influencing passenger i

opinionofride comfort. The relative importance of these two factors I :
to each other is not known, nor is itpossible to judge, except on a [

qualitativebasis,the combinedeffectofboth. i

1.12 Itis possible to measure each factor separately, rank the re- i

sultsusing known human response criteria,and Judge the combination

• on a qualitativebasis. This is the approach taken in this report, i

• ! l.13 Noise measurements were made inside moving vehicles simul- { :taneously with the recording of vibrationlevels, using two separate"

sets ofmeasuring equipment. The noise data are evaluated independently i
L

ofthe vibratlondata_and the systems ranked in terms of quietness.

Likewise, rldabllltydata are evaluated separately, and the systems :

ranhed interms of ride smoothness. Then, those systems ranked as

conslstently-superioror consistently poor In both quietness and rlda

smooth_ess are identified,and the reasons explored. Finally, those

system{ characterized by differences in ranking of quietness and rid- ,

'_ abilityareidentified,and the significance of these differences is
I:

examlned.

STUDY LIMITATIONS r

i.14 In _ettingthe scope of this study to include a large number ofsystems, both European and North American, itwas necessary to limit
the amount of data collected on each system. Itwas physically impos-

sible,withinthe time allowed, to obtain data on every factor contributing

to noise and vibration inside ;he vehicle.

].i5 For example, itwas not possible to obtain eithera quantitative

al ora consistentmeasure of the contributionmade to ride smoothness by

trackand roadbed condition. An attempt was made to minimize the effects ,

ofdifferencein track condition among the various systems by always ob- I

talningdataon _,ectlonsJu_ged by the host agency as being among the : !
h best inthatsystem. In some cases, the contributionof the roadbed is

n_ apparentinthe measurement results, in others itis estimated, based on

e thebestavailableInformation.

! I .16 Inthe absence of quantitativedata on track condition, the sys-

-l' tam comparisons presented in thisreport are on a "vehlcle-system" basis,

_i- where vehiclesystem is defined ass particularvehicle operating one
l!, particularroadbed. Thus, the measurement results obtained in the

dif- Hamburg vshlole operating on its roadbed can be compared with the
::_ch 0

: , 3
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' results obtained in the Stockholm vehicle operating on itsroadbed.
However_ similarresultsfor the Hamburg vehicle might orrelghtnot be

obtainedontheStockholmroadbed.

I.17 Because the problems of noise and vibration control inside the

vehicle are normally greatest for conditions of subway operation, the

measurement program was limited to conditions of subway operation

'I' only, except in the case of the city bus. The range of test.speeds was

_ _ limited to a low speed of 15 mph and a high speed of 30 mph, and these

[:I ] zavospeed conditions were met in the majority of cases. In some cases

data were also collected at higher test speeds, as supplementary in-

formation. The implicationof the limitationon maximum test speed is
_' discussed in Section If.

-_ i.18 Itis recognized that passenger opinion ofride quallt-I and com-b
£ fortis influenced by a large number of environmental factors (lighting,
h heating, ezc.) in addition to the behavior of the vehicle on straight '

'_-" track, curves, grades, and at stations. The work done in this study

Is a logicalfirststep towards a complete comparison of allaspects of
vehicle ridecomfort. The measurements were made on sections of

straight,level track to permit interpretationof the data by methods
generally accepted for Judging vehicle ride comfort. The behavior of

vehicles on curves is not necessarily disclosed by the measurement

results on stralghttrack. Therefore, the next logical step in the measure-

ment of overallride comfort would be the developmenZ of instrumentation

and methods of analysls for comparing vehlcle _cmfort on curves.

'l1

•_ ' olt. i

5 ".i
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If. DESCRIPTION OF TEST PROCEDURE

STUDY CONSTRAINTS

Z.I The constraints imposed on the data-collectionphase of this

study were numerous and exacting. Most lim{ting,ef course, were the

cost constraints,which dictated that the data collection'andanalysis
isura- be carried out in the shortest possible time and at the least possible

cost. Secondly, the constraints imposed hy the measurement equipment

had an effecton the design of the experiment and the data analysis

method. Thirdly, the constraints imposed by llne geography end oper-

ating procedures in each of the systems to be measured influenced the
amount of data that could be collected and also the design of the ex-

. . periment.

Z.2 The study had to be designed so thatdata could be collected

in a similarmanner on a variety of systems in the least possible time

and with a minimum of inconvenience to the cooperating agency. This

meant that the measurement equipment had to he highly pertable, have

_tsown power source, and require a minimum of setup time. It also

meant that the test had to be designed tO permit collectionof data in

a tralnoperating in normal trafficduring normal working hours.

Z.3 In the face of these constraints,the overallrequirement of

the study was, of course, thatifproduce a valid indicationof the ride

smoothness and noise levels encountered in each particularvehicle

:I system. By "vehicle system" is meant a specific combination of vehi-

cle and roadbed. For example, the study results should permit a



comparison of the Paris vehicle on its particularroadbed with the Berlin .

vehicle on its partlcular roadbed.

MEASUREMENT EQUIP MENT

2.4 The firstmajor problem encountered in this study was the se-

lectionand procurement of _nstrumentation for the measurement_._ Ex-

isting equipment for vibration measurement did not meet the requlr.ements

ofwelght andmobilityimposed by the objectives ofthls project. In partic-

ular, the power requirements of most vehicle-rlde measurement instru-

mentation were considered prohibitivebecause of the inclusion ofEuro-

_.Q pssn systems in the measurement program. The Ride Recorder, a spring-
[-' j driven mechanical device that records on a rollthe approximate accel-

i_ _ eratlonin three directions, has been used by some railroadsand manu-

h; facturlngcompanies for making comparative ridingtests. This device
>

has lower frequency response and accuracy than was desiredfor these

measurements. However, itwas found to give a good _'feel"for the rela-
tiveride smoothness of differentvehloles. One of these devices was I

I donated by the Budd Company, calibrated by the maker, and was used
throughout the study as a supplementary source of data;

r

_ii 2.5 In a pilotstudy described below, the use of portable magnetic
•. tape recorders to record both noise and ride data was tested and proved

feasible. Tape recorders have been used, of course, for some time in

_'_'_ noise control studies, but applied only recently to the problem ofvlbra-
. { tlonmeasurement inthe lower frequency ranges (below 20 cycles per

i [ second). The technique calls for special amplifiers, electricaccelero-

c meters, and laboratory analysis equipment. In addition, itis necessaryr
: , torecord the data st a very slow speed and replay the tapes at a higher!

speed in the laboratory, which has the effect ofreducing the length of

- data sample available for analysis. A minimum test run langthof 60 sec

was required to ensure sufficientlength for accurate analysis afterthe

speed scaling,

2.6 Itwas recognized that this constraintwould influence the

design of the test and might limitthe range of test speeds that could
be included in the measurement program. For reasons already ex-

.. plained, the tests were to be limitedto conditions of subway operation
¢ only. However, inmost rapid transitsystems the station spacing on
.: underground'sectlons of llne is such that a 60-sec run at high speed is

not possible without running through stations, afterallowing for accel-

eration time,

6
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_rlln PILOTSTUDY

2.7 Inconjunction with Bolt, Beranek, and Newman, Inc. of
Cambtldge, a pilot study of noise and vlbratloemeasurement was made

on a branch ofthe Boston Metropolitan TransitAuthority (MTA), which

se- very generously provided a special test trainand crew for this purpose.
x-

.ants Figure I shows the equipment setup during the Boston pilot study. Be-

irtic- cause of the 60-see test tun requirement, itwas necessary to carry
out this pilotstudy on a section of elevated track where the maximum

,m- test speed could be safely maintained between stations and curve speed
i! ro-

_ing- ros_-Ictlonswere not a constraint. The same requirement did not exist

il_el- in the case ofnoise data, however, and itwas possible to collectdata

:il'nu"[ at the desiredtest speeds in the subway.:.e Z.8 Duringthe pilotstudy some six successiveruns were made

'_:_e over the same section of track. Data were collected on vertleal, horl-
:]rela- zontal transverse, and longitudinal accelerations from two positions

ii]ias in the testcar at two test speeds. To obtain the necessary freedom:.ed of tralnmovement, itwas necessary to conduct this test between mid-

iIi]r_laee_ nightand SA.M.; the entiretest required some 6 hr to sompletej ex-

clusiveof prlorarrangements and schedule plam%ing.
z.9 The pilot study revealed one obvious disadvantage of the test

procedure, which was a resultof equipment limitation. The tape re-
corderused, which was the only battery-operated recorder with suitable

frequency respons_ characteristics,had only one recording head. This

r meant thatthe vibration components (vertical,horizontal, and Igngi-

ere- tudlnal)had to be measured by making successive runs over the same

_ary sectionof track (slnce three recorders were not available). This proved

jher to be highlyunsatisfactory because of the time required to collectthe
of data.

iI sac

2.10/-However, the pilot study indicated that, with some changes inthe
.thee-testprocedure, magnetic tape recorders could be used to collect
vlbr&tlondata. The incentive to use such recorders for this study was

:: particularlystrong because of the flexibilityafforded in data reduction;

• d once collected,the data are always available and can be analyzed in
, a numberofdifferentway s.

;ion Z.lI The mechnlcal recorder was found to give repeatable results
thatagreed generally with the data results of the magnetic tape analysls,

;!d is ' and itwas adopted as a source of supplementary information. The
•]eel- method of analysis of the magnetic tape records was found to be unsatis-

}: factoryand was changed accordingly. Aiso, the test procedure was

t ]
; I
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changed to reduce the amount of data collectedend permit simultaneous i

recording of only vertical and horizontal transverse data, from one peel- li

tlonIn the car. The amount of equipment required fordata collection _:
was reduc'ed as aresult Of these procedural changes. Final instrumen-

teflonforfuture tests consisted, in additionto the mechanical recorder,
[

of _wo portable tape recorders (equipped with preamplifiers, eocelero-

meters, and supplementary equipment) for vibrationrecording, and one

tape recorder with supplementary equipment to record noise levels.

The Instrumentationwas selected so that allsupplementary equipment

fittedintotwo medium-slzed suitcases; wlth tape recorders included,

the equipment package weighed about 170 ib, was elf-transportable,

and could be set up for data collection in 30 to 45 mln. 1_heNCTA

provided instrumentation specified by ORI; Bolt, Baranek, and Newman_
Inc. also provlded instrumentation as well as personnel to operate it

and perform the initialportion of the data reduction.

STANDARD TEST PROCEDURE

Z.12 The revised experimental procedure was tested with the coopera-
tionof the Philadelphia Transportation Company (PTC). This test resulted

in the adoption of a "standard test procedure" that was followed in most

ofthe succeeding tests conducted on Ii differentEuropean and North

American transitsystems. The standard testprocedure was carriedout

as follows: simultaneous noise and vibrationrecordings were made

_ from the thirdcar of a four-car trainof empty cars; vibrationpickups

(electricaocelerometers) were always located on the floorover the

frontbogie of the test vehicle. Noise recordings were made near the
centerof the test car with all windows and doors closed. All data

were obtained on straight,level track in subway; a minimum of 60 con-

secutive seconds of data was taken at test speeds of 15 mph and 30 mph.

_ii ' Data at higher speeds were also obtained from the same nleasuramsntpositionswhen time and conditions permitted.

2.13 All conditions of the standard test procedure for collecting _i

samples of vehicle noise and vlh_ation data were followed in 8 of the

13 test cases described in this report. In London and Paris the stan-

; dard test procedure was followed, but using an eight-car and a two-car

train,respectively. In Berlin, Lisbon, and Madrid (TALGO _a'aln),the

magnetic tape recorders o_uld not be used forvlbraZlonmeasurement

and four-car trainswere not available for the tests. Noise recordings

were made in each of these three cities, however, and some ride data

:| obtalnel wlth the meohanlcM recorder, although only at the higher

_i testspeeds.



Z.1-IJ/In addition tothe vehicle measurements described inthe p'recedlng

pa#Agraphs, tape recordings were made of the noise levels in selected sub-

way stations of most of the systems visited. Placed near the center of the
passenger loading platform, the recorder was switched on at the sound of

an approaching train end lefton as a train entered, stopped, and leftthe

J station.Multiple samples were taken in most systems to obtain compara-

tive conditions from clty to city and to ensure that an abnormally hlghlevel

did not resultin a particularstation because of differencesin braking rate,

"flat"wheels, or other occurrences. Figure 2 shows the recording of station

noise in Paris, and Figure 3 shows the magnetic tape recorders used recol-
lect vibrationand noise data.

h_-_-__. • . _ _.%_',.,,' ' -c- • _'_- '/1"_..:.... .....-. ....

, . _A............. _ ........ s'

.....
L • : :,-,./ .:-'L_/\ ',/ -' V.,. \._ th"

FIGURE 2. RECORDINGSTATIOH FIGURE3, MAGNETIC TAPE RSCORDeR$ S6_:
NOISE LEVELS IS PARIS USED FOR COLLECTING BOTH b_!

VIBRATION A_D NOISE DATA a%i
_ RELATION OF TEST RESULTS TO SYSTEM CHARACTERISTICS

s_

] 2. IB The test results presented in thisstudy are probably the best !

!,I i' available comparison of comfort standards (i.e. , noise and vibration B_
levels) of the various vehicle systems studied. There is, ofcourse, some

!:i
:iii _ ,i danger in attempting to extrapolate the results obtained in one vehicle on 3.:;I ; one section of line in a system to the system as a whole. This obviously th,!

,' _ r cannot be done with some of the results obtained because ofthe test con- sy'

! I stralnts.For example, in both Boston and Philadelphia, data were obtained st(-¢ under condltlons that were not typical o_ the whole system. I'nall ofthe th(!

, , other systems visited, however, the standard test procedure was carried e>:[
•' , ,, out on sections of llne selected by the host agency as being among the ag.':

• i C best in the system (in subway) and in trainsmade up of the most modern gu.',

' ! vehicles currentlyin operation. Therefore_ the data in these cases should dul
, indicate the highest level of comfort offeredby each transitsystem. Results 3.:.
; presented for measurements made at 30 mph in subways are probably the

_:I_ best possible Indlcatlon of the average noise and vibrationlevels experl- no i

. I enced in normal service because this is, generally speaking, the maximum so_"
the

, ! average speed at which any of the tested systems is capable of operating.

,_ i0
d
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Ill. DESCRIPTION OF VEHICLE SYSTEMS I:

3.I During the course of this study, iI operating transitsystem_ "' ll_

inthe USA, Canada, and Eu#ope were visited. In each case, the host ' _
agency generously provided a special test train and operating crew, so

)that itwas possible to control the test conditions as described in Section

If. This section describes for each transitsystem the equipment and track

sections used in the tests. The completeness of the descriptions varies

because I_was impossible to obtain the desired amount of information in i

_ every case.• European systems are described first then North American
systems, in alphabetical ordei'.

BERLIN

5.2 Before World War If, the Berlinsubway system (BVG) was one of

the largestand most modern underground railway systems in Europe. The

system suffered extensive damage during the war, and most of the rolling

stock was confiscated by the Russians in 1945 and put into operation on

the Moscow Metro. However, in rebuildingtheir system, the Berllners

experimented widely on vehicle and roadbed design, and the system is

again one of themost modern inWestern Europe. The system is dlstln- I'_
gulshed by features that were not found in any of the other systems visited

duringthe course of this study.

3.3 Although the portion of the underground system in East Berlin is

no longeropen to West Berlintrafflo,the system in West Berlincomprises

some 50 routemiles, with planned eventual expansion to 120 miles. On i
the new G llne, opened in September 1961 , the average speed (including

,d

ii



stationstops) is approximately Z1 mph, which is among the highest for .'.

any underground llne in Europe. The maxzmum speed on this llne is 45 _.

_, mph, with an average stationspacing of 0.5 mile. Figure 4 shows the
interiorof %he Berlinsubway s_a%lon, and Figure 5 the recording of sla- _,

I tion noise levels, z!],

I '[JC:
.i

• ,, , | r" | ,;I • ,

& p

a_

_, _ICUEE,, aN'rEmONviewOF_Ru. suBw*vET*r_ON ,,

/::i ]
r "_ _ --"'1 I'`3

_{-, / _1 i ' " _ FIGURE 5. RECORDING NOllE LEVELS IN _;
[_'_ I I • _ I_ERLIN SUDWAY STATION
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]for 3.4 As early as 1956 a prototype of a vehicle that incorporated an

45 all-electtlcbraking system was tested. This vehicle has since been

Jhe adopted as standard equipment in two basic sizes. The Berlinsystem is

Ita#_ _Imilarto London' s in that each has subways of differentcross soctlons, !,

I requiringboth large and small vehicles that are not mutually compatlble. {_

ii However, both size vehicles used inthe Berlinsystem are identicalin i:

design except for major dimensions. In addition to the all-electrlcbrak- i:
Ing system, these vehicles featurean unusual bogie design. The bogies i

[,

,_. are distinguished by the use of one large axle-suspended tractionmotor ]
mounted longitudinallyto drive both axles (seeFigure 6). Two bogies per _,i

car are used, so that all axles in a trainare motored. The bogie frame is '_:

bogie is constructed so that the motor and axles form one unit and the _
bogie frame is a separate unit. The two units are isolated from one another :,

atall contact points with rubber buffers. The motors are resilientlymounted i[:i

on the axles, and the su spenslon system is all-n/bbar,employing bonded '_i"
r_bber chevron units both for the axle housing and between bogie and car

!
body. .;

I:I

i:. soo,s°,,oo

3,5 The _ar body is of light, welded steelconstruction. A layer of

asbestos-base sound insulator, 3 mm thick, is sprayed on the underside
.$ IS

of the corrugated floor sheets to insulate the ear body from noise. In ad-

dition,all interiorsurfaces of the hare car shell,ineludlng the corrugated

floorsheets and the roof sheets, receive a layer of sprayed cork granules

5 mm thick. Plywood paneling is used extensively on the car interior.

3.6 The large profilecars are approximately 53 ftlong, iIft high,

and 8.6'ftwide. Seating space for 36 passengers and standing room for
144 is provided. The weight of an empty car is 54,000 lb,

/
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i 3. 7 Much experimentation has been carried out in track and roadbed
! construction techniques and noise-vibration control. In addition to using

standard ballasted track on wooden crosstles, one new line employs track
on concrete crossties resilientlymounted In the concrete roadbed. A cross-

sectional view of this type of track construction is shown in Figure 7. The

noise date presented in this reportwere obtained on trackwork of this type

• on the new G llne. Although experlenoe with this type of installationhas

'I been favorable, an intensive test program of stillnewer track mounting

'i- methods is currently underway. Emphasis is being given to methods of

' _ mounting the track directlyon the concrete roadbed. One mounting method [
> } currently being tested is shown in Figure 8. Four experimental _est seo- :

_,,i{ , tlons are located in various parts of the system, and noise and track vlbra- /
_'I tion data are being collected in an effortto determine the beat mounting

" ;_ ' technique.

! :
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type " , ' , '_ _ EXPERIMENTAL TRACKMOUNTIHG

/ _ TECHNIQUE CURRENTLY UNDER !

has _._ ._._ " - ............ _. ,, :_, "_ STUDY IN BERLIN (LIGHT GREY ,
, b._ * ., .= , . . / AREAS ARE RUBBER)

• _ •
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: Ig 3.8 Unfortunately, during the survey team's visit to Berlin,the corn- I
platoinstrumentationpackage was not available. The magnetic tape re- i: -i

corderscould not be used for vibrationrecording, so that the only data i"

ob_alned on vehicle rldabilltywere "takenwlth the mechanical recorder, i
Noise recordingswere made in the usual manner, both inside the vehicle _i
and in stations. A four-car test trainwas not available, however, end

obtained during the test runs were made from the second car of 'Ialldata

a two-car trainofnew large-profilevehicles.

_---_-'-. HAMBURG

!::'_ 3.9 In January 1961 the Hamburg TransitAuthority (HI'in.)introduced

;'0 J

_.i__ a new seriesof articulatedmotor coaches, known as the DT-2 series, onlha 45-mile underground system. The general design objectlve in produo-

l_zlthese cars was to obtain a vehicle thaz would be esthetleallypleasingfor20 years, operate economically on the existing system, and be adapt-

ableto changes in technology. The maximum speed of these vehicles IS )
45 mph; theiraverage speed (includingstops) is approximately 19 mph on I

undergroundlines. Figures 9 and I0 show the DT-2 vehicle. }!

,I.I0 The car body end interiorwere designed at the College for

Indus_rlalDesign at Ulrn. Emphasis was placed on design for function

G_d low maintenance, and this is reflected in the extremely clean, un- '_
ram. clutteredlinesof tlievehicle and in the construction materials used.
cro_t;o

The outer panels of the car are of unpainted stainless steel, and synthetic

t:l_torialshave been used exzenalvely in interiorfittings. The seats, in-

',erlorpanels, and even the ceilingand roof of the vehicle body are of ,_ ':

TM."_'" fiber glass or plastic. Noise insulation under the vinyl flooring is pro-

vldodby a layerof laminated plywood coated with 2 mm of PVC composl- _ i

Ii0n. Tileempty weight of each vehicle is 38,600 lb. The electrical , "

controlsare designed for eventual fullautomatic operation, and pneumatic !

brakeshave been discarded in favor of an all-electricbraking system.

15
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3.]i The bogies used on most ofthe DT-2 vehicles are manufactured

by Link-Hoffmann-Busch (LHB), who developed the bogies in conjuntion .2[:

with the Ulm design school. The bogles are of all-welded steel construc- :i
tlonand are equipped with two ]I0-hp hollow-shaft motors each (see Fig-
ure ]l), The articulatedbogie in each set of two vehicles is nonmotored.

The brakes on these bogies are sprlng-actuated disc brakes; the articulated

bogies are designed to permit separate operation of the vehicles over short iI!distances for maintenance purposes. Resilientwheels ofall-welded con- .

struetionare used on allbogies of the new vehicles; itwas reported that _-
these wheels reduce the verticalaccelerations at the axle some 30percent

v

below conventional wheels. The LHB bogies are equipped with an all-rubber l,t_

suspension system similarto that used on the Berlinand London vehicles ;_"!;.

5 it;: except that a bell-shaped rubber bolsterspring is used. _.
: J i'

r_

•r£
,[i

:Q

,! ,,

FIGURE LINK.HOFFMAN.13U$CH MOTOR gOSlE '[t
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3. 12 In addition to the LHB bogie, HHA is currently testing a newer
bogie on the DT-2 vehicles, known as the Minden-Deutz bogle. It is man- L

ufactured by the Klockner-Humboldt-Deutz Company, has a combination

of steel spring and rubber suspension, and is some 500 ib llghterthan the

LHB eogze. Oslo is considering this bogie for use on the subway vehicles

that will begin operation sometime in 1964.1/ Unfortunately, a comparison '_i
r

zest between the riding qualitiesof the LHB and Mlnden-Deutz bogies was

not possible during the survey team's visitto Hamburg. However, HHA has i

l since reported that subsequent tests indicate that the Minden-Deutz bogie, i
shown in Figure 1 2, has superior riding qualities.

i

> .
2:'7 _ . , _1

] " i

III _..*lln_ w_ll

Jl;i gl*ll _lke

FIGURe 12. _IHJDHN,DeUTZ MOTOR SOGIS

., It

,_ [ ( _ N.A. Chrlstensen, Chief Engineer, Oslo Transit Co., privatecommunl-
'il cation. ' '
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J_.ewer 3.13 The vehicle noise and vibration data presented in this report

s man- ',rareobtained in s test run of DT-2 vehicles equipped with the LHB bogie.

I,ti_ l{eccrdingswere made in the third car of a four-car tralnin accordance
_,an.._e with the standard test procedure. The test runs were made in a sectionof

]hlclss the 0chsenzoll-Rathaus subway llne on straightlevel track, All data were

parison taken on welded rail,lald on wooden crosstles set in ballast, An additional ,i

iss was feature of this otherwise standard mounting technique is the use of wood

J{HA has pads betwaen tall'and tleplate. Figure 13 shows a Hamburg subway sta- :I

[i_bogle, zion,and Figure 14 the interiorof a DT-2 vehicle. !

ii :

_ "'/_"m:_" i _i', ,L_i" "li

• al.

<

!
I

I=I_URE 13. It,IlEllOl VIEW OF l HAI.18URI; /UEIitly $llTIOll

I

'lunl-
.; FIGU,_IE 14. INTERIOR Vl_lt' OF HAMIIUE_ I;II.l VJ_HICi.I_

• {

s

/

2:)

;: {
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3.14 HHA also has a 500-meter test section of track mounted directly

: _ _ on concrete, which is similarto mountings inToronto and Philadelphia. It

was not possible to obtain comparative data on this experimental section,
but the track mounting detailis of interestin comparison with other math- c

ods. Figure 15 shows the general scheme of thisinstallation. The most

interestingfeatures are the unusual spring railclip and the use ofan epoxy vresin mortar to glue the railbaseplate to the roadbed. This installationwas }

' adopted in the firs:line of the new Milan, Italy,subway afteran exhaus- i;
; F;

[! tive study of methods of laying track directlyon concrete. _2/ .U
,(

iI s
1 s;

'; s:

:i1 '

"r l

_'2. 111 B_ncl_l _ort_t of opoxy rolln and aand IT} Nut
(Z} SloJlpl_o, 10m_, " 18) Bolt

111 Pol_'lnyl lnsulailon 191 _ls_lraS clipm
(4) _IOOIl_opl_to, 14 m_, 110) R*_bhorpa_ 10 ram,

_.,: ._I .... Jl,

"_i _ ,_ _FIGI.JRE 15, TRACK MOUNTING T_CHRIQUg ON gKI_gRIM_NTAI. $_CTION

I

2_/ Azienda Tranviaria Municipala, Milano. Supports Cementlzto e

P!.ovvendumentl Anti-Vlbrantl,Milano, September 1961. !:
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• i
' 1
i 3.]
; 3. 16 The vehicllebody is of welded steel construction; during con-
!_ structionall interiorsurfaces of the bare car shell, including the roof se_

I _, and floorsheets, receive a layer, 3- to4-mm thick, of cork-asbestos, tw¢i
sound-absorbent material called "insumate. " The interiorsurfaces of the of'

doors, which are of aluminum, also receive this treatment. Because of levi

the mild climate in Lisbon, there is no heating system in these vehicles, eta{

Ventllatlonis provided by a small port at the frontof each car; in addltlon, n°i_

the windows can be partiallyopened. The interiorof the vehicle, inelud- stu{

' ing floorand ceiling, is finished in wood paneling, shci

• LOI,
3.17 Each bogie has two frame-suspended 120-hp motors. A:,leand

bolster suspension is provided by a combination of cell springs and steel- 3.2;
leaf springs in a relativelyarchaic arrangement (compared to other vehicles sys,

• included It)this study). The bolster springs are two-stage; the second stage undi

;_ comes into operation when the vehicle load reaches 13,000 lb. Damping is und _

" I{ provided by verticallyoriented hvdraullc shook absorbers. Rheostatlo brak- or t',. ing is used to lO mph and then supplemented by alrbrakes. Composition on f
' )
i brakeshoesareused. 3.2)

3.18 Unfortunately, itwas impossible to obtain data in the st@ndard ove_

ii "_ test mannerlnLisbon" OnlytwO-cartrains couldbeused' andthemag-whl_!l

netLc tape recorders were not available for vibration recording. Some data sto{)

were obtained, however, wlth the mechanical recorder from the second ale,

car of an empty two-car train, and the noise recordings were also made,

but only at a test speed of 30 mph. Recordings of stationnoise were made 3,2
in the standard manner. Test runs were made on ballasted track lald on Lira

wooden crosstles. (See Figure 18. ) rues
, ,run

buil

mot!

emp_

ee 'i
IG_"_ //-O -- per

., 2, $_r,_w Splka are

" ":-_---_-:;_---q'2.._" .'_--'_' _/'_"""J, 5, Sailllonl PQd Spa('

•_-_---.-.--_,_ _ ._--_-__. _ mPh_

C_g J_ _/Malte;._ht_nada L$al_ 3_/ .

. 4/ '
PIGURE 18. TRACK MOUNTII_G ON WOODJEN CROSSTIE$, LISBON
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!
i 3,19 Most of the data collected in Lisbon ware affected by the
] con-
joof severe railcorrugationthat has plagued that system's engineers for

i two years. The corrugations occur chieflynear stations;the passage_to_, ofvehicle wheels over the washboard railsurface produces high noise'

1of u_e ' levelsinside the vehicle and extremely high noise levels inside the.le of

_icles. stations. Ride quality is also affected, but not in proportion to the

.|'_.ddition, nelsalevels produced. The cause for the tallcorrugationis not known;

l.nelud- s_udiesto date have had littlesuccess in determining whether brakeshoes, track mounting, or other factorsare responsible.

i{leand LONDON

l_d steel- 5.20 About 4000 vehlcles operate on London's vast underground

vehicles systemoeatainlngsoma244routemilesitisoneofthetwolargest
_'ondl,_stage underground systems in exlstence. Approximately three-fourths of the I_

i

Imping is underground mileage in London consists of small (I2-ft)diameter tunnels, ',i

_tlor'brak- ortubes, which requiretollingstock smaller in size than that operating i

I_:IDsition ; onthesurfacelinesand incut-and-coversubways. f!
E_

: 3.21 The conventional-size 3d//Metropolitan Line stock operates j

;tandard overthe far-reachlngsurface lines at speeds up to 65 mph between stops, I'_I_
which (by skipping stations)are 15 miles apart. The small-sized4--/tube ,.meg-

me data stockvehicles operate in the malority oftunnels beneath the city and I__:
: cond alsoextenslvely on surface lines.

made, 3.22 The 1961 model A60 vehicles employed on the Metropolltan Ji

[ro. de iili

:,id_ Line,vetodescribed by London Transport engineers as being the quietest. !i)
most comfortable riding vehicles currently'Inoperation. However, a test I)_
runof 60 sec in subway was not feasible, and instead data were collected

ina mixed trainof 1959, 1962 tube stock vehicles. These vehicles are

builtof steelwith aluminum paneling and weigh from 42,000 Ib (non- i
motoredtrailervehicle) tO 52,000 ib (motored driver)each. They are i[!

employed in mixed trains of seven or eight vehicles so thatabout 50 per- ,_l]i
centof the vehicles are motored. Motored cars have two 80-hp motors _,

petvehicle (one per bogie). General dimensions of the tube stock vehlcals I
areshown inFigure 19.

3.23 The tube stock vehicles operate on lines with an sv_rag_ st_tlon i_

spacingof 0.87 mlle. Their maximum speed between stations is 45 to 50 _
..'zph,and the average scheduled speed (includingstationstops) is approxl- li

ma_ely23mph. _,
I

3_/

i/ 53 ftlong, 9.7 ftwide, 12.1 fthigh. ;:_
52 ftlong, 8.5 ftwide, 9.6 fthigh. ,• !

!:: z3• _

/ :
! /
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FIGURE 19. CEN_RAL DI_EN$1OHS OP LONDON rus_ STOCK V_H]CL_$
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3.24 The car body is constructed of aluminum alloz sheets rivlted 7ua_sT0cli
to a steel frame. Side panels, e_nd panels, and roof iheets are all of :_

aluminum. Allexterior paneling ihasa layer of canvas secured to the,..

inner sides to reduce vibration, iGrooved maple boarding is used as
interiorfinishingmaterial above a layer of canvas insulationand corm-

_ gated steel floorsheeting. Plastic paneling, wood, and some aluminum

striping is used for interior flttlngs. The car ceilings are made of spund-
absorbent acoustical fiberboard materlal. An interiorview of one of the

'L : tube stock vehicles is shown in Figure tO.

_.i 3.Z6
measure,

;iIi ons oke
---:'_ 3.Z7 :

ning traoi<

3.Z8

FIGUR_ 20, INTERIOR VIeW OF cone_rllct_;
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i tlons is c_'_'

•' ...... ' wood Cro_
;il, ;,._'_I:"" is fasten(":
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5.35 The motor bogies used on the 1962 tube stock vehicles are

_;hownin Figure Zl. These bogies are asymmetrtcally designed and of ;

! conventional, riveted steel plate construction. Each bogie has an axle-I
I _. i_unfl,nose-suspended 8O-hp motor mounted on rollersuspension bearings
,:A_LI_LS.

on the inneraxle. An all-rubber suspension system is employed in the

bogies of these vehicles. Thh bogie bolster, usually mounted on coil

:prings, Is supported at each end by two cylindricalrubber springs in

the form ofan inverted "V," laterallyinclined to absorb all side forces.Hydraulicshock absorbers are used to damp bothverticaland lateral
oscillation.The axle suspension is also of n/bber,the axlebars being

• locatedbetween bonded rubber chevron units housed in a cast steelyoke.

I I%oov

&

,/; iL_._'_.._17,....... ._.9.._.... __._ _ _ ",-_
FICURB _I. MOTOR BOGIES I " " "V _/" _ ._f , I ,'. I_", I".

• u'.EoOHI_S9-1_6_ ! ".-)."7_./_ ../,/ .:.'._I>' _. f'q_.,_-'_, :,_'-.

•,., .-.......

the I I
i,
I,
I

3._6 Spoked wheels are used on the motor bogies as a noise control I!
measure.' Unfortunately, itwas not possible to obtain comparative data

on apoked- and solid-wheel bogies during the shorttime available. [_

,': 3.Z7 In tube sections of the London underground run- !i

ninotrackis lald without ballas_to achieve the maximum operating [i i

3..'8 Figure 2Z shows a cross-sectlonal view of _rack and roadbed Ii

_ woF constructionin the I2-ft diameter tubes. Running track in the tube sec- _',

_iensis generally welded rail,set in cast-iron chairs lald directlyon

_: wood crossties, with ballastin invertas shown inthe figure. The chair !}

,_ ._fastenedto the sleeper with three screw spikes. The tallis held in the

:/[• _:h:ilrby a timber key, but in the future a metal key will be used. The
T
,!d. _ame 'WPO of track construction wlll be used on the Il-mile Victoria Line,

[

!i/'

'i

1



which is currently under construction. Some type of nolse-reductlon baffles MADRIII

is also planned. 5/ The nolse-reduction screens shown in Figure'2Z are 3.30
of asbestos and are mounted onlyln certain sections of the system. Similar prototyl

_m% screens were the firstsuch noise-suppresslon devices used in any subway, hicles

They were tested experimentally in London tube sections as early as ]939'.6/ ploya ¢:

operati[

[ axles o:'3.31

TALGO!

_ testrun_
J during e,

SOma nc L

chanica/

3.3Z ,=
among tl

time thi:
distance!
sult of t'i

train sh_,
.i

PARIS ':

3.33
(_) ConcraI0 , _,,j i
IJ} Wo_,l_o_.: Paris M7

prlmaril_
(S) Ra_I ch_Ir and If.pl_Io

_ (&) %v,=c,dr_l|b .... a dramaiEl

[ I {7) I_a,l,951bs/y(_ wlth ste]

_.ONDON - I_' O_a* Tub_a (81 Nolao r_ductlon icmf;n
primary ,!

data on 'i

%1_ ,=lOUSe 22, OROSS SBCTION OF STANDARD TUBE SSCTION, LONDON 1! 3 •34 -:

," '3.29 London data presented in this reportwere obtalned from the on one h{

"i,'• sixth car of an empty elght-car train of 1959-1962 tube stock vehicles, prompte¢i1

_j! Test runs were made in the standard manner between Chancery Lane end tion. At!,,. Stratfordon the Central Line• •Some daze were obtained at 40 mph in a complet(_
.. er trains!

.i_I section of tunnel equipped with the asbestos nolse-reductlon screens. Line No..[
,, upon wh:'_

Average

5_/ H. C. Havers, Civil Eng_heer, London Transport Board, private corn- est of arl

munlcatlon, May 1963. speed (i:i

an avera
6/" J. S..Trevor, "Silencing London's •Tubes, "Bulletinof the International is expec

Railway Conqress Association, May 1939. on thls ii

,
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Leabaffles MADRID (TALGO TRAIN)

22 are 3.30 The TALGO company in Madrid recently put into operation a

l_m._imilar prototype zralnof the newly developed TALGO I£vehicles. The new ve-
Jnyr ,bway. hicles are 33 ftlong (compared to 18 ftfor the TALGO I vehicles), em-

I'as 1939. -_/ ploy a completely redesigned running gear, and have many improved i
operating features. The SAAB Swedish resilientwheel is used on the i:
a:_.lesofthese cars.

5.31 Unfortunately, during the survey team's visit to Madrid the

TALGO trainwas undergoing modifications and could not be used for a "
test run. A demonstration tripin one of the originaltrainswas made

during a normal run between Madrid and a nearby town. During this trip

some noise recordings were made and ride data collected with the me ....
chanlcal recorder, i:

3.3Z The run was made over sections of track described as being !

among the worst inSpain and scheduled for complete replacement some- I

time thisyear. The misalignment was visibleto the naked eye over short I_

distances, and railJointswere in particularlypoor condition. As a re-
sult ofthese conditions, the data presented in this reportfor the TALGO
trainshould not be taken as representative.

_'n.r 3.33 In recentyears the rubber-tired subway vehicle operated by the

Paris METRO has received much attention among rapid transitplanners,, et

we, primarilybecause itis the only such vehicle in existence and represents
nd tla plato

a dramatic'approachto the solution of some of the problems associatedrace :_

/_ with steel-wheeled systems, particularlynoise control. Since one of the

:i_io.,.=,son primaryobjectivesof this study was to obtain comparative nolse and ride
? data on the rubber-tlredvehicle the visitof the study team to Paris was

undertaken with great interest.

3.34 The present model rubber-tlredvehicle was introduced in 1956

m the on one branch llne(Line No. 1I). The success of the venture up to 196Z

hieles, prompted conversion of Line No. I, the main line, to rubber-tlredopera-

She and Lion. At the time of the team's visit in _ranuary1963, this conversion was
complete except for lengthening of stationplatforms to accommodate long-

ertralns. In the conversion of Line No, i, the wooden runways used on

lane No. I1 were abandoned in favor of concrete runways (see Figure 23),
upon which the rollis fold, with rubber pads between railand tle plate.

Average stationspacing on the Paris METRO is 0.3 mile, among the low-

vats corn- ,;stofany underground system in the world. On Line No. 11 the average
speed (includingstops)is approximately 17 mph. However, because of
,m average stationspacing of 0.4 tulleon Line No. I, the average speed

ihternatio sl Lsexpected to be about 19 mph. The maximum speed between stations

i -- ,,, t .

on thisllneis approximately 35 mph. {i{, !!i
27 _r :
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i',i FIGUEEE3, INTERIOR VIEW OF STATION ON LIHE NO, I*

CONCRETE RUNWAYS FOR RUBEER TIRES
CAN BE SEEN RE$1DR EACH RAIl,,

Ii:"I 'I _ 3.35 FigHFa _ shogvs a Fubber-tlFed vahiola in e station, and FiguFe
-.:1 Z5 provides technical data on the vehicle. Ventilation in these vehicles

'I _S provided by open pores _nthe clerestory. Although this arrangement
i contributes to the overall noise level inside the vehicles, they were ,

found to be very quietdurlng operation. "
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3.36 FigureZ6 shows the motor bogie, including the inside steel
'_ / NO. }

wheels. In normal operation the steel wheels are not used, except for r_ga'
swltchihg. The pneumatic tL_essupport the steel wheels a short distance

_s_ above the railsas shown in"Figure 27. The suspenslon system is a corn- de'rdI/

blnatlon of alr-steel spring. A constant-volume, varlable-pressure air were '_

cylinder with lateralsteel-sprlng stabilizersis used at the bogie. Anti- wore ';
rollbars are also used because of the narrow wheel base, Rubber is used tlon e_

in ms,or mounts and at connection points in the bogie construction. ' centre':
were.,

3.37 T_vo 90-hp axle-hung motors are used in each bogie. An unusual durin

design featureis that the bogle frame is slung under the axels instead of eh'gil%,

being mounted over them as is the usual practice. The frame carriesthe level_

horlzontal guide wheels, brake rlgging, and accessorles, day o_

:II- I:"" ".i!

|. /I (/.."
I' ." Ii!;'iI.4 ....

I-i
• i

il ......
FIGUS_ 2_, SOGl_ S_EO ON TH_ ." • "'" _ " _ " '" " - ' " • " " " " " ' '

• 1 RUBBER-TIReD VEHICLES " *' "" "" " * _ ..... _ _ "'"c_,n,l_.ol RAT.. [.I'..." . _'! i
PARIS RUStiER.TIRED VgHI_L.E$ _ • {

3,38 Through the generous cooperanon of METRO and .q,G, T.E. _ tr'

officials,arrangements were made for a comparlson _es_ of _he pneumatic- I "tired and steel-wheeled vehlelee on a section of the newly converted Line

7/ Soclete Generais de Traction e_ d'Exploltations, builders of the rubber-

tired system.
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it for No. i, on lanuary I0, 1963. Although a four-car train could not be ar-

!is_ce ranged, the _es=s were carried out generally in accordance with the stan-

J_t_a_ .i- da:dtest procedure described in Section If. In each case, measurements

Te air were made over the front bogie of the lead car in a two-car traln. Data
] were obtained between Berault Station and St. Mande-Tourelle on a sec-
4' All ti-

Jls used =ion of straight, level track zn the subway. Test conditions were carefullycontrolled zo ensure data accuraoy_ and multiple runs at each test speed

were maae. Duplicate measurements were made by METRO englnee_-s

_unusual during these tests for a cross-check of results; Figure Z8 shows a French

i:ead of engineer making sound measurements during one test ran. Station noise

les the levels were also recorded in selected subway stations during normal mid'.

'] day operations for comparison with levels in other systems.
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J STOCKHOLM . 3.41

tion Prl

; _P% 3.39 Four vehicle types are currentlyoperating on the Z5-mlle Stock- floor <

!: holm underground system, which began operation in 1950. Six- and eight- oompr_}
: car trainsare operated at an average speed (includingstation stops) of 16 vlded

.] to 18 mph. Average stationspacing on the underground portion of the sys- shows

[I ternis approximately 0.6 mile, and average speed between these stations 3.42
i: is approximately 19 mph. Maximum speed between stations is 42 mph.

, ll0-hl
3.40 Each of the fourvehicle types is a variationof the orlglnal C1 with c':

:! vehicle; all are slmll_rin appearance, being approximately 57 ftlong and spring[

,.,thighHowevertheemptywoi htoftheletaatmode,0.,hasbo.s.been reduced from the C1 weight of 66,000 ib tO a value of 5Z ,ZOO lb. Solid ::i
'I Figure 29 shows a Stockholm subway station, and Figure 30 the general a_'obe.

:,,!! dimensions of a subway vehicle. {
ii .....

'I ,.* . _ -l'i!d_< ..I a.*' _%..._ 1 /'_'_: 71--_!

I 4' *,.4 . :• , -- _ 2.; h _iit ,. _j,_ ,, [ I , , I SUBWAYSTATIOX !, !

:i

it .... ' '.,_-_'__J "_:_, _ ' .....
>'d_ ":;_........ ,li,[

v,--m_'-.U--n_ ..... _ _n_ !, l_I_--{'I
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i
3..i} The car bodies are of all-steelconstruction, with noise Insula-

:._onprovided by lamlnated wood flooringand rubber mats above the steelE

.;OO. ,]to_li_ ;' , sheeting. Other nolse-reductlon features include a nlbber-mounted
eight- compressor unlt, motor-generator set, end fan motor. Ventilationis pro-

.l,02 16 v,.deoby a centrally located fan in the roof of the vehicle. Figure 31 :

I.esys- :,hewsthe interiorof a Stockholm vehicle. ; i!

1 ' ! :

,_rions ;:
ph. 3..12 The bogies are of welded steelconstruction;two rubber-mounted

il0-hp motors are provided on each bogle. Axles are cushlon-suspended i ;'

Cl with cylindricalrubber mountings in the side frames. Additional vertical ' i

!g and springingis provlded by helical springs between the side beams and the

::.])Lhas box-section beam that bears the car body on rubber buffers (see Figure 3Z). i
,['lb. $ollflsteelwheels of 3_ in. diameter are currentlyused; resilientwheels
: t_ral are belnq tested as possible future equipment.

:1
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3.43 In general, welded railslald on Wooden ties, set _n ballast, ToRONT

arc used throughout the system, with rubber pads between the rall and

tle plate. In one experimental subway section, ballast has been ellrn- 3.45 i

Y " inured, and the track is mounted, inan unusual manner, to the concrete operatlo:
: " roadbed (Figure 33). Itwas possible in this study to obtain samples of corpOrat'

i data on both types of roadbed, rcasons:_

3.44 The Stockholm data presented in this report were obtained in oat oars.!

test runs on the maln subway line between T-Centralen and Skanstull cars in 1:
stations. All measurements were made in the thirdear of a four-car umlnum L

ordered.-
} train of new C4 vehicles in the standard zest manner, at speeds of
' 15 and 30 mph. cars inlt+

3.46 i
o.qlmill
mph • Mi

+I operatlo:{

Ra_l, /_ :_ maxlmu n:'I

' provided{
__:_: ;':'.'/'_ capacltyi

tlcal Ins!
+' a */'." arian in!

"----.- " -- [3-- undersid'!

3 5 rasedpl'lplywood_

• . ! (*>m°=°a+m opening;_"+"+,i I',._.m_*=om°m transmis'Sloe1 plato+ lOmm.

i ? li '°'I:I.o°.ooo,°'°°'plas.efl(6) Vulcar_od mbbot pad_ 1_ mt_, 3+'_8

:?! I ,,_j 171 Adl*:=lablo ouppon t

,+. _" ._. ..... (81 Wood ctolol_ motors. ;191gubborpad,:_5ram.

?;] I =ecgso:.m-,..,so:,++,,++ bearlngSlstm=Zio,+
_ morerub!

i'+ coan.,y<+I*';_4,Mmm SiOD. eye' i
FIOU._;33.TRACKktOUNTIRGTECHNIQUe,EXPERIk+ENTALSECTIONOFCOMCRET_ROASB_D provide :

air cush

of me w:
•, absorbe_
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i.ast, TORONTO

,iland

}el_- _..15 In early 1961 _ the Toronto TransitCommission (TTC) put into :
_)nc__te c_erationthe firstof 36 cars of unusual design. While these cars in-

,l'lesof corporatemany advanced features, they are of primary interestfor two i

J reasons: (i) having a length of approximately 75 It, they were the Iong-

:1d in e_t cars tested during this study and are probably the longest rapid transit

]lull cars In the world, and (Z) except forthe underframe ends, they are of el- :
_:ar uminurnalloy constructionwith an unpainted exterior. These cars were

,,f orderedas the result'ofsix years' experience wlth six shorteraluminum , i

• cars initiallyprocure_ for comparison purposes by the TTC.

3..16 Average station spacing on the Toronto underground system is : '

0.._!mile; vehicles operate atan average speed (including stops) of 16 _ i _',

mph. Maximum speed of the new vehicles is 48 mph; however, in normal
opera_ionthe performanceof thenew vehiclesmust be held lower thanthe

_ maximum possible speed to match the performance of the older cars. i

3.47 The new cars are 7-_.47 ftlong, 10.25 ftwide, and ii,9 fthigh. : i

The weight of an empty vehicle Is 59,800 ib; seating accommodation is

providedfor 84 passengers wlth standing room for ZZd, brlngintthe total; : /_ capacityto 310 passengers per car. The general arrangement of the re-
,: "_ h!clesis shown In Figures 34 through 36. Aluminum extrusions are used

extensivelyin const_uction of the car body, There is reportedly no acaus-

_ tiealinsulationin the side walls or roof of these vehicles, the only insul-ationin the flooris provided by a heavy coat of antlcorroslve paint on the

undersideof the metal floor sheets, above which is a layer of aluminum-

faced plywood. Vinyl asbestos tiles are glued directly to this layer of
plywood_ forming the Interiorfloorof the vehicle. The windows are non-

opening; the pressure ventilation system used is designed to reduce noise

'I transmission. The Ceilingand interiorpanels are oflaminated colored

)![=m. plasticfastened wlth aluminum snap-on moldings. , ,,: _, *Z_m. 3..18 The bogies are equipped with two 125-hp frame-suspended

motors. Bogie frames are of cast-steel constructlon, and inside Journal
![i' bearingsare used. Only small amounts of rubber are used in the con- JI

i'

s_mctlon of these bogies, in contradiction to the apparent trend towards

,_orA;M._.L_, more rubber in most of the other vehicle systems studied. The suspen-

elan system is e combination of airand steel springs. Steel coil springs ;j
::' provideaxle suspension, and the bolster suspension is provided by an _ .

' aircushion with internal steel coil springs that support the entireweight _; :

_i ofthe vehlcle. Additional stabilizationis provlded by hydraullc shock

i absorbers mounted horizontallyand vertically,as shown in Figure 37.

/.
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3.49 The data presentcd in this reportwere obtained in the thirdcar 3.50 ',

of a four-car test train provided by the TTC. Noiseand vibration record- abeOrbC
Ings were made in thesLandard testmanner, at 15and30mph on a section reduce '

of _he new Univarsity Llne extension, opened in February 1963. Geography discard

of the llnerequired thatthe test runs be made in the tube sectlons of this made ir
a boX-_

line, which is composed of both box-shaped and 16-it dlamete'r tunnel

sections. Figure 38 shows the arrangement of the vehicle in a standard installe
tube section. [nboth the old and new

c__ I sections ofthe Toronto system, all

_'_i_..0.,z0m_I.track,except special work, is laldc_s_cc directlyon the concrete roadbed
without zles or ballast. Truevertl-

"_- cal alignment in laying therailis

! obtained by building up a concrete

--_lat_*upad between the roadbed and tie

plate in a manner similar to the

Hamburg method. Figure 39 shows

' __ -G'em,tMuM the mounting techniques.
',,,[<>_ _,,',..,\'i , CL_R_NCE . '

/!'I1 _LOPE!14_ ¢o_.nyelI¢CFIGUR_3E, GEOMETRYOFTRAININTUB_SECTIONS

t RaH, 100 lb/yd !

' (D.,_c--,-_----_-_ transit _i

i _ __ rapid tr_i! and 8.5,
_,,,-£"•,-C%_. six suo_ I

i.i
_o_,*onA-A with a c:l

_! elevata¢i
s traints I

t t (l) _Ioaltloplato (7) ln_*.:l_lin_ wo_her :

{5) _nc_%orbDlt (|I) Gro_/tpctd

TORON_O-S[anda_Mountln_; ] (_) Sionlwa.hor (LZ) Channel wide, :
Stops)i

co_..._o_._. zion spa I
FiGURe 39. TRACKMOU_TINO TECHNIQUE. TORONTO
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: 3.50 ':

3.-t9 The data presented in this reportwercobtainedin the third car absorb_i
of a four-oar test train provided by the TTC. Noise and vibration record-
ings were made in the s =andard teat manner, at 15 and 30 mph on a section reduce

_¢_ of the new UniversityLine extension, opened in February ] 963, Geography discard:
of the llnerequired thatthe teatruns be made in the tube sectlons of this made ir

llne, which is composed of beth box-shaped and 16-ft diameter tunnel a box-_

aections. Figure 38 shows the arrangement of the vehicle in a standard installer
tube section. Inboth the oldand new

sections ofthe Toronto system, all

•_J='._HrZ0:dT_Utrack,except special work, is lald
c_A_cc directlyon the concrete roadbed

without ties or ballast. Truevertl-

eel alignment in laying therallis

- obtained by building up a concrete

-StoiCAL pad between the roadbed and tie

plate in a manner similarto the

Hamburg method. Figure 39 shows

;[i the mounting techniques./

- I FIOU.S3,. SEOMETRYOFTRAININTUa_SECTIORS

. BOSTOh:

ili ®: ' i• 3.51 ;

s_ady tt_-. G>---_--_-.----.--I transit ,!

h F

;i S,elWn_-A with a c
elevated:

ii::J straints iIll Slool lie Plalo 111 _;sul_II_(7 Wlst%(jr .:

(a) Rub_rpad, l/=" mAclc 181 Ca=l _xealw==h_t 3 , 5_ t
(31 Raa:.lroatod bolt 191 £1bre In=ulailn_=lo¢,vo

(41 Compmn_Ion rail clip l l0) Lead aM slool cinch g_eh_r# approxlr
{Ill Grout pad ef

_ Mountm_ {5} Anchor b_h
161 slool washer {l_) Ot,annol wide.

! stops)i
_'1" I

?[l FIGURS 39. TRAC_ MOUNTING TECHNIOUE, TORONTO
/

38



,i !

!thirdcar .L50 One unusual feature of the Toronto system is the use of sound-
';record- .;bsorhentmaterialunder the :platformoverhangs and along tunnel walls to

iise_ on reduce noise, A glass flbermaterial was originallyused, but this has been
._oa_nh_. discs:dadin favor of an asbestos-base material, Stationrecordings were

.of"'--_this :uadcin Toronto in both tube- and standard-box sectlons. The interiorof

tunnel _,box-sectlon stazioncan be seen in Figure40, which also shows the old
[:andard :::sca/latlohof glass-wool blankets under the platform overhangs, _ ':

q

]dandnew

[]3tem,], all

:I, zs lald ['_ .......J...... / _:l_CS_i_ [i_dbed j/; ,:':

.e vertl- ' ' ,/-"'- " /'F" i_ [!
rail is i " "" / : '-'.''_ I |

/
i "tie , _ r_._., ij.,L.,LI._!--.._<¢_-._=:_-_ ';

shows • • ,-.. , . ...

I
•;,'/,_'_I_:"'- -_"'_i_.'":-_."_ _'

!_/./,.'._,_:_i;: , __. '_,_,_-.... :..i
FIGUR_ 4D, VIEW O_ SUBWAY STATION SHDWING SODND.AE$OR[_ENT MATERIAL _

, AIOUNTED UNDER PLATFORht OVERHANG i ii

_os'ro_ '• i',
I

r.
3.51 As explained in Section II, Boston was the siteof the pilot

_;tudythatbegan this measurement program of noise and vibration in rapid I

::ansltvahlcles,.The MTA operates approximately 35 route-miles of a !

_:i' :ap._d_ransit-systemin this city, about ii miles of which are underground ili

": and 8;_iles consist of elevated structure, The pilot study required that .[!

ii:: :;!×successive runs be made over the same section of straight,level track ii'

";: I ',:utha constant speed of 30 mph for at least 60 consecutlve sac. The onee!evatsdline was the only portion of the system on which these test con- '"

i ';:taints could be met within time limitations. ; /

_. _ The vehicles used inthe test were 1956 model cars. Weighing i!_[[

,_pro:<:mately58,000 ib empty, they are 55 ftlong, iZ fthigh, and 9 ft _i_

'.,.:d_. Thelr'maximum speed iS 55 mph, and average speed (including '[I;i
" ': tamps)isapproximately Zl mph on this llne, which has an average sta- ' "

: i
.,[.,_o*_ _,,_ '.:3nspacingof 0,7 mile.

' • ,I
39 'i
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.. 3.53 The carbody is of ali-:welded steel construction. Car interiors

are finished in formica and stainless steel; the floor is vinyl-asbestos tile

coverizlg a layerof plywood and metal floor shoctlng. Formica is also used

'_ for the car ceiling. Windows are nonopenlng, and a pressure ventilation
systemisprovided. [,

J

3.54 The bogies are inslde-journal type, of cast-steel construetlon, _

ii and equipped with two frame-mounted 100-hp motors. The suspension.
• I system conslszs of coil steal springs at the journals and air cushions at

_:] the bolsters. Solid 28-1n. diameter wheels are used on the bogies. ;

ill 3.55 All vibration data pras anted in this report were obtained in the

',_ third car of a four-oar train of empty cars operaHng on elevated track above

i! city streets. The elevated.structure is of weed and steel construction and !•.I.) %,

i_] was erected prior to 1935. The tast runs were made on nonwelded rall i4

.i, lald on wooden sleepers. Some noise data were obtained in the same _F
J train operatlng underground on nonwelded rail lald on wooden orosstlas _-i 2

i _._
!_ sat in ballast. NO recordings of station noise were made in Boston. LJ,
•: CHICAGO ;_'[i

fr<_

i i , 3.56 The Chicago TransitAuthorlty CTA) operates a rapid transit net- _i
! work containing some 70 route miles. About 10 miles of the total are under-

ground, and the rest are surface or elevated. About 6 miles of surface llne 2!

/ ' are lald in the median strip of the Congress Street Expressway, where the

average speed including stops is 25 mph. Although some data were col-

', leered during a 50-mph run on the Congress Street llne, the majority of

Chicago data presented in this report were obtained in test runs on the
i Dearborn Street (opened in 1951)end State Street (opened in 1943) sub-

ways. On these lines, which have an average station spacing of 0.5 mile 3.59

the average speed (including stops) is approximately 21 mph. frame,'

[i ' pensio:
_, 3.57 All test data in Chicago were collected from the third car of a rubber i

! _ four-car train of empty 1958 model vehlcles. These vehicles, shown in used ot[

• , Figure 41, are 48 ft long, 12 ft high, 9 ft wide, weigh 44,000 ib empty,

and have seats for 51 passengers. One unusual feature of these cars is 3.60 i

an all-electrlc braking system which has been a standard feature of all wood c';
the rail

CTA vehicles since 1950. section[
3.58 The car body is constructed of steel framing and aluminum sheath- State S'I

_ ! ing. Tharoofstructure isalsoaluminum sheathing, and the floor construe- ,3.61 "

lion is metal sheeting, plywood, and rubber floor covering. The interiors, size an',
_ of the car are furnished with synthetic enamel over aluminum panels, ,and statlonl

: have leather- or plastlc-covered spring seats. Ceilings are finished in .in one ]

tempered masonlta. Ventilation Is by overhead ducts, and windows can e:<tendc

_ be partially raised, approx/:

4O

4,. ,,i
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' of FIGURE 4I, EXTERIOR View OF VEHtCLES USSD _M CHICAGO TSST$

_3)sub-

0.5 m_le, ].59 The bogies are ofthe inslde-Journal type, with a cast-steel
h_im0,and are equipped wlth two 55-hp frame-mounted motors. The sus-

Fenslonsystem employs rubber at the axles and steel call springs wiIh a

car of a _llb0rcone _nseltat the body bolsters;solid Z6-1n. d_ameter wheels ere
u:;_don the bogies.

!b empty,

e cars is ].60 The test runs in Chicago were made on welded tall leld on short

re of a_l wocxlcrossties set in concrete_ both with and wlthout rubber pads between
lhc,ra_land tie plate. Noise recordings were made during test runs _n tube ; /,
zuctfonson the Dearborn StreetLine and in standard box-sectlons on the

heath- S:,_t0StreetLine,

eonstruc- ].6! Recordings of station noise ware made inside stations of varylng

interiors :;_zeand cross section during trainarrivaland departure. _ith regard to

nels, and slali0nconfiguration,Chicago is noteworthy for the extreme platform lengths ;i

ished _n :itonomidclty section of the system. In th_s section, the platforms are r [x
_ows can c.,:_on_edthe full distance between five stations, so thatthe total length is

! a_p."oxlmately3000 ft.
ii

F! 41 :
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NEV£ YORK
3.64:

F 3.6Z The New York City Transit Authority (NYCTA) operates the most a!um:iand cl
i _'_ ex_enslve subway system in the w0rld, encompassing soma Z37 route-miles

minUl'
' of track over which approximately 6000 rapid transitcars operate. As in
J venti
ii the case of London, the difficultyofdesigning an experiment to obtain data
,I that are typicalof the system was increased by the system size and the var-

'i']l tern of equipment in operation. With the cooperation of the NYCTA englneerin_department, a test was designed to obtain data in a train of late-model ve-

hicles operating over some of_thebettersections of llnein the syszem.
{

:u 3.63 A trainof 1960 vehicles was used in the test. These vehicles,

Figure 42, are 60 ftlong, I0 ftwide, and IZ fthigh. Each vehicle weighs

approximately 80,0O0 Ib empty, and seaZs 50 passengers (maximum design ,
,! capacity is 300). {

ili
r ,; I 1

:i'i ti
i il I
'

':,,ii ,:_ _--___._._ .. . . syst_
t[! =--:'_._ L_...:]: .---'-r------- sprin_

l
_ .............. !< ']......UL ._.:_._. ,, : y]:: ]: : "']]: 7_7:::::_:.: . __ r '_ ..... 3.66

,:t, ........... ' • " - ' _" " " BMT
[l , ': , h ,:, , j:_ age

' .... ' = . . stop.'t' ;" ," 1]_ .,-: . - ; '- J The

_.u._'---. , .. . ............. , betw!',

:_i ' - • : i _aok::
: 1 : ,. : - , steel!

_! 3.67:

) . platE,:!
U !

; FIGURE42, SRTERIGRVIEWOFVERICLS$ USED IN NEW YORK TESTS %_terei
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J. 3.6.1 Body construction is all-steel, end the floor is coneU'-udtedof

alumlnum truss plate covered with vinyl-asbestos tile. Stainless steel

!me, losl,te and enameled aluminum are used in the car inter/or. Porcelainized alu-
m!neromaterial is used for the ceillngs, in which are located six Z3-1nch

IAs in ventilationfans, as shown in Figure 43.

rain data /-', d thevat- j

engineering

,cleSweighe ilI_l_! 1 :II;lI_:iI' ' ]'r -_ il _ ]
l

; a,,

li?.'/ •" _i_I,

FIGURS13, INTSRIOR VIEWOFNgWYORK TSSTV_HICLS }i

• !i
,_, 3.65 The bogies are outboard-journal type of cast-steel construction, t}

IAvo100-hp motorsiare suspended from the bogie frame. The suspension .I__

system consists oflsteel coil springs at the bolsters and four steel coil [i
springsbetween the equalizer bar and track frame. Rubber vibration pads i1

'_ arcusedazellcontactpoints. I

i 3.66 The test runs were made on sections of the express track of the I,_

BMTllne between 14th Streetand 57th Streetin told-Manhattan. The aver- i!

age stationspacing is O.5 mile;localtrainsaverage 17 mph (including I!

" :._ . stops) and express trains (byPassing some stations) average ZO to Z8 mph. }__'I_. Thetestrunwasonwoodenercsstiesset_coeerete,withanemptyinvert i:i
• between the rails. Some data ware also obtained during a run on elevated i_

_ : track,where the tall is lald on full-wldthwooden crosstles mounted on a

_iI steelstructure,in a manner similar to thatutilizedin Boston.i: ]

ii ,_ _eoordingsoftraina_ivola_ddepartureweremade_ bethcenterco. platformand side platform stations on the BMT and IRT lines. Recordings

were also'made of express trains passing through stations and of multiple

i arrivalsand departures in a'!arge stationduring rush hours.

!I

i

........... ................. . . .
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PHILADELPHIA

3.68 The Philadelphia Transportation Company (PTC) operates soma

25 route-miles of elevated, subway, and surface llnos in the Phliadelphla
metropolltan area. The most modem vehicles in operation are of 1959

manufacture. UnforZanately, however, a tralncomposed of these cars

i wa_ not available for the test runs, and itwas necessary to use vehicles
of 1938 manufacture. As a result, the data presented in thisreport for

Philadelphia do not, in contrast to the data on other systems, represent

I informationon the most modern vehicle systems currentlyin operation in
. I Philadelphia.

.j 3.69 Figure 43 shews the type of vehlcle used in the test. Each ve- :
i[', hicleweighs 112,000 Ib empty and seats 71 passengers. The vehicles ha,;

,! been maintained in good.conditions, and all body construction is essentia!_!'
in its original state. Each vehicle has one motor bogie and one unmotored #

bogie, both having a coilspring suspension system. Solidwheels of 36-J_I

dlameter are used. The only ventilationin these vehicles is provided by s

series ofopen ports In the clerestory. (The Paris METRO vehicles Were thE_

i only °that equipment tested during this study that had a similarventllati°nlsystem.) _

," , I
• \ \ \ / ,,

• C

FIGURE44, 193_] PHILADELPHIA VEHICLE UIED IN TEIT RUNS ._

q" , ;

3.70 The test runs were conducted in a four-track section of the

Broad StreetSubway on nonwelded, 62-ft tallsections laldon wooden

crossties set in concrete. Screw spikes and tallclips are used between

rail,tleplate, and sleepers. This track was lald in 1958 and since then
: has required no major repairs.



! .,.,;,5!_INCTON,O.C.(SUS)

l.'a_me 5.71 The bus used for test purposes in this study was a 1961 General

llll_Iphla :,'.e!ofsbus.(Figure45). The vehicle is alr-conditloned and carries51 seated

bf 1959 :_:z_cngers.Itis 40 ftlong, 8 ftwide ]0 fthigh, and weighs approximately
'I-ccars J!,lSOIb empty. The bus is equipped with an elf-suspension system consist-

._ vehicles _ago."four8-in.bellows at the frontand four IO-in. bellows at the rear. The

'Iportfor ;o.,.crplant is a V-6 200-hp diesel engine.

_'epresent i.7_ The body is constructed of a steel frame wlth aluminum paneling.
_leration in

...... The insidesurfacesofthesides

, /_.' ,:.,:lJ and roofpanels are coated wlth ii

• , :', a _\\, :'_'_ an asphalt-basesoundlnsula- ,'i:

, .'. . - _ \.\ '. tlon.The understructure is coated ivehicles haw I/" _;11!i_ ,, • _ ,....__,_. _ wi_hthesamematerlal. Fiberglass! "{isessentiaK
,leusmotorefi " ,, :\z : ,.-' :_'_::_ insulatlonis usedlntherearbulk-

';eels of 36-iz ""_; 'I <_ ' headbetweenthe englnecompart- :,_
.... mentandinterior,Thefloorlsof !

bya
:les were the plywood covered with a rubber

r ventilation ........ carpet. [nterlorfinlshlngeonslsts i,,
_rOURS45,EXTRRmRviewo_au5us_oIN of aluminum aide panels and Male- i

:, WASHINGTONT_TS mine ceiling. L

_'_"_" L TJ For city streetconditions,test runs were made during the mid-

' - ":":-_ momir_g on Constitution Avenue and l_th Street in downtown Washington.

_i,T_-'li_'_ 'Fore>:preaswaycondltlons, test
:usewere made on s newly opened

_: _eclionofasphaltexpressway
_;e_'.','eanWashington and Dulles .'t. _ /:

;crpen. Testruns were madewith

-,:_4',vi[hout air conditioning opera-
:rag,butalways with closed wind-

,,v.._;,InallGaSas, the vibrationre- i

c_.,o_'_, carding cquipmentwes placed on i
_u: floor about one-third the dist- ,, • , ,i': , ,............ _:,j,ace between the driver's s eat and , \ /: , . ' ; i

lhs rear ofthe bus. The mierol_hone I'/" "l "_:a:recordingnoise levels was _; t

'._n of the ::_ountedon a tripodnear the can- 7_ !:

wooden t,:rof_hobus, as can be seen in _ ',
• i':';':ro46._IItestruns were made emUER 46, ISTERIOR.VIEW O_TESTBUSSHOWINGLOCATION

[ d between OFMRASUREMENTEQUIPMENT

_ sac;_ ' e then zr.,-_ralght,,levelstreet(highway), ,:
asd thespeed was carefullycontrolled. More than:one test run was made at [ ;

_,i _:ach_cstspeed to insure accuracy ofresults• ...,,,,, , : :

i! i

h



IVlILAN AND THE GUIDED ROAD SYSTEM

3.74 , The Milan TransitCompany (ATM) wlllbegin operationofthe

• firstlineof its new subway some time laterthis year. Approximately 9miles

in length, Line No. i will have steel-wheeled vehicles operating on steel

rails. This llne has been designed, however, for eventual conversion to

'I: the rubber-fliedvehicle system designed by Dr. Raffaello Maestrelll. The
ATM also plans to initiallyequip the futureLlne No. 2 wlth the rubber-tlred

• vehicles.
}
,_ 3.75 No vehicletestswere conducted on the steel-wheeledvehicles

,,! that will operate on Line No. 1 because of construction work in progress.

I These vehiclesare approximately60 ftlong and are of conventional design
in every respect. They will operate on steel railsmounted directly on the

concrete roadbed in a manner similarto the Hamburg test section.

• - 3.76 The rubber-tlredvehicle system, called "The Guided Road" by

Its inventors, is presently in an advanced state of development testing•

A prototype vehicle trainis shown in Figure 47. Employing lightweight

:II bus-type construction and equipped with directionalsteering wheels onautomotlve-type axles, the prototype vehicles are powered bY two i85-hp
tractionmotors.

i] /'11
l

i I
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! j.77 Each vehicle is 51 ftlong, 9.4 ftwide, II fthigh, and weighsJ

' Seatsare for36 passengersand standi,ngroom

_ " .i)f /j,500 Ib emnty provided
i_ly.;%lles :_r!93. Figure 48 sho_;s an interiorview of the prototype vehicle. ,

i

)n steel ; ',,_(,"'• !
:hento ] /<'
!lll.The f - ,/, _i"

I r • ,

_ber-tlred I -.•.... ',..''";; .....

:; tvehicles ,j,.. , ._, - _..{ ,1 i_..i FIGURE48. IMTERIORVJEWOFPROTOTYPEVEHICLS :
],•:_.iogre s s" ' • _t ! ,'%- ; ,

!lal'design ! } :" ,' \ i ; ; :

iY _ .-- .., :. \ .i::onthe, , _ :
;Joad"by t_ 1"" ,
, %sting. i

I

:: veight L 78 Of the many similar designs tested by the Maestrelll group in
els

on :ecentyears, this design is the firstto incorporatea successful fail-safe !

185-hp _:..,Lteh..Theswitching principleis very simple and does not requirethe ' i!
use ofauxiliarysteel wheels as does the Paris METROrubber-tlred deslgn, i

].,9 The vehicles operate on a simple concrete roadway and are t ,:_

<;uidsdby horizontal rubber wheels pressing against steel side rails.The 1

_ side rails are also used in switching, with the aid of horizontal rubber !
._',,:itching wheels that project over a raised portion of both side rails. A

..,_ewof the roadway, including a swltch, is shown in Figure 49. A close- I

,;pv:ew of _he switching wheels is shown in Figure 50. Itshould bo .._.e,-^"_ J
_!tatthe roadway design and switching principlepermit installationof this "

_ystemin combination with conventional tallsystems, thereby allowing i

tubber-and steel-wheeled vehicles to operate over the same lines.

_il'1" '' _0 Through the courtesy of ATM offlcials end the Socle_a per la

_'_ :_

_tradaGuldata ("Guided Road Company"), the prototypevehlcles were in- i

[:_;_:_ _pec:edand test-driven on an experimental tracknear Chivasso. However, :. !

_il,_ _,Omeasurement data is presented in this reporton these vehicles. Thecars i i::;_pec_edwere undergoing modification and were not in a condltlon suitable : i i

!or comparison tests. ; "" ! i
],,_! An unusual amount of gear noise during operation in one direction i :]

!i:I','.'._scaused by the use of standard heavy-truck axles, and a temporary leaf- _ {

_:{ ;prOngsuspension system produced a ride Judged subjectively as of only i '
_i w,._ragequality. However, the designers expect both noise and ride to be {
! :_;_stisallyimproved in futuremodels. : : i
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' IV. NOISE MEASUREMENT RESULTS

I

GENERAL CONSIDERATIONS

: 4.I One of the most significantfactors relating to a passenger's i!,

opinionof the overall comfort of a tripby rapid transitis the noise to _

:vh!chhe is subjected during the course of the trip. Noise level is, i_

obviously,secondary to triptime and convenience in determining system _ []
p_ronaga, but itis an important factor in creating an image of the sys-

Iotainthe public mind. This image is most important if "marginal" ,
passengers are to be attracted,particularlyduring the off-peak hours, :

H

intheface of competing alternativetransportmeans, ii

•}.Z The generally high noise levels of subway systems in this

countryhave no doubt helped create an impression in the mind of the'

U. S. metropolitanpopulation that such noise levels are an inherent

characteristicof a conventional subway operation. This impression >

_pparantlypersists in spite of the obvious relation between old equip- .

mont, roadbed maintenance, and high noise level. The low noise levels 5'!

,.ssocietedwith pneumatic-tired systems have been highly advertised,

and such systems have been proposed by theiradvocates as the only /,'

effectivesolution to the subway noise problem. Littlepublicity, how-

over,has been given to those achievements that have been made in the i

,freeof noisercductlon in cohvcntional subway systems. In addlt1on_ i

comparativedata on no'leoLevels in modern rapid transitvehicle systems
h,_vobeen virtuallynonexlstent.

4.3 Very littledata, for'examples have been published that would

mdicata the relativedegree of quietness in operation that can be achieved
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wlth a conventional steel-wheel vehicle operating on two steel rails. It or baffl,:

may come as a surprise to some that the noise level inside a modern tall holght.

subway vehicle operating in a tunnel (normally the nelslest portionof the problem
journey) can be controlledto the same noise level inside a modern clty applied
bus operating at comparable speed with closed windows in lighttraffic even in;:

on open city streets(normally the quietest condition).
-i.S

4.4 This reportpresents the results of noise measurements thatwere is great

made on various rapid transitvehicles in the U.S. , Canada, and Europe decided
1 in an attempt to document ex/stlng noise levels and to identify those sys- problem
1 ternswhere the greatest progress in noise control has been made. In sub- in tunns'

i] t sequent sections the subway noise problem is brieflydiscussed, and the
datapresentedandcompared. BASISO_

"i SUBg/AY NOISE PROBLEM

• I 4.5 The major source of noise in well-deslgned rapid transitvehicles Unfortu:!

is the interactlbnofwheel and roadbed. In conventional talltransitre- of this 11
• hioles this noise is _'eated by the impact of steel wheels on irregularities on the s_,

in the running surface of steel rails. Vibrations are set up in the wheels this stui
:' and rails, and these vibrations are radiated as airborne noise or trans- units u_

' mltted via the oar structureinto the car interior,causing other components terns ar_!

to vibrate in the process. Thls noise problem (as any other noise problem) usually_

can be attacked.ln three ways: (a) eliminate the source of the noise, level me!
(b) introduce a barrierbetween the source of noise and the listener,or ing doe

_.!_ (o)absorbasmuobofthenolaeaspossible.Eacho_thesemethodshas hessoni
I ' beenappliedinva.ou°wayetoth0noisepreb,emin'ra,lendr bber-t adwitbthe!
: rapid transitsystemss and som_ ofthe procedures encountered during the high irei

[ii course of this study wlll be mentioned In subsequent sections. .... , froquen_

-_.6 Concernlng travelon open tracks ithas been demonstrated b'y ZS00-cFI

!i} various researchersi_/that noise levels in the interiorof the vehicle can sound o_

i!i be effeotlvelycontrolledby the use of welded rail,good maintenance 4.10 ,
• procedures, and the incorporation of modern noise suppression techniques a frequeI

in car design (i.e., judicious use of rubber in the trucks, acoustloal in- pressure'I

i! su,a.onIntheearbedydoublewindowsate in sthai
_ '4.7 The noise problem of travelin subways becomes more acute c°mputal

" _ COmmon ;

[ ] primarily because the vibration set up In wheels and railsis greatlyam-
L is simpl I_ pllfledby tunnel reverberation. Thls requires the application of noise
! "'r

I control measures to the tunnel itself,which usually means that an attempt 4. ii i

!:I iS made to absorb as much of the sound as possible by installinglayers ments (i
, train ve]

• ', I-/C. M. Harris, Handbook of Noise Control, New York, 1957, Chapter 32. vehicle

Ms,i ee ;
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lIt or bafflesof sound-absorbent material along the tunnel walls at wheel

_il height. In enclosed stations, where brake squeal may add to the noise

he_ problem of trainarrivaland departure, sound-absorbent material may be
applied along tunnel and station walls, under the platform overhang, and

,I oven in the roadbed between the rails.

.I.8 Because the noise problem, as far as the passenger is concerned,

are lsgreatest during the subway portionof a rapid transitJourney, itwas
e decided to concentrate the present study on that aspect of the overall

ys- problem, i.e., to measure existing noise levels inside vehicles operating
.ub- intunnels as well as in subway stations during trainarrivaland departure.

he /
BASIS OF MEASUREMENT

.1,9 The familiarunit of measurement in noise study is the decibel.

:los Unfortunately,there is a great deal of confusion over the exact meaning

';- of thisterm. For a precise definitionthe reader is referredto handbooks

_ttles ' on the subject. .However, since the measurement results as presented in Z

.!]3_is| lhisstudy may be unfamillarto most readers, a limiteddiscussion of thei orbitsused is wan-anted. Most existing noise data on rapid transitsys- '_

i_nts tams are presented in terms of the overall sound-pressure level in decibels, :era) usuallyobralned by averaging a number of readings made with a sound : '

levelmeter or so-called decibel meter. Nots, however, thatsuch a read- . !

lagdoes not indleate the loudness of e noise. Two sounds ranked for ioud-

las_ hess on the basls of their sound-pressure level in decibels might not agree i_
|Irec' withthe ranking they would receive by the human ear. This is because

the highfrequency sounds are usually more annoying to humans than are lower !
frequencysounds of the same .sound-pressure level. In otherwords, a

._500-ops sound measured at $5 db might be more annoying than a 500-cps
Y sound of 85 db." .
can

4,1O For complex sounds, such as occur during rapid transitoperations,

ques a frequency analysis of the noise should be made by measuring the sound-
in- pressurelevel in decibels in discrete frequency bands. From these read-

ingsthe so-called loudness level (LL) can be computed, according to a :_

computationalprocedure found in most noise controlhandbooks. Z-/ One

i!':m- issimply a measure of the loudness of a sound as Judged by the human ear.

common unit of measure of the loudness of a sound is the "phon, " which

_'_tempt .I.ii Figure 51 shows the octave-band sound-pressure level measure-

'3rs _lents(indecibels) made in two differentrailvehicles: (a)in a TALGO

_. " _talnvehicle traveling at 30 mph on open track near Madrid and (b) ina

[er3Z. : vehicleof the Lisbon, Portugal, underground traveling at 30 mph in tunnel.

_/See Appendix C.
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- r - , Sot/nc(
r The computed overall sound-pressure level In decibels is also shown at

analy i
',;{ the leftof this graph, indicating 92 db for TALGO and 91 db for Lisbon. to inc_
,}[i Ordinarily a difference of 1::dbis not considered slgnlficant,and on this of re_

_::i basis the two vehicles would be ranked as about equal in quietness, data _'
However, if the loudness level In phons is calculated, using the octave-

'_[ band sound-pressure levels shown on the graph, a level of 97 phons is expla,; not p_

:![i'. determined for the Lisbon vehicle, compared wlth 91 phons for the TALGO for thl

vehicle. Since a difference of 3 phons is usually considered to be the
smallest dlsoernable difference in loudness of sounds 3r/the Lisbon re- thls

hicle would be ranked as considerably noisier than the TAI.GO vehicle. 4.14 !

This reverses the ranking given by simply stating the overall sound- in the!

; I pressure level in declbels. The new ranking more closely approximates vehle
the response of the human ear because itweights the decibel levels in Wash +

_" the speed interferencebands (about 600 to 4800 cps) heavily as well a's tess "

"-- the higher frequency tones more likelyto cause annoyance to human the 3(!
[I %

3-/L. L. Beranek, Noise Reduction, McGraw-Hill, 1960.
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! passengers. Italso agrees in this case with the subjective opinion

" formed by the study team afterriding in each vehicle under similar test

conditions.

1 4.IZ This example should illustratewhy itis desirable to know the

frequency distributionof the sounds being compared. Itgives some

idea of the danger of making simple comparisons, merely on the basis__ of overallsound-pressure level, between complex sounds such as those
] encountered in rapid transitoperations. Some idea of human response
I tothe sounds in each system must be determined for comparison; theI

_ii_ means chosen for this report is the computation of overall loudness level

;I---_iiii]_._ _s described in Appendix C. The logic for thisdecision, instead of

making a detailed comparison of the sound levels in each frequency range

.,'oreach system, is best understood by examination of Figure 5Z. i,i

Shown here are the octave-band'plots of sound-pressure as recorded on '_

theinteriorof 13 vehicle systems at 30 mph (data plots of 15-mphren i

co:dlngshave generally the same shape for each particularsystem but

I 6400 '.everby 3 to I0 db in each octave band). These data curves are best: ,, suitedfordetailed analysis of the sounds encountered in each system; !

s band-by-band comparison of all the systems was made in the computa-
tionof loudness le%,elas described in Appendix C.

;3/Table 1 presents some comparative data oRrapld transitvehicles

'.i_ _ittwo test speeds. These overall levels were computed by using the

sound-pressure level in each octave band as obtained by laboratory

i: analysisof the magnetic tapes. The 15-mph data represents an attempt

[: '_oincludemore than one test speed, as a means of ensuring continuity

_i this of resultsin comparing systems. Itwas also hoped that the low-speedi;
:_:" catswould be useful in identifyingparticularnoise problems and in
_'save- axp alnlngdlfferences among systems. Unfortunately, however, itwas

•! _,iS notpossible in every case to obtain data samples at the lower speed; !
_;;IALGO forthisreason the table is incomplete. Therefore the discussion at

:he _hlspointwillbe confined to the data obtained at 30 mph.
ve- i

le. 4.14 The lowest overall sound-pressure level at 30 mph was recorded

• in_he Hamburg vehlcle. However, on a loudness-level basis the Berlin !

_tes vch_.clesystem appears the quietest of the systems tested, although the i

in '.V_shingtonbus and the Hamburg vehicle are not significantly louder :

1 as (lossthan 3 phons). This can be seen in Table 2, which presents

th_30-mph data from Table I in vehicle system rank order.

:I t \.i I
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TABLE ]

NOISE MEASUREMENT DATA, VEHICLE INTERIOR IN SUBWAY

Average Sound- Average Loudness
System Pressure Level, db Level, phons

15 alph 30 mph 15 mph 30 mph

•Boston ,:,I/ 95 _:: 97

Chicago 86 '_9Z 89 98

New York 87' ,94 90 98

Phlladelphla2-/ '1' 98 _ 103

Toronto 82 85 8,1 90

.... Q
Berlin * 86 '::

. Hamburg 0 !/ Q 83 87
,I, Lisbon _:¢ 91 * 97

London 83 87 8,1 95

Paris(rubbertire) 82 86 0 89

Stockholm 80 86 8.1 92

Was_ingto*_(bt s4)_/ . :. 85 85 86 86

Madrid (TALGO) 5-/ m 92 * 91

I/Asterlsk Jndlcates data not taken at thls speed. 4_/Bus on suburban expresswaY.

2/1938 equJpme!]t. 5_/TALGO trainon open track near

3/Circle indicates lowest number in column. Madrid, Spain.

• i_ b

NOTE: For the 15 mph and 30 mph test runs, METRO engineers reporLed 73 dband 83 db,
respectively, using a sound-level meter. The meter'we_ghtlng scale used was not
reported.



reported,Z'eSpecLlvely'us_11cJ a sound-level_ n_eLer. The meLer'welohLing scale used was n_

__,,_:._i:_,_•_._,_._:_ .,L_.;_.,., ,.r_.I:Z,_:_,.--"_=_*" ............. _.: _, .., _,.•_._,,_, ...•_ ......... . ..., .,_,, _._ _, * '..'_.,_, ,_,. ,.'..-.," .,, - • .' ..,..'"I r• _-- ..L, ....



TABLE 2 4.16

NOISE DATA IN RANK CIDER, VEHICLE obserV,:

INTERIOR,30MPH I_/

Average Sound Average Loudness

I. Pressure Level, db Level, phons

Philadelphia' 98 Philadelphia ]03Boston 95 New York 98

• New York 1 94 Chicago 98

L

Chicago 92 Boston 97

_iI1 Madrid (TALGO) 92. Lisbon 97

Lisbon . 91- London 93 i
London 87 Stockholm 92 FACTOR:

Berlin 86 Madrid (TALGO} 91 i

,'.! Paris (rubber tire) 86 Toronto 90 4.17 _i_' reader s,_
Stockholm 86 ParisRubber 89

_] Washlngton(bus) 85 Hamburg 87 variable'i

Toronto 85 Washington (bus) 86 time ave i
empty tei

Hamburg 80 Berlin 85 secti°nsI

" ahigheri
' I/All data taken in subway with exception of Washington bus and railin nq

i}.' TALGOtrain, tested.

_;I unusuall__,u'I_ 4.15 Ifa difference of 5 phons4-/is taken as significant,the system
_,_, TALGO tr,_
i'.l} _nberankedvery.-genffeIiy'asfollows: nor_elr_!
1 Loudest[ philadelphia, New York, section o_

%,i . (nonweld_'_
_-I {97 tO 103 phons) Chicago, Boston, Lisbon

ilI themlsal_
b_ Moderately lout: London, Stockholm, TALGO sections.,

i!i!I (91te96phon_) eblyprod,_
This statei

Culetest: Toronto, Paris rubber-tired, in compare{

(85 to 90 phons) Hamburg, Washlngton bus, 5/Shortly'{

"+] Berlin. on one l!

_!t new car,_"./.i present_"

%-/Standard nolse-crlterlacurves, used in industrialand office noise con- 6/Harrls,trolwork are calculated in 5-phon LL increments.
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•,Io This grouping is sufficientlyaccurate to permit the following

observations.

_, a. .American systems comprise the loudest group. The

quietest American system Investlgated5-/islouder t

than the loudest European system (at 30 mph) with

the exception of Lisbon, where the high loudness

is attributableto severe railcorrugation.

b_ The Washington bus and the Paris rubber-tired sys-
tems belong to the quietest group. However, the

Berlin, Hamburg, and Toronto steel-wheeled sys- !
ternsalso belong to this group,

FACTORS INFLUENCING TEST RESULTS

•1,17 In considering the relative position of each vehicle system, the

readershould be aware thatthe data are in some cases influenced by test

variablesthat were beyond the controlof the research team during the

t|me available. For example, the only data that could be obtained in an

empty testtrainat a controlledtest speed in Lisbon were obtained on
[

sectlonsof corrugated track. This condition undoubtedly contributed to

s highernoise level than would be measured for the Lis_on vehicle on

railIn normal condition, as was the case for most of the other systems

i_ tested.
p

•t.18 Track condition was also undoubtedly e factor in producing an

stem unusuallyhigh noise level (foropen-track measurements) inside the
TAiGOtraln. In this case itwas necessary to take the data during a :_

normalrun between Madrid and a point about 12 miles distant, on a

sectionof line characterised by extremely poor malntenance. This track

(nonwelded)was in an extreme stateof disrepair, to the extent that often
themlsallgnment was plainlyvisiblewith the naked eye over short rail
sections. Measurements on welded track in good condition would prob- '!

ably produce results that would place this vehicle in the quietest group.
This statement is based on the fact that such results hav_ been achieved Ir]

d, Incomparable iocomotlve-drawn, iong-dlstance rail coaches.6/ ,

5_/Shortlyafter completion of the test program, new cars were introduced _'

on one llne of the Boston system. The only data In this report on the
new cars were obtained during a normal run at 45 to 50 mph end are

presented laterin this section. ,
_e con-

6-/Herrle,_op;hit._ Bersnek, op. eit.
/
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4.19 The Paris rubber-tlredvehicles are ventilatedby a series of

open ports in the roof. Although itis true that the data presented in thls
report ere an accurete measure of the noise levels of these vehicles as

them are now operated on the Metro, itis also true that no other system

tested had such a ventilationsystem. Closing the ventilationports

would undoubtedly lower the loudness level but the amount of decrease

is subject to question. Itis probable that the amount of improvement --,
would amount to no more than 3 to 5 phons. This statement is based on

measurements made durlng the Boston pilotstudy atthe beginning of this

project, in steel-wheeled vehicles with open and closed windows in

I tunnel at speeds of 15 to 2g mph. The maximum improvement in that ease

was on the orderof 5 phons. The improvement in the Parisvehicle could• conceivably be about the same ata somewhat higher speed because the
ventilationports are located in the roof of the vehicle away from the pri-

mary source of noise. Also notethat the measurements in Paris were

made from the front ear of a two-car train,probably the most favorable

position for any vehicle investigated inthis study. Measurements made

I from the rear of a longer trainwith closed ventilationports could, there-' fore, conceivably remain at about the same level as indicated in this
report for a two-car traln[wlthopen ports.

) 4.20 The reader should remember that the data forthe bus were ob-
._ talned during operating on open suburban expressway. The noise levels

_ measured during operatlon in subway would be considerably higher than
on open road. However, data onbuses in subway could not be obtained

• for this study.

:'::: 4.21 Considering all factors,the loudness levels indicated for the 4
' ' five quietest vehicle systems (85 to 90 phons) would seem to accurately e:

bracket the lowest loudness range that has been achleved to date for wh!

steel-wheeled and rubber-tlred systems, when operated in subway at cell
: 30 mph. in]

operated at speeds higher than 30 mph, the noise levels tr]l4.2Z When

wit1, of course, be higher than the levels indicated. In the course of 4
.'!

normal operation in subway itisnot unusual that peak speeds of 50 mph m_

are reached, if only briefly. Inan attempt to document the noise levels ca_
" tlr

generated at these speeds, an effortwas made throughout this study to th[
secure samples of data at speeds above 30 mph. The results of these Th

effortsare presented in Table 3 for those systems having the lowest ra
[ loudness levels at speeds approaching 50 mph. All data presented here

CO'

were obtained in empty vehicles, with windows closed. These data
m(

probably represent the maximum noise levels of rall systems that can be su

t_ 58
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:i T_LE 3
i

hhis
HIGH SPEED NOISE DATA

1 Sound-Pressure Loudness!

"!_e Systa= L0vel,db >.val,phons
,f Berlin, 40 mph in

IrOn subway 86 .91
hls

London, 40-4B mphin

'_luld t_nnel 88 93
case , .

Toronto 45-50 mph in ..

i:'"Iheprl- subway . 86 90Z-/

_,:i_ Boston,45-somphin
subwayl_/ 86 , 90

e

l_re_ Bus, 50 mph on DullesAccess Road 88 872-/

Chicago, 40 mph on

open track , 84 862--/ } _i

els

'an I/New 75-ft cars introduced in April 1963.

e " Z-/Estimate,based on measured overall sound-pressure level. !

±_'J . •

% .e e:<pactedduring normal operation of a modern well-deslgned steel-fi
_:i/ly::: ,,heeledvehicle_ha=xlmumlevelsofthebuswilldependo_tra,,ic

conditionsand the character of the roadway. These date were obtained

:i_ _.nan alr-conditloned bus on new suburban expressway wlth no close

.qs .t.23 / The significance of these results lies in the implication that
,f

nph maximum noise levels in tunnel on the interiorof modern tallvehicles
can be controlledto levels approximating those in modern pneumatic-

ale tiredbuses operating on open expressway. In eddltlon, the data suggest

to thatthe rallvehicle is quieter than the bus when operating on open track.

e The Chlcego data are not conclusive proof of this,but other studies of

tellvehicle noise generally concur with these flndlngs. Based on a

__re comparison of other data it seems reasonable to assume that the measure-

ments on open track in Berlin, Hamburg, and Torontowould produce re-

be sultswlth lower noise levels than Chicago. Unfortunately, itwas not
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possible to obtain such data during the visits to these systems, or for

any of the other European systems except the TALGO train,in which case

the resultswere unduly influenced by the condition of the track. The only
other data on operation not in subway were obtained in New York and

Boston on elevated track; the levels in bath oases, at speeds of 30 mph

were higher than the results indicated here for Chicago at40 mph.

SUMMARY OF VEHICLE, TRACK, AND ROADBED NOISE-REDUCTION FACTORS

4.Z4 The data gathered in this study indicate that modern tall transit

vehicle systems can be made to operate at the same levelsof loudness as

rubber-tlredvehicle systems. In some cases the steel-wheeled §gstems

were actually found to be quieter. For comparison purposes it should be

instruetlveto review some pertinentfeatures relating to noise of the three

tall systems identified as quietest by the measurement results. These
features are listed in Table 4.

4.ZB w/Thls listingmakes itpossible to hypothesize on the value of some
of-thefeatures. There is a danger in making broad generalizations on the

basis of these results, ho%yever, because of the lack of quantitativeinfor-

matlon on the effectiveness of particularnoise control measures within each ,v!

[ system. Also itwas not possible within the scope of this study to make a _ t

detailed study of the relative noise contributionof each design featureor _ i
:] component of a particularsystem. For example, the body insulationin the _

London vehicle might be more effectivethan the insulation in the Hamburg

_ vehicles even though lower noise levels were measured in the latter,but
there is no way of tellingthis from the data athand. London was the only

: place where a test of the effectiveness of a particularnoise controlmeasure

was posslble. There itwas determined that the asbestos baffles along the

: tunnel walls helped reduce the noise 'levelswithin a traintravelingat 40 mp_

to approximately the same levels as measured at 30 mph while travelingina

tunnel without baffles. However, in that case some of the reduction was un-

_ doubtedly due to the use of longer sections of welded rallin the 4O-mph test

section (compared to shorter sections of nonwelded railin the 30-mph test

_ section).

4.B6 Some interestinghypotheses ere suggested, however, by Table 4.

i _ For example, the me/surements were made on standard ballasted track in
Hamburg but on concrete roadbed in Berlin and Toronto. The results suggest

that ballast is not necessary for effectivenoise control. The primary reason_

for the Iow-nolse levels in Berlinand Toronto are not indicated. The results

could be due to track allgnment_ vehicle body insulation, orthe method of

tall mounting.

4.Z7 However, the important point is that concrete roadbeds need not bs
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TABL]: d

SUMMARY OF VEHICLE, TRACK, /_ND ROADBED NOISE CONTROl, FEATURES,

,,.THREE QUIETEST IDIIL SYSTEMS (85-90 phons)

Feature Berlin Hamburg To/onto

Tunnel configuration Box-shaped, 11.4 ft wlde Box~shaped, 2,,Iftwlde 16 ftdie. tube

by 1,1,5 ft hlgh by 14 ft hlgh

Special noise reduction Sound-_absorbent wall None Sprayed asbestos mlxtu[e
features to tunnel walls coatingin some sections on wails

Roadbed Concrete Ballost Concrete

.................: Rall weight ..... 82.5 Ib/yd 80 [b/yd I00 lb/yd

Track mounting Rubber pads between rail Weed pad between rail Rail directly on metal tie

o, and tie plate, set on con- end tie plate, on wood I plate; rubber pad and con-
crete crossties resllJently crosstles set in crushed crete grout pad between

mounted In concrete road- stone ballast, roadbed.
bed,

Vehlcle wheels Solid Resilient Solid

Use of rubber in trucks All-rubber ssspenslon, All-rubber suspension, Air and steel sprlegs wltb

resiliently mounted motor resiliently mounted rubber vibration pads. No

(axle-suspended), rubber motors, rubber buffers rubber otherwise.

buffers between truck between bogie morn-
frame and motor-axle set. bets.

Vehlcle body material Steel wlth bituminous- Steel witb 3 mnl sprayed Alumblunl-alloy body con-

and insulatlon : base floor undercoating cork on body members, struction, heavy coat of

and 5 mm sprayed cork antlcorrosivepaint under
on bodymembers.• floor, "I

I
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'I ; a reason for higher noise levels than ballasted track construction, as has to th_,_

!i _ so often been the case. In both Stockholm and .Hamburg, for example, nific.l

: to be higher than the noise levels measured on standard ballasted track. I!' aval

• i In Stockholm, particularly, the increase in nolse when passing onto the %_

L1 concretetestsectionissogreatastobe a sourceofannoyance.Figure 4.3i_
53 shows the difference in noise spectra for the two types of roadbed in to th,_

,_ roro_!::_ Stockholm when measured from the same train. The computed loudness

_"" level indicates the magnitude of the problem in Stockholm, and illustrates the o

!:_ that the low noise levels achieved in Berlin and Toronto on concrete road- resllii

;[ bed are all the more slgniflcant, ceulcl

4.Z8 Another interesting fact brought out by the comparison of system furth(i

_ features is that of the three quietest tall systems only the .Hamburg ve- bilit_i
; hlcles employ resilient wheels. In fact, Hamburg was the only system

Toro_

_j visited where resilient wheels are used to any great extent in subway quiet

'_ operatlons. The resilient wheel has been or is, of course, standard equip- merit
ment on the streetcars of many European and U. S, cities, and its value as

merit+
_'+ a nolse-control device is often cited. Stockholm, Berlin, Lisbon, and other._';_' , - cost
%?
? i
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were found to be currentlyconducting operational tests on bogies equip- :

podwith resilientwheels forpossiblefuturaadoptionbut not primarily "
_ _.)_c_usc•_ of noise-control features. In Berlinthe survey team was told

:hat tests there with resilient-wheeled subway vehicle bogies indicated
so significantdecrease in noise ever solid wheels. The apparent diver-

gence of opinion as to the noise controlvalue of resilientwheels re{
railrapid transit vehicles suggests a need for further study in thls area.

l .1.29 A third point brought out In the tabular comparison is that the :"
Toronto vehicle employs almost no rubber in its bogie end suspension
system in contrast with its use on the Berlinand Hamburg vehicles. The

:ii latter vehicles, in addition to all-rubbersuspensions, use rubber liberally'
inmountingmotorsand as frictiondampers between variouscomponents. '

-I Torontouses neither a rubber suspension nor resilientlymounted motor, :

i_ ' althoughrubberis used atone or two pointsin thebogie frameas a vi-

I
brationdamper. Toronto was the only vehicle (besides the Paris rubber-

tiredvehicle) included in this study that employs alr-bolstersuspension.

4.30 In eddltlon, the Toronto vehicle has virtuallyno body acoustical

insulation,compared with the othertwo. In view of these polnts, specu-

lationnaturally arises as to th_ reason for the comparatively low noise "
" levelof the Toronto vehicle system. There would seem to be some basis

forseeking the primary causal factorin some featureof the system exter-

[ has., hal tothe vehicle itself. For example, the low noise levels might be due
to the use of the sound-absorbent material in tunnel walls, or the slg-]

ved'_%_ niflcantlybetter track alignment and running surface combined with an iI
!_,_. acousticallysuperior railmounting. _Vith no more data than currently I]

available,however_ these are purely speculations, li,: e

: _ra 4.31 Correspondingly, one can, at this point, merely conjecture as

in tothefurtherdecreasein noiselevelthatcouldbe achievedin the i
Torontovehicle system by adoption of some of the features contained in i_

tes the other two vehicles, such as some acoustical body insulation and

_ad- resilientwheels. Likewise, it seems possible that some improvement :ti
could be attained in the Hamburg system by use of sound-absorbent i

further'.decrease in noise level would appear to be slight, but ttfe possi- .'!
bility should not be ruled out. It is feasible that some feature of the

Toronto system, for example, could be utilisedin Berlinto produce even !

ulp- quieteroperation than now achieved. Obviously the degree of improve-
ment in each case must be balanced against the economic cost of achieve-

:iie as
!'i°there merit,and this might rule out some of the possible alternatives. A/thoughcost has been one reason in the pastwhy lower noise levels have not been

b
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achleved in subway operatlons, an equally important reason has been oct_

lack of concern about nolse. Today the wide variety ofeconomical acous- Pari_

tlcalmaterials available az:dthe increased knowledge about theiruse ban,_

make effective noise control more a policy decision than a technical war,

difficulty, ann,'
tare,

4.32 The pointis that although the noise levels measured in Toronto, braPI
'I Berlin, and Hamburg represent the lowest yet measured fortallvehicles rateI

:, in subway, there would appear to be some basis for anticipatingeven var_- 1

:{ lower noise levels in some future tallsystem. This might be achieved lard:

j by combining the best features of these three systems as well as new wel!i

_ ideas not yet tested, parE_

. 4.33 Cost appears to be the primary obstacle to noise control, but are i

this is not to imply that any improvement will necessarily be costly.The sonll

importance of noise in the design of a future syszem far the Washington, in a

D.C., area Must be established by the subway planners. The cost con- ple

-. I atralntswill then determine very broadly how quiet the typical passenger's oba
ride will be.

.I STATION NOISE LEVELS

4.34 The noise level inside subway stations during trainmovement .co

is characterized by sudden, large changes. These sudden changes

complicate the problem of presenting comparative data in a meaningful ,90
(_[_ fashion. For example, the maximum noise levels during trainarrival N,0

and departure occur during the time a trainenters the station portionand

brakes to a stop, as well as during the time of train acceleratlono_t of

the station. The maximum levels in most stations can be as high as
2_

30 db above the background noise and typically fluctuateby this amount _ 60

at least twice within a period of some 30 to 40 see. In those cases

where expreasvtraln operation through stations is encountered, the maxl- _ _o
mum ley.els-occurforeven shorter periods of time. Again, changes of _
considerable magnitude ere involved. _ _o p_

_ 4.35 For describing and comparing stationnoise levels, therefore, _0
the "average" noise level conceals much about what happens. A common

• acoustical measurement procedure In the study of aircraftnoise daring

takeoff is to consider the maximum sound-pressure levels that occur in

} each octave band during takeoff_ irrespectiveof whether the maximum

level in each band occurs at the same instant. This produces e more

valid means for judging the annoyance of the overall noise level. This

procedure was followed in analyzing the magnetic tape recordings made

in selected subway stations during trainarrivaland departure. Figure 5.I

shows the noise spectra for two such subway stations, in _arms ofmaximum
i
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octave-band sound-pressure levels. Note that the arrival curve in the

3us- paris station bends upward in the high frequency region (last octave

bands) whereas the Same curve for the Berlin station does not. The up-

ward bend is caused by brake squeal, which can be'one of the more

' a_noylng sounds encountered in statlons. This phenomenon was encoun-

I tared in many systems visited and is caused primarilyby the type of';o, brake shoes used on the trains, and the braking rate. Both the br_]flng' :

'iS "

rate and approach speed'of the trains entering a particular station m_y

• vary widely during normal operation and thus affect the overall noise

. ['I,_ level. Length of train is anothsr factor that influences the noise, as li

well as "flat" spots on wheels. It is easy to see that an attempt to corn- .

pare typical station noise levels may mean little unless the conditions i

are reasonably similar. Unfortunately it was not possible to conduct i

:, controlled tests of train noise in stations because of the short time spent ' '.i

_, in each city. The data presented for each system are generally one sam- '.

ple selected from those taken as being most representative of the conditions i}I
l-

et's observed. In most cases four- or slx-car trains were involved.

'°° I '°° I I d71i°,

•,c .80 _ i

,_:ax,SlatlonLowls _,laxr, Sta_IpnImvorla _ li
50 I00 200 400 800 l,&O0 $ZO0 64D0 50 100 ._00 400 80D 1600 5;1_0 6400 ,

on
S_lvo Bound _antet P*'o_UOl_ClOS, CPS Octavo _d C0/%1_¢}'foq*,;_r_cl_g, Cp_ t

,• i
FIGURE54, _ONPARISDN OF STATION NOISS SPECTRA FORTWO SYSTEMS , ,
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4.36 The maximum crave-band sound-pressure levels shown in

Figure 54 can be used to calculate overall sound-pressure level and ioud-

_, ness level,as explained in Appendix A. This was done for all the stationrecordings made, and selected results are tabulated in Table 5. The maxi-

mum overalllevels during the period of passenger loading and unloading

are also given to indicate the background noise level against which to

compare the levels of traln-produced noise. The loudness-level data

from Table 5 are also shown indiagram form in Figure 55. Itcan be seen
that the lowest maximum stationloudness levels were measured for the

Berlin and Toronto steel-wheeled vehicles and forthe Paris rubber-tired

vehicles.

4.37 The highest levels were measured on the Lisbon system for a

: train conslstlng.ofonly two cars. The rail corrugationproblem, which
has already been mentioned, was the only detectable reason for such O

loudness. The corrugationis particulirlysevere on the stationapproach
sections of track, and the noise generated by arrivingtrains isenough to

P_

[

:" :i alarm the unwary waiting passenger. <_
4.38 The Lisbon authoritieshave attempted, without success, to

determine the causative factorfortall corrugationin theirsystem. The

mystery of the problem 'isaccentuated by the relativelyyoung age of the

system (opened 1958). Although most systems visitedreported the exist- _ __
ence of railcorrugation somewhere in their system, Lisbon represents an

, 'extreme case of this phenomenon. Various hypotheses have been advanced _<
as to the cause of railcorrugation,which was observed as early as 1590 _:

in some systems;7-/todate, however, no generally valid method forits _.
'_ prevention has been discovered.

m
4.39 Lisbon was the only system visited where tallcorrugationwas

actually observed to influence the measurement results. The phenomenon ,._

of brake squeal, however, was encountered in nearly every system visited,

and in most cases was attributedto the iron or composition brake shoes. _ca

However, itwas also noted in Parisduring recordings of arrivalof the
rubber-tlredtrain. These vehicles employ a brake system consisting of

oiled-wood brake shoes presslng against the running surfaces of the aux-

iliarysteelwheels. In Hamburg, where disc frictionbrakes are used on

the nonmotored bogie of the new vehicles, some brake squealwas en-

countered. On the other hand, no brake squeal was observed in Berlin

where an all-electricbraking system is employed. In Toronto the occur-

rence of •brakesqueal _,Jasconfined to trainsof older cars, on which no

d.ateare presented in this report.

7_/Arnold Tress, "Der Meehanismus der Reibung," Glasers Annslen,

:, December 1962. K. B. Mathar, "Why Do Roads Corrugate?"

_; ScientificAm#,rican, _anuary 1963. _,

66

i
i



_ O ,. I _ • o _n • _ {n CO P_ _. :_- D (J .'r e ,9• (b (D _ O _ ;j _, u

_ _ O*

TAI_L J; !,

NOIS/_-MI.:ASUF, Eh_E_qT DATA IN SUBWAY STATIONS

Average Sound-Pressure Level, hverarje Loudness Level,

db phonsSystem

,, Arrival Stop Departure Arrival Stop Departure

Boston i ':'1-/ * * '_:' =:' ¢

Chicago \ 100 78 9a 106 82 99
\

New York I,I00 75 98 108 78 103

Philadelphla_ / * _, * ,:, * _1_

@ ® ® ..Toronto 3_/ 8] 8a 93

o, Berlln 9'1 73 . 88 98 82 ('_
V

Hamburg- 97 78 88 105 81 95

Lisbon I05 88 10,I 110 9,1 109

Paris(rubbertire) 88 65 96 101 68 93

Paris (steel wheel)5-/ 99 77 96 IOB Sl 106

Stockholm 96 8_ 93 103 89 i00

_A'ashlnglon (bus) * * _ '_ ::_ *

TALGO train * * :_ * *

l/Asterisk indicates data not teken, d_/ Elcjht-ear trela.

2/ 1938 equlpmen_, 5_/ 193'1 equipment.

• 3/Circle indicates lowest number In column.

: /
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4.40 In son,paring the station noise levels shown in Figure 55,

I several points should be noted. First,Berlin and Toronto compete with
I _ theParis rubber-tlredvehicle as the quietest of the systems measured

I1 (nostationrecordings were made in Philadelphia and London). In eachofthese three cases the data were taken on four-car tralns. The factI]

"I rJ r __I thstonly elght-ear tralnswereavaileble in Hamburg forthe s_e.tlonre-

, , T_ c0rdlngs isthe primary reasons why that system is displaced from the
quietestgroup on thisfigure. Data taken in Chleago indicated that an

increase in loudness of some 8 to I0 phons for a four-car trainarrival,
compared with a two-car train measured in the same station. Assuming

_ thesame order of magnltude decrease inarrivalloudness for a Hamburg

four-cartraincompared with an eight-car train,then that system aswell as Stookholm would be counted in the quietest group, whloh woukl i

_-(; measure on the order of 96 to 10l phons.4.41 The position of Toronto and Berlin as thequletest stations
measured again reflectsthe effortsmade by operating managements of

boththese systems tO control nolse. In Toronto stripsof glass flber • |i

sound-absorbent ma1:erlalsimilar to that used inthe subway walls were _i

: originallyinstalled under the platform overhang in stations. In the new [_
UniversltyStreetline, however, the glass wool has been dlsoarded _n

favorof a coat of asbestos-asphalt mixture. The new mater_al reportedly I_
isnot affected by dust an d dlrt(as is the glass wool), presents fewer

A_%.. maintenance problems, and is said to be more effective. In the tube .

_'_5_ section'stations,a suspended ceiling of sound-absorbent materlal is _!

used that also helps reduce sound reverberation time (see Figure 56). i!

). 1I

V ?

i, I;
:2 _IGURE 56, TORDNTD-GSONETRY OF TRAIN TUBE
"; SECTION STATION SHONING SeSFEt_eRe ROOF
Ji,i

l
,L

I

![ S'TA TIO M ..._,UMBEL _ _TIO_J

:i
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,}.42 In Berlinthe stationwalls end roof have been treatedwith a One of

sound-absorblug bltuminous-base materJ_l]known as "phon killer." As the not

_ _, in Toronto, sound-absorbent material is ab;o installed along the underside
often

i of the platform faclngin some stations, although not in the station for mentlOl
1 which data are given in this report. Berlinalso employs another noise i

•,{ control measure thatwas not seem elsewhere; the space between the

•'i tracks in stationshas been filledwith blocks of a porous concrete-base
sound-absorbent material (see Figure 57). Experiments are also presently

} being conducted todetermine the effectiveness of a cork-base mixture

',1! sprayed on stationwalls. 2_0._-_,

d 'V ,.- :,, , ./ 7_

,, , .%.., . ,,, , . , •:: .;.,/% .

, SST_ESN RA[L,_ IN STATION_

.... J:if'" ' RAPID TRANSIT NOIS_ VS OTHER TRANSPORTATION NOISES

:[_,] 4.43 Among transportationvehicle noises, the subway tralnproba,b!y

ii! enjoys a worse reputationin thls country than deserved. [n some cases, 4.44
;;I maintenance practicesand old equipment are among the primary reasons shown i

:,_ for this, as pointed out in an earliersection. Subway nolse probably ranks spectra
_,I lower on the listof objectionable noises than in years past, however,

_![i because of the emergence of such louder nolses as Jet slrplanes and the °peratl_:ilnsldet!

/i increase in-b_s"and heavy truck trafficon city and suburban streets. In The Ber]!
'i many U._S, municlpal areas the noise from automotive trafflchas reached in this ¢_

_: such proportions that restrictinglegislationwas passed. This section tallveh;
'_ presents some noise data on various _ransportvehicles as obtained by slsts of
"-I other researchers, and compares these levels with the noise levels_ ' Its qule'i
,. {
!I measured on one of the quieter railrapid transitsystems during thisstudy, features:

2
t ,



One of _he .more In:erestlngfactsto emerge from this comparison is that
:i:onoise levels measured on downtown city streetsduringdaylighthours

rld(_ oftengreatlyexceed the noise levels measured in most subway systems
;._e.-.tionedin thls report.

iJ L+ !Iii
I / ..+uIum?_,_JL+ •

I -T+-T-"%. I "-..

% F ""-. [ LT_ - 9J ', I ?,_ _ ,! Io_..+
4 J

I ! I { ?''4 _"°_"" :•+,
!'iO_ivo IIi1_ _11nLiirrl_qu0+lclol, cPs O_IIhVDI_IM _°n[Ir pro_ulllelQ|+ CP_

_utceli 1

%

"l FIGURES* INTERIORNOISESPECTRAFORFIVEVEHlCLESYSTEM_

; ?bly

I .1.44 The noise spectra forfive types o_ _ransportazlonvehlcles are
i:j"t s_, shown in Figure 58 along with fiveoverall levels computed from these
_ _anks spectra.Note thatthe computed loudness level inthe tall transitvehicle

'_I operatingat _0 mph in subway inless than the loudness level measured .
/]_e insidethe Seattlemonorail operating at 45 mph on open, elevated _rack.

'_i!In The Berlinvehicle would+ of course, give quieterresults on open _rack; i_ed i:_thiscase the monorail would be significantlylouder than the Berlin :
• r_ilvehicle. Itwill be remembered that the Seattlemonorall traincon-

, _s_s of pneumatlc-tlred vehicles running on an elevated concrete beam. . ; "

. hs quietness of operation has been praised as one of its most outstandlng _
'._/dy. fca:ures.

[

; 71 i i

POOR'
COPY



4.45 Companng the noise inside the jet airliner with .that inside

the Berlin rail vehicle, it would appear that the two are approximately
the same order of magnitude in loudness. The significance of this corn- •

parisen lies in the fact that the modern Jet airliner is supposed to repre-

._. sent the •ultimatein travel comfort, and passenger conversations at a ,

[i /_1-distance of 2 ftare easily posslble. The noise inside the •airlinesis, ',

to be sure, of a differentnature than thatinside the subway vehicle i'
(being more steaoy tn level and less impulsive), but the level of annoy-
once, as represented by the loudness level, is about equal for the two
vehicles.

4.46 The bus and railvehicle have already been compared earlier

in this section for operation at 30 mph. At that speed ithas shown that

the rollvehicle operanng in subway was equal in quietness to the bus

on open expressway. The significance of that comparison is that opera-

- tlon in subway normally produces noise levels inside the vehicle that

exceed those produced at comparable speed on open track. At 30 mph

this difference was measured to be 7 to 10 db on one roll system studied.

At higher speeds the difference would be greater, of course. This cam-

: parison between the railvehicle in subway at 40 mph and the bus on
open road at 30 mph is important only inthat itindicates merely a slight

increase in loudness inside the roll vehicle because of the speed in-

crease, so that the rollvehicle stillcompares favorably with the bus.

Another important point to note i_ that the bus data shown here was

collected inside an alr-conditioned bus operating with closed windows

in very lighttraffic. Operation with open windows in heavy traffic

iJ_ could produce no_se levels inside the bus as high as 100 phons or more,
,! dcpendlng on the amount of other bus and heavy truck trafficnearby.

4.47 Figure 58 shows that noise inside the railtransitvehicle at . i
:_" 40 mph in subway appears to be significantlylouder than noise inside

the automobile at 30 mph on open streetswith closed windows. This :

"_ comparison deserves some qualification,however. First,the noise

level inside the automobile depends on the type of automobile: high-

" priced automobiles are quieter than iow-prlced automoblles 8--/ifthe

windows are always kept closed. Ifthe windows are open even partially,

the type of automobile is not as important as the condition of the road

and the amount and type of surrounding traffic. In heavy trafficwith

open windows the nolse inside the automobile will approach the levelof

the background traffic. For examples in clty traffic_with open wlndows_

and directlybeside er behind a d.leselbus or larpe truck, the loudness

8/ Beranek, co, clt.
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,le inside the automobile can approach 100 phons at a sound-pressure level

_iv of 95 _o I00 db. During this study the noise level measured at the open

i:°_ window of a stopped automobile in downtown Washington, D.C., in light

:,=pv_ " noon trafflc, ranged from 75 to 85 db; buses accelerating from stops across

]a ".he streez raised the level to 88 db. It should be obvious from these re-

s, marks that primarily because of the surrounding traffic the noise level in-

'I side a typical commuter's automobile can vary significantly from the levels

[noy-I indicated in Figure 58. Noise inside the tall vehicle, operating on right-
two

of-way in a well-controlled environment, is not subject to such variation.

_ This depends, of courser on the system vehicle end roadbed maintenance

_.ier, standards.b

i I that

7' ora-
?:let LOUDNnSSor CITY,AUTOANDaPID OlSES

1

9•iph (Inphons, calculated from octave-band levels)

N0avy truck passing Mln Max

108 I I 118

Background clty traffic 7-II I 10_"
at 35 - iS0 It,2-- / . ,,...

Inside auto in clty traffic, 761 {I06
30 mph I I

'Inside D. C. Ttansltbus

on city street, 30 mph

' Inside Berlin rail v_hicto |=
i I

_'I:at in subway, 30 mph '

Inside Seattle monorail- . "1
:_' _de olevatad track, .i5 mpl 3_/ j lOO

In Toronto subway sla:ion, I _train arnval g 6
i :?ig - In New York _ubv,,aystation, --'-7 107

}-_'tially, express train passing, 251t.

d) ,3", ac

:ch 70 76 82 88 94 1go 106 lit 118

5_.,el of !/Salmon, V., "Surface Trans ortatlon Noise" Noise Control, _ul7 1956.

ij_dows s l/ Combination of data from various sourcos

ees _/ "Seattle Monorail" op. cir. (

HGUR_ $9, LOUDNESSOi:CITY AUTO AND RAPID TRANSIT NOISJE$

)
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4.48 In order to obtain a belierappreciation of the relative loudness indi!

of rapidtransitnoise and citytrafficnoise, Figure 59 was developed, ban,
In thiscomparison the results of other researchers are used In comblna- is t]
tlon with data obtained by the ORI fieldteam. This comparison shows uslr:
that the noise on clty streetsoften exceeds the noise levels encountered asa
in two ofthe betterrailtransitsystems. The noise of a New York subway zion

'J trainpassing through a stationis shown for comparison, not because it cur%i

. was the quietest event of thistype but because itwas the only such event the
recorded. As pointed out earlier,the noise levels encountered in New

_I con'
York were among the highest measured in this study. The noise of a con_

I passingexpress indicatedhere iswell above thatwhich would be en- gear"
countered for the same event in a newer system such as Berlinor Toronto.

Even so, however, note that the loudness of heavy trucks passing can

exceed this figure. Another point to note is thatthe background level of

clzy trafficnoise can exceed the loudness of trainarrivals in a subway I!
stationof a well-deslgned system. This comparison is significantbe-
cause the noise of trainarrivals in subway stations is the loudest noise

a passenger would normally be exposed to in the course of a journey. In

general, itwould appear that the modern railrapid transitvehicle system
compares very favorably with other alternativesinsofar as passenger ex-

posure to noise is concerned. As the data indicate, the comparison may "

be very much in favor of the railvehicle ifcompared with the automobile
and bus in heavy traffic.

#,_._ CONCLUSIONS--CRITERIA FOR FUTURE SYSTEMS !

. 4.49 The data collected inthis study have identifiedthe loudness
range ofthe quietest rail systems measured as 85 to 90 phons, when
operatingat 30 mph in subway. Itwas shown that Zhls loudness range

- compares favorably with pneumatlc-tired vehicles at the same speed.
The Berlinrailvehicle, which was quietest ofallthe vehicles measured

at 30 mph, was also found to have a loudness of approximately 91 phons i

at 45 to 50 mph. These figures suggest a basis for the establishment of

upper limitsto use in the specificationof allowable noise levels in any @_!

_ future tallvehicle system.

: 4.50 There exist today no generally accepted criteriafor noise levels

; inside rapid transitvehicles. Northwood,2/ however, has suggested 4.5_

_. some crlterlabased on studies made in Toronto. He proposes the use crlt;
. ofnolse criteriacurves (NO curves) developed from acoustical research the I

into the effectsof noise on workers in officebuildings. These curves Hovl

men_
9./T.D. Northwood, Rall Vehicle Noise.,ASME-AIEE JointRailway inatI

Council, 196Z. tlnu
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•_-'dness indicatethe maximum allowable sound-pressure level in each octavo

Iped' band to permit a certain level of loudness. NC curve 50, for example,

!no is :he recommended upper criteriafor an office conference room. In .
using these curves Itis often deslrab]eto specify a lower limitas well

!unZered as an upper limit,to prevent relativelyquiet sounds (such as conversa- [
,IsubwayF _ionacross the room) from becoming distracting. In such cases two NC
use it curves are used to indicate the range ofacceptability. In Figure 60,
',I.chevent

-New} the shaded region indicates the sound-pressure levels that will permitconversation at a range of 3 to 6 ftbut prevent disturbance by other i

i_a conversations at ranges much greater than this. The two curves sug- !
an- hasted by Northwood are NCA ("Noise CriteriaAlternate")65 and NC55.

::ir°r°at° 1
!can _ _
,!evelof

:.Jbway Ii
;i:noise 90
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eS_
_X

ell ,i ;
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_d. 75 150 30o 600 I_00 ._400 4800 lOOOO

sured ".....
' . Froqu_,cy ga_d_ _p_ !

phons

antof

neny !'iii,i FIGURE _0. COMPARISON OF _SRLIN VSHIChE NOISE SPSCTRA WITH_UGG_ST_D D_SlGN CRITeRiA

,. r[
_[ levels r,
_ed 4.51 Itis interestingto see how the Berlindata compare with these : _,

fuse criteria:at 30 mph the range of acceptabllltyis met very well; at 40 mph i i
+ earth the levels in the middle octave bands ars above the recommended values. ,' :_

:i''yes However, itwould seem reasonable to expect that with normal advance-
: ments in noise control these differencesinthe mlddle band could b_ ellm-

il leafed in a 'futuresystem. As pointed out in Section If, research is con-
_. tlnulng in Berlin. The Berlinauthoritieshave stated theirexpectatlon [

' i
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that new types of track mounting being tested there now should contrib-
u_e to noise levels on the interiorof the vehicle that are lower than

those on the present structure (which provided data for this study).
Therefore, one alternativeis to specify the shaded area between the
curves NC55 an_dNCA65 as criteriafor the range of allowable noise levels

inside any futur_ railvehicle system operating at speeds of 30 zo 40 mph

in subway. Thi_ should resultin a system quieterthan any in existence

today.

i:!,1 .......
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V. VIBRATION MEASUREMENT RESULTS I!

RIDE COMFORT CRITERIA

5. I The determination of acceptable vibration levels in vehicle :_
ridingis a far more complex problem than the dezermlnatlon of acceptable
noise levels. Although considerable research on the effects ofvibration

on the human body has been'conducted, there exists today considerable

disagreement among competent authoritiesas to the range of human re-
spense to complex motions such as encountered in vehicle rldlng. The
extenttowhich the resultsof differentresearoher_ disagree is shown in :

Pioure61. This figureindicates the wide range in the magnitudes of

vibrationclasslfledby various researchers as being generally unaccept-

_ble.

ill
'_ h Se;gcnruccbe¢ and _,l_id: "A¢lual bodi/;_ kalm f©u¢4+"

2. P,lar,id a_d Cour_nn: "O_e minur© talecan_Q," ,,

5. Coldma,: "intolerable,"
. 4", 6. Diekma,_n: "lnto[erablo." '_

7, CM _asc_tgh Labs: "$t_p , . • don'_ Ira:lease furthe¢."
I r I I I 8. Z_fl©t; '+Uppor 10J0tanc¢ limlr*" s

3" /Q /_¢ _ ,._S ,,

f_',"_U_'NCY(C?_} ::

FIGURE6], VIDRATION TOLERANCE DATA (
("Thuto oto PIonly of Dif|mtoncmo Amon 0 Rldo Roloorch+/s," p

, SAE Journa!, Juno 196;L)
t
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Semantic differences _n subjective rlde criteria may account for some of

tnls disagreement. Some disagreement is also undoubtedly du_oto the

influence of factorsother than vibrationon a passenger's subjective

opinionofa ride.

5.2 The differences among tolerance criteriashown by Figure 61

are generally in regard to the effect of absolute values of vibration on
the human body. There is, in contrast, fairly general agreement that

the variation of vibration magnitude is more important than the absolute

value at the frequencies normally encountered in rallvehicle riding. "
Some researchers have developed ride comfort criteriabased on this

hypothesis.

5.3 In view ofthe differences of opinion among authoritiesin this

field,_t should be obvious that determination of the absolute quality of I;

a particularvehicle ride is at best an inexact procedure. On the other
|

hand, itis possible to make general comparisons between differentrides
ifthe test conditions are similar and a consistent comparison procedure ,,
Isused. Since the purpose of this study was not to determine the suit-

%z

abilityof various criteriafor Judging vehicle ridequality, itwas decided i
to make judgments of ride quality only on a comparative basis. To do this,

itwas necessary to select, from the many methods available, one ride

- . comfort criteriacomputation procedure and use itas a means of obtaining i
-" numbers suitableforcomparison. Inthe courseof selectingthe comfort

criteriato be used in comparing the data collected in this study, many i
differentcriteriawere examined.

_..,_ 5.4 Figure 62 shows the comfort crlterlasuggested by several dlf-
.. ferentresearchers plotted on the same graph.

:'" 5.5 These criteriaapply to verticalvibrationsonly. Itwas found
that few researchers have attempted to account for the difference in re-

sponse 0_ +_,.ohu,..an-b,_y-_to verticaland horizontalVibrations. However,

% two European researchers, Mauzin and Sperling, have suggested that
verticalaccelerations J'Ztimes greaterthan lateralaccelerations of the

• same frequency have the same comfort value. They developed "equal

comfort" curves showing the response of eassengers to horizontal andI/
vorticalaccelerations that Loach- used as the basis forestablishing a

_' quaatlzativomethod of judging the ride comfort of railvehicles. Yhe

i Loach method was used in this study for evaluation of ride data in the

i/

!. _-'/_. C. Loach, "A New Method ofAssesslng the Riding of Vehicle and
Some Results Obtained, " Journal of the InstitutionofLocomotive .
Engineers, _'une 1959.

78





_,. ...... ,t.......

approximate frequency range I to 10 cpa. VlbratlSn data in higher
frequency ranges were evaluated wlth the aid of criteriaproposed by av'

Dyer, as shown InFigure 63. Ill
fu:
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_ FIGURE 63. DYER COMFORT CRITERIA le_l

•_ Ta[
5.6 Although these criteriaapply only to verticalvlbratlons, they

oa_
were modified by a factorof4[ forapplication to horizontal data. In tic:
the following sections, the methods of data analysis used are discussed nc I
brieflyand the comparison method for each set of data is described, fr(_

ni_

EXPLANATION OF DATA ANALYSIS PROCEDURE . •
O(:

i
5.7 Vibrationdata over a wide frequency range were collected in

this study with the magnetic tape recorders. Because two level_ of de- 5 !!
tailwere required inthe evaluation of these, two differentanalysis th,
techniques were employed. One ofthese techniques was also used in cc!

/

processing the data collected with the mechanical tide recorder. The P_

two techniques are as follows, st!
st!

2-/ Loach and otherssuggest this frequency range as the most important 5.

frequency range ofvibrations likelyto produce discomfort in rail ec,

vehicle riding. Other researchers suggest the range is as high as re;

150 cp$. Most agree that itis below Z0 cps.



Frcauenov-SpectrumAnalysis. This is a technique for detecting ths
average magnitude of vibrationwithin discrete frequency bands, using

_, filternetworks to process data collected on magnetlc tape. ItIs use-
fulfor analyzing data over a wide frequency range to determine in which

,,'requencyranges the average vibrationlevels are highest. The teeh-
n cue has the disadvantage that the relative freauencv of occurrence of

vibrationlevels cannot be determined. Even :hough the majority of
vibrationenergy ma,y occur ina narrow frequency range, frequency-

spectrum analysis will not indicate this. All the data collected on :
magne¢Ic race in this study were firstanalyzed in octave bands over : !

I - ' '
the _requency range 4.5 to 1200 eps todetermlne the patternof vlbratlon, i

,i _ !!i

! Frequency-Amplltudc Analysis This isa detailed analysis techniquefordetermining the frequency of occurrence of measured vibration levels
b

Both the magnetic tape records and the mechanical recorder records were

{I analyzed in this manner, over the lower frequency ranges (below 10 cps). , iUsing filternetworks, itwas possible to analyze the magnetic tape records

,_ over the frequency range of Z.2 to 10 cps. An electronic analyzer was

i' usedinprooesainthetepee,ocountel=onleellythenumbere,
!'I times the measured "g" forces exceeded given levels during each test
':' run. The mechanical recorder records were analyzed manually.

; 5.8 In the following sections, the measurement results ere presented

and compared in three groups. The data collected on the mechanical ride
recorder form one group_ magnetic tape records included in the frequency-

spectrum analysls form another; and magnetic tape records analyzed over

low frequency ranges with the electronicanalyzer form the thirdgroup.

Table 6 indicates which techniques were used on each system. In the !
case of Hamburg, the mechanical recorder was not used for data collec-
tion. In Berlin, Lisbon, and on the TALGO train, the tape recorders were

not used. In Boston, the magnetic tape data could not be used for low

frequency analysis on the probabillty-densltyanalyzer because of tech-
nicaldifficulties. _ i

COMPARrSON OF FREQUENCY-SPECTRUM CURVES { !

_ 5.9 One resul_ of the Eoston pilotstudy described in Section IIwas :
_he determination that frequency-spectrum analysis of the vibrationdata

o_, collected during test runs does not provide sufficientinformation for com-

paring the rlde quaHtles of differentvehlolee. This may be best under- {
stood by examination of some frequency-spectrum curves obtained in that ,[

':I I study. ,

I:( _ 5"10 Figures _4 and 6S show the results of dais anelysls for three tsst ii conditionsmeasured in the verticaland horlzonCaltransversedirections, !
•:J respectively, at the mld-ear posltion. Both subaudible and audible . !

i; i
i



•., i

TABLE 6

'_."; DATA ANALYSIS GROUPS

i Frequency-Spectrum Frequency-Amplltude Ride Recorder
Analysls, Analysls _ Data,

System. 4.5 to 200 clss Z.Zto I0 cps 1.0 to i0 cps

:: Berlin NO NO x

Hamburg x x NO

_.t Lisbon -- NO NO x

-i London •'v.,
X X X !

! Madrid [TALGO) NO NO x '
.;
::_• Paris(rubbertire) x x x

Stockholm x x x

Toronto x x x

_... Boston x NO x

Ohicago x x x

_;]:'J Ph'-!a/ e!.Dh_a 3: x j ._:

_' Washington (bus) x x I. x

9 _

7 .
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vibrationfrequency ranges are covered inthese graphs, in discrete in '

frequency bands. Verticaldata are plottedforthe range of 1.0 to an(
I0,000 cps; horizontaldata are plottedonly to 300 cps. These curves bar_
indicate the measured vibration levels in each frequency band, but in _'
they provide no indication of the relative frequency of occurrence of to'

.J', the measured forces. They also provideno means ofdeterminingthe d!c)
_ "average" frequency of vlbritlon duringeach test run. the;[• 5.1 l Note that in the case of both vortical and horizontal graphs, to l;

•: the shape of the 15-mph and 30-mph curves follows very closely the

: shape ofthe curve obtained by measuring the vibrationlevels with the
_. trainstopped, but with all auxiliary equipment operating. The vibration .,a

levels in the audible frequency bands above about Z5 eps (center fre-

quency of the 18- to 37-cps band) appear to be independent of train .:o
movement over the tracks. At both 15 mph and 30 mph the shape of the

curves remains similar, showing "onlya small displacement wlth train ._a
speed above the "stop" condltlon. This suggests a means of estimating

the contribution to passenger discomfort in these frequency bands without ._:
the necessity of making test runs at differentspeed conditlons.

5.12 Although the general shape ofthe two-speed condltlon curves -_:

• in the lower frequency bands is stillsimilar,there is an immediate dis-

'' placement from the stop condition curve with train movement, which -_:
becomes greater with an increase in trainspeed. _ -_c

, 5.13 This displacement in the low frequency bands illustratesone

_:.i _/_ reason for the decision to analyze the tapes in greaterdetail for low = "=
frequency vibration characteristics. The vibration levels in these bands

_ are comparatively more important, from the standpoint of passenger dis- ._c

comfort, than the levels in the higher frequency bands, as can be seen
_ by examination of the frequency-spectrum comfort criteriacurves pro- -_c

posed by Dyer (Figure 63).

5.14 The foregoing remarks are in regardto Figures 64 and 65, which

represent data measured at a told-car position. However, they also apply ._0
to the data curves obtained from measurements at a position over the front
truck. It was determined in the pilot study that measurement position
within the ear was relativelyinsignificant. The only noticeable difference
in the measurements over the truck was an increase in the vertical vibra-

tion levels, particularlyinthe higher frequency bands. Itwas for this

reason that all subsequent measurements were made over the fronttruck, 5.1

and all comparisons made in this reportare based on measurements taken no _:
fromthisposition, the_

5.15 Figure 66 shows frequency-spectrum curves fortest runs made and

in Stockholm aridParis (rubber-tlredvehlole). These curves, which are for

typieal'_fthe curves used for system comparison, differfrom those shown Inf(
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inFigures 64 and 65 in two respects: the frequency scale designation
and the number of bands plotted. The scale designation is in terms of

!i _ band center frequency instead of upper and lower frequencies as shown1
} inFigures 64 a{id65. The lowest band indication (6.25 cps) corresponds
I tothe band 4.5 to 9.0 cps in Figures 6-_and 65. The highest band In-

i_i dlcatad (S0O cps) corresponds to the band 600 to IZ00 cps. In between

those extremes, the other indicated band center frequencies correspond
to the bands shown in Figures 64 and 65 on a positional basis.

VERT]_AL VIBRATION LEVELS VERTICAL VIBRATION LEVELS

pARIS STOCKHOLM

T£$T TRAIN T_$T TRAIN

°:0 o'lG .2o IO'_G

HORIZONTAL VIBRATION LEVELS > HORIZOt_TAL VIBRATION LEVELS

;_ . PARIS . STOCKHOLM

o J TK,$T TRA*N I S TEST 3"RAIN

_-_ _"°I , , ,0.,_J_I °'°_'°' _" °"°

ply o"_ 0"_

: FIGURE 6_. PRB_UENCY SPSCTRUk;CURVES FOR TWO SYSTEMS _',

i 'ie- '_

_,.a_h ,.l° _hesoale,oeacheaeebeginswith,he_._-opsban_beoauss ,no data were analyzed for lower frequency bands. An analysis in&'Nding I:

i;i'_i these lower ranges was 'made by another method permitting,greater detail, Iiand the results are presented later in this section No data are plotted }

 ao0s  noo,,   oon,o,
n informationobtainedwas mar inalforthe cost Involved. Itcan be seen i

i
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,,'tomexamination of the Dyer criteriathat vibration levels in the frequency

regionabove the 80O-cps band, are least important from the standpoint of

_ i:assengerdiscomfort.
I 5,17 The Stockholm and Paris curves can be compared visually, wlth '

:i_egeneral conclusion that the levels measured in Stockholm are of the

'I_ same magnitude as those measured in Paris. Another comparison of these i
iI curves can be made, however, using the Dyer comfort criteriaproposed

I ."orinterpretationof frequency-spectrum curves. These criterlaoffera ,
.,_ s of grouping the various systems accordlng to measured vibration ,

levelinfrequencyzonesgradedforhuman response.
I
C 5.18 Using the Dyer criteria,itis possible to assign a number to'the ;i
•_ msasured vibration level in each frequency band on each curve according

i J" :sits position between the response curves. This has been done foreach i_i
ofthe frequency-spectrum curves presented inAppendix A. The results : ;

are shown in Table...7." ii
",-- 5.19 For'each test speed and measurement direction, the numbers I,_

- _hewn "inTable 7 can be combined over the frequency range of interestand ranked to obtain groupings.ofvehicle systems having approximately

the same degree of ride smoothness (according to the Dyer crlteria). This
has been done for the 30-mph test run, and _he results are shown in Table 8.

TABLE 8

VEHICLE SYSTEM RATINGS BASED ON DYER COMFORT CRITERIA

(ForFrequency Range 4.5 to 37 cps)
,i

Group Horlzontal Vertical .... : I

I (lowest Chicago, Hamburg, Chicago, Hamburg,
vibration levels) Stockholm Stockholm

]I (middle) London, New York London_ New York,
Paris (rubbertire),
Toronto

I III (highest Paris (rubbertlre), Boston, Philadelphia,

vibration levels) Boston, Philadelphla, Washington bus ! t
Washington bus

5.20 In considering the results shown in Table 8, the reader should

keep in mind that these groupings are based on a technique that is essen-
tiallya process for sensing energy levels in broad frequenoy bands, The

limitationsof th_s technique have already been pointed out. Because of '

these limitations,the vehicle systems have been grouped todeemphasize

j ,
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anyattempt to rank in an absolute sense from best to worst. The purpose
of this comparison is simply to identifyvehicle systems with similar

horizontaland verticalride characteristicsfor the indicated frequency
range. Two more comparisons between systems are based on ride charac-

toristlesin a lower frequency range. The results ofthese comparisons
are discussed laterin this section with the objective of identifyingthose

systems that appear consistently "best" in each comparison.

5 .Zl In Figure 67 the vibrationspectra for two test runs on different

types of track are presented. The 40-mph data were obtained on a com-

bination of 300-ft welded talland shorterlengths, connected wlth ma-

chined flsh-plata joints. The 30-mph data were obtained on 60-ft

sections of track connected with standard flsh-plate joints. Because of

the difference in test speed, only a meager indioatlon is provided (the

test was not designed for thispurpose), Nevertheless, itis 'Interestlng
to note that approximately the same resultswere obtained at 40 mph on

: the welded railas on'tha nonwelded railat 50 mph. The pattern of vlbra-

zion intensitiesis similarin both cases, lending additional suppor_ to

the idea of a consistent signaturefor vehicles (in these frequency bands)
irraspeotive of vibrationfrom the track and roadbed.

_RTICJ_L¥1_AT;ON LW[L_

i*0 , .lO VERTICAL" VlaAAT_ON LSVELS

t.O_D(:N

.20 10"¢G .20 • 10'J_

t J I ""
.40 _0"2G [

I -_ ,.,- _ -40 " , I:tl_
¢

* ° II J_ PHILAEELPI'IIA
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,_ • _ -L_ IIOA["COI"TAI'VI_IVJIONI¢,S_Z.S > HORIZONTAL VIBRATION LEVEL5

.,o I { ,o.,o 2

""j "k'_-*'°°J "'° _"[ T ' °"'
-s0 ;m "_g PHILADELPHIA

• ' I°611 ,ln'lG T[_ TR_JN •
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_se 5.22 The data in Figure 68 provide some indication of the effectof

:eat car posltlon within the test train. In these tests the recording

i equipment was located inthe thirdcar of a four-car train forthe stand-
_"-c_ _d test run. A test run was also made during the return trip in the

same subway section, with the equipment located in the same car, which,

Ise however, had become the second ear of the train. The data indicatethat

I the rearposition produced the highest vibration levels, both vertically

t aridhorizontally.

_i- LOW-FREQUENCY ANALYSIS OF MAGNETIC TAPE DATA
I
l_f 5.23 Preliminary analysis of the vibration data in the manner described

in the preceding section indicated a need for detailed analysis of the tapes

inthe lowerfrequency ranges. The analysis equipment employed did not

'fg _ermitinterpretationof the data down to i.0 eps; therefore, the analysisI

" was done for the frequency range of Z.Z to IO eps. In otherwords, the
._'re-

average frequency of occurrence of the measured vibrationimpulses thatoccurred during each 60-see test run is within this range. Itshould be
noted thatthe term "ape" as used in this report refersto the frequency of

occurrence of the measured forces. Itdoes not necessarily indicate a true

slnusoldal pattern of the vibrations.

5.24 Figures 69 and 70 indicate, in graphic form, the type of Inlt4al

resultsproduced by the analysis procedure. These graphs show for hori-

zontaland vertical measurements, respectively, the number of oscilla-

tions exceeding a given g value per second during the 30-mph test runs
on six ofthe systems studied. Although these data were reduced further

for comparisons among systems, the curves do give some idea of the

physical-rldecharacteristicsof the differentsystems. Steeply sloped
curvds on the leftindicate a high frequency of oscillations ofvery low

magnitude. Curves moving furtherto the right, with less steep slopes,
indicatethe occurrence ofoscillationsof greater magnitude but with a

low frequency of occurrence. In general_ those curves of approximately

equal slope lying progressively to the rightin both of these flguresindi-

cate less desirable riding characteristics. For example, itwould appear

that the Stockholm system gave superior horizontal ride characteristics

because itscurve lles clearlyto the leftof the othersystems. In the
graph ofverticaldata, itmay be seen that the Hamburg curve lles at the
extreme left,followed by Stockholm.

5.Z5 To facilitatebettercomparison @ among systems, the data curves
shown inFigures 69 and 70 were reduced to frequency-amplitude charts.
A typicalchart of this type is shown in Figure 71. This figureshows the

relativefrequency of occurrence of the measured vibrationforces in each

'is indicatedg range. The computed average value of the measured forces
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and the average frequencF of occurrence ofthe oscillationsis indicated

_' on the chart. Additionalfrequency-amplltude charts are presented in

Appendix D: however, the relevant statistics determined from these charts
are summarized and discussed brieflyin the following paragraphs.

5 .Z6 Table 9 shows the computed average value and average frequency ,

of occurrence of the g forces measured foreach system analyzed in the '1

manner described previously. Results are presented only for the 30-mph ,,
zest runs. Inlthecase of London, technical difficultiesprevented analy- I

sls of the vertical data for the 30-mph test run; therefore, only vertical "

data a_ a zest speed of 40 mph are presented. ::

)

i
TABLE9 ",

COMPARISON OF AVERAGE VALUES, LOW-FREQUENCY ANALYSIS i
OFMAGNETICTAPES

!

Average Vibration Level Average Frequency, _Jl

System g OccurrenceperSee |i.
Horizontal Vertical _Iorlzontal Vertical

Hamburg .0Z3 .634 3.9 3.0 ,_

- London

- (30mph) '.0Z8 NA 4.6 NA

(40 mph) .032 .IZB 5.1 3.1

Paris

(rubbertire) .OZ6 .044 6.3 4.4 £

(steelwheel) .OZ7 .089 5.7 4.4 i
I

Stockholm .011 .03Z 4.4 4.5

Toronto .0Z8 .0Z5 5.0 5.0

Chicago .016 .056 3.7 3.1 ,
{

New York .034 .031 4.0 4.8

Philadelphia .0Z8 .065 4.Z 3,5

%ffashlngton

(expressway bus) .108 .035 8.6 9,1
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i 5.27 One significantfact emerging from this comparison is that, for

"_ the tallvehicles, the average frequency of occurrence of the Indicated

i'ts verticaland horizontal g values is in a relativelynarrow range of about
I 3.0 _.o5.0 cps. Since the range of average g values is also tempera-

.: tlvelysmall, the difficultyof ranking these systems In terms of ridabilIty

].oy is increased. For both the bus and the tall system_, however, the range

I_[ of frequencies is in a region considered .by some researchers to be mostimpor:ant insofaras human discomfort is considered.

:I, 5.28 The foregoing can be seen by
1 _.xsmlnetionof Figure 7Z, in which the

i!I frequency range and the range of average

values of the verticalsad horizontalforces

have been marked' on the human response

curves. Note that the_ measured values
clearly lle in ranges of human discomfort, s

\
5.29 Figure 73 indicates more data

summarised from the frequency-amplltude

graphs and is also useful in comparing the
various systems. Inthls figure,the range _10.,

ofmeasured g forces ks shown, along'wlth "_

the range that Included 80 percent of the .i

measured values. Displacement of a par- I
titular bar from the zero originindicates i
that no forces less than this value were

F,_I:QUCNe¥ I_ GYCLE_P_R SE¢O_tO L /

 ook°00o,0= oo ii
measured daring the 60--SAC test run at varJou. _reqtlo_¢_u_ _ which _UIIj_CIU
30 mph. The upper value in each case is perceivevibraSoI*(1).flfldI&ui_plaa_ant

(II), or rofu_o _o gclor_to it f_rghor (UI), r
an approximation based on the highest Th._hadodar.rmaroiLhournno_tand_rd

dovJat[on on ealmr mldo of gh_ nlo_n,
value above which some vibrations were D_m avor._.d from _ov0a _oure_,
measured. Determlnatien ofthe exact upper i

i/value Is not possible since the analysis

procedure merely Indicated the number of FtSU_SnY HUMANVJBRATIOe
times a given g value was' exceeded, R_SpON$_OAT_,

whiohis ineaeh case approxlmately .05 g
less than the upper value shown.

5.30 The large differencein the range of forces measured in the

various systems is apparent in Figure 73. Note that In some cases a :

particularsystem has, relativeto other systems, differentrankings of '

horizontaland vertical forces. For example, New York produces the _ !

3/ D. E. Goldman,'"Effects of Vibrationon Man," Handbook ofNoise :
Control, C. M. Harris, 1957.

J
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the hlghost g values measured horizontally, but not vertically. Ob-

vlously, in order to group these systems in regard to ridabfllty,some ,

method must be used to measure the combined effect of horizontal and
verticalforces. There is at present no such method demonstrated as i
valid. However, itis possible to obtain horizontal and verticalratings

separatelyand to use these ratings in assigning an approximate overall

group order to each system. The ratings are based on the lowest K [:
factor,as described in the following paragraph, i •

5.31 The method used in thls comparison for obtaining the horizontal
and verticalrlde indices was proposed by Loach. 4_/ [tinvolves the :

determination ofa comfo_ factorK that indicates the theoreticallength :
of time an individual might rlde without becoming fatigued while being

subjected to accelerations of varying magnitude end frequency. In this

report,computation of the comfort factoris made on the assumptlon
that groups of vibrationshaving differentamplitudes all occur with the i
same average frequency. 5_/ The comfort rlde factorIs expressed in

,,] hours; the higher the K factor,the betterthe ride. A factorof K = 6 hr !
"i

is suggested as a standard regarded to be "adequate" by "average"

passengers. However, Loach cautions that itis unwise to make too '

literalan interpretationofwhat the units mean. The chief advantage !
ofthe method is that the rlde characteristics are expressed as a num-

ber, permitting easier comparison of differenttest results.

5.32 The resultsof the Loach comfort factor computation forthe

30-mph testruns are indicated in Table i0.

TABLE 10

!:I COk_FORT PJDING PACTORS, 30 MPH (AFTER LOACH) ,-,

i! Hot_o_lal Group V_,rtlcal O:oup Combined Group

,,Sy_tQm R Fooler RankLng }_rector Ranl:$n_ Rank Order

Stockholm z0,_ (L) 9..I (4) 1

. ,Homburg 9.4 (3) L3,.I (2) Z

romnLo 6,7 (B) 12.7 (I) .34 _._/
(.

_r,dan ?.5 {6) _/ 3

P_r_a (:ub.SfQ) 7,8 (5) _,_ (6) 4-S

Now York 5.6 (9) @,8 (3) 5-6
Chicag¢) l.t.6 (Z) , 5.5 (7) 6-7
Ph[lado_ph_ a,7 (.l) 4,Z (8) 7-8 4
Par_s(stool whl: 6,9 (7) 2.3 (Q) 8-@

Wash (De} bus 1,0 (1O) ?,t_ (5) 9-]0 L

Data nol uu_ y_..

Based on :alaI_an o] vQr_tc_! fdGtar to horizontal factor _o_"_o-inph dale, _ ;

Op.nlt.

_5/ Loach has shown that the magnitude or errorintroduced by thls asstJmp'_

tlonls on the order of 0.5 percent.
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COMPARISON OF DATA TAKEN "_V[TH MECHANICAL RIDE RECORDER

5.33 The mechanical riderecorder was used throughout {his study

as an independent source ofcomparative ride data on the various sys-

tems tested• This device consists of foul"spring-loaded pendula, each

of which activates a stylusthrough a system of mechanical linkages to

record vibration levels on a waxed paper record. The paper record is

driven at constant speed under the styliby a sprlng-wound motor. Two

pendula are oriented formovement in the horizontal transverse dire'ctlon,

one for vertical movement, and the fourth for longltudi_al movement.

Each recording stylus is calibratedin inohes-por-g.

5.34 Because the pendula are inltlallyloaded with a tension of

approximately .02 g, the riderecorder is not.sensitlve to extremely low

forces. A/so, because ofthe naturaldamping effectof the recording

mechanism, the device has a limited frequency response. However, it

is calibrated forthe approximate range of vibrationmagnitude and ire- _

quency most likelyto resultin significantfeelings of passenger dis-

comfort. A typical record obtained with the ride recorderis shown in

Figure 74. Very large displacements are easily read on the records, but

a detailed frequeney-amDlitude analysis of each tracels often laborious.

The verticaltrace most oftenproduces the greatest difficulty.With

some practice, however, fairlyaccurate interpretationofthe traces is

possible. The advantage ofthe device is that significantdifferences

in ride characteristics between vehicle systems are immediately apparent

upon examination of the records. In this study, the resultsare used as

o. c_._k°.._ svsten:compa:!sons based on magnetic tape data.

5.35 Figures 75 and 7o show the results obtained in analyzing the

..... reco'ds by specific amplitude ranges. The range inmagnitude of the

measured forces is clearlyapparent inthese figures, as ,Nellas the

percentage of the totaloscillationswithin specific g ranges. The total

number of oscillations (N) ofall magn!tudes that occurred during a

60-sea period is indicated for each data sample.

5.36 Examination of Figures 75 and 76 shows that in most cases all

or nearly allthe horizontalforces lie within the range of 0 to 0.0-_g.

In most cases, the majority,of verticalaccelerations lie within the

range of 0 to 0.07 g. The maximum forces were measured in Boston

and London, where the testruns were made on unwelded t_ack.

5.37 Table ii indicatesaverage values of acceleration and frequency

of occurrence of the oscillationscomputed from the initialanalysis re-

sults. Ifthe average values in this table are compared with those shown

i
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in Table 9, the differencein sensitivityof the two measurement systems 40

is apparent. There is good goncralagreement between both sets ofdata du!

_, for the comp,uted average vibrationlevels. I-/oweverthe average fro- 30
queney of measured oscillationsis in every ease lower for the ride pe_

recorder data because of its insensitivityto the very low magnitude g Je('[
forcespickedup bythe electricaccelerometers, shl

) I - TABLE ii 5.;

:; R/DE RECORDER MEASUREMENT RESULTS, 30 MPH io_

! ev,i

• ,' Average V1bratlon Average Frequency, po[_ System Level, q occurrence per see
l

• , Horizontal Vertical Horizontal i Vertical CR _,
I

;'I Berlin .029 .035 0.7 0.16

I Lisbon .042 .035 1.2 I.90 5.t_

' i London(30mph) .038 .055 Z.5 1.70 onl
Toii: _ Madrid (TALGO) .025 .051 1.0 2.30

' ' Paris (rubbertire) .024 .041 I.6 1.20 the!

, ,, Paris (steelwheel) .021 .0-_3 i.8 3.20 Th_
:,'_ Stockholm .027 .035 0.8 1.60 erei
; Toronto .0Z0 .035 0.7 0.40 ._

_' Boston .064 .081 2.0 3.40 . 5._

Chicago .0ZO .035 0.6 1.Z0 forI!

New York .050 .050 0.8 1.30 ingI
Philadelphia .040 .041 i.Z 2.40 grcj

_;_ Washington(bus) .036 .035 1.3 0.S0 forli
<he!

Simultaneousmeasurements by METRO engineerswith electric I
_ aeeelerometers and a direct-wrltlngrecorder produced the follow- 5.-'.!
_'" Gr ¢:';

!, ing 30-mph data: V_&e__ilca!l-- maximum acceleration = 0. iO g, larl: average acceleration = .05 q, average frequency of acceleration =

" Z.84 per sac; Horizontal --maximum acceleration = .015 g, average thol

' frequency = 1.3 per see. gro_
_ -- for"!

q,

. sys!
5.38 The ride recorder data given in Table 1! were used to compute the l

ride comfortfactorsinthe same manner as forthe magnetic tape data.

Table 12 presents the results of these eomputatlons_ for horizontal and 5.4

?- vertical measurements. The combined rank order is based on the smallest met_
The:of the two comfort factorsfor each system.

", vet

3.39 In addition tothe 30-mph data eellected with the ride recorder, app

. itwas possible in several citiesto obtain samples of data at spee_ of, wit:
• I

. i00



•I0 to 40 mph. These hlgh-speed data were obtained forthe most part

during the test train's journe_ to or from the test areas forthe 15- and

30-mph taste, l.nsome oases the data were obtained forvery short
periods oftime (less than 60 sac), and the conditions ware not sub-

jected tocareful control. Therefore, the resultsof these measurements

should be regarded as approximate figures only.

5.40 The results of the 40-mph measurements are shown in Table 13.

Itcan be seen that in each case the computed 40-mph comfort factor is

lower than for the corresponding 30-mph factorshown in Table iS. How-

ever, the general results are stillthe same; London and New York rank

poorer than Berlin,Chicago, and the Washington bus.
i

::: CROSS-COMPARISON OF 3O-MPH MEASUREMENT RESULTS |i

5.41 The preceding sections have presented system ranklngs based
on three separate sets of data using two differentcomfort ranking schemes.

i To facilitateidentificationof those systems appearing consistently in

the "best" group, a cross-comgarlson of theranking results was made.

The format for this comparison is shown in Table 14, which permits a

cross-comparlson of every set of results forthe 30-mph measurements.

5.4Z The firstthree columns in the tablepresent the group ranklngs

foreach of the three sets of data. Horlzont@l and verticalgroup rank-

ings are indicated separately in the firsttwo ro_.is,and the combined
group rankings is indicated in the bottom roy/. The "combined ranking'*

foreach system is based on she lov;arof the system's two ranklngs

(horizontaland vertical). I
5.43 Four groupings are indicated within each box of Table 14. ..'I

Group I consists of those vehicle systems judged best by the partleu- _iJi

far criterionused; Group I[consists of systems judged not as good as '' :i
those in Group I, but betterthan those in Group Ill, the lowest-ranked i

group. Group IV consists of systems on which no data were available ii

for each of the indicated analysis methods. In the last four columns, 1

i;[ systems shown in parentheses indicate that because.of missing data, '(i

i ] the group ranklng is based on fewer thsnthree setsofdata technlques. FII

5.44 The composite group ranklngs, based on all three analysis

,t methods, are indicated ID the Column at the extreme rightof Table Y_.' ' [
The lower box in the column indicates the combined horizontal and

verticaI ranklngs. Itcan be seen that Stockholm, Chicago, and Toronto

i ] appear in Group I. These three systems were ranked consistently hast

-, with each analysis technique, as indicated by the absence of parentheses. [:

I01 i
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TABLEiZ

COMFORT FACTORS BASED ON RIDE RECORDER DATA, 30 MPH ;;

_, (AFTERLOACH)

I Combined :

Property \Horizontal Vertical Rank Order

i

HOR_

ZON_

Toronto 24.3 18.-I 1
, Chicago 25.3 17.3 Z

; Stockholm 15.0 14.9 3

, Paris (rubber tire) 15.5 14.B 4 V_RT
Washington(bus) _0.6 18.4 5 car;
Berlin 13.6 i8.4 6 _i

London 8.4 7. i 7 !

Philadelphia S.Z 6.9 8

ZO.0 6.5 9 coMILisbon

New York 6.5 i0.9 10 _rt_m_

Paris(steelwheal) 19.0 5.7 11

Madrid (TALGO) 13.6 4.5 iZ

Boston 3.I 3.0 13

Hamburg ns na

TABLE 13 HeRB-

SUMMARY OF RIDE RECORDER 40 MPH-MEASUREMENT RESULTS zoo's;

Avg Adcel, Avg Freq of Comfort Ride Combined

System g Oscillations, sec Factor, K Rank VERTr

:- Hot Vert Hot Vert Hor Vert Order ear I
-° Berlin .038 .035 1.8 1.5 7.3 15.3 i !

,1

Washington |i
%

(bus) .024 .041 0.8 Z.I 16.2 7.1 Z co_I-,_

BI I_ED I
Chicago .0Zl .053 i.I 1.8 19.0 6.4 3 .

New York .036 .093 i.i 1.8 8.5 3.9 4

L London .049 .090 1.6 Z.4 4.7 Z.9 5!:

10';'

i,

POOR,
COPY



TABLE 14

CROSS-COMPA._SON OF RIDE MEASUREMENT RESULTS.
IN TERMS OF GROUP RANKING

F._QU ENCY SPECTRUM'ANALT_)S FRSQURNC_."AMPLITUDE aX/_'ALYS IS FRSQU_NGY-AMPLITIIDE ANALYSIS

_ pS Acca_orom_ter, P24% (Ra4o pocor*2o_),FAR

I. CHI - HAM - STO I. STO - CHI - HAM I. OHI - TOR - LIS -BUS

RO_- II. LON - N.vS - TOP II. PF.L - PAR R- LON If. PARs - PARR- STO- _ER i

ZONTAL [II.pAR R- BUS - SOS - PHL Ill. TOR - PAR s- NYG - BUS Ill. ION " PHL - NYC - SOS ,

IV.'(aSR} - (MS) " (PA_s) IV. (SSR}" (US)- (SOS) IV, (HAM) _ !

,,,,., , ,

I, GHI - HAM - STO I* TOR - HAM - NYC r, SER-TOR-SUS-CHI-STO-PAR : .i
R : ,!

',,_RTI- )I. LO._I - }IYC '- PAR R - TOR II, STO - PAR R - OHI - 8US II. _IVC-LON-PHL-LIS I <

'GAL Ill, BOO - BUS - PNL I_I. PHL - PARS III, BOO-PAR s i _;

I%',(BSR)-)L/S)- (PAPs) IV. (ION) - )BRR) - (LIS) (50S) IV. (HAM)

:, ), CHI - HAM - S TO /..STO - IDXM - TOR - (ION) I, CHI-TOR-STO-PARR-SUS-SER

• COM- II. LDN - NPO - TOR - PARR IZ. PAR R- NYC - GHI II, ION-PHL-LIS-NYO-PAR S

S]NSD NL SOS - SUZ - PHL I I.*l..... - .A.R. - ._ IN. RC_S
r

.',',!S'--_)-{:2)-(PAR.} .-.'.IS._;)-_:2)-I.:C_) |T.'.I:-LW.!)

,t TINALGO:_$BINKD GROUP RANKINGS :O.V.POSITS P,A.N_:.INGS

I'

PS - }?_A PS - FAR' FA2_ - PAR • FS - PAA - FAR .

,_.-._ l, HAMsro CHI *. OmSTOTOR(HAM_ I. CHISrO (nAMI Z. ova HAMSTOlUSl

!:; _:_ HORI- II. LON (LIS) (LIB) If. TGR LON PARR(BER:

'! SCb'TAL _*!I,TOg PARR _,"/Cp..*-rL II. LON PAR R (PAR s) If. PAP R PAPs TGR BUS (PARS)

_' (SOS) BUS )PARs) Ill. h'YO SOS Bus PHL (S_) _US If. h"dC PHL (SOS)
:, (SSR) tll, PHL N'YC (BOS)

ILONI
i

I , HAM I , CHI TOR STO (NAM I , TOR (HAM) (BKR) I , STO CHI TOR (HAM

!:!_ _TI- If, NYC STO TOR PAR R (D_R) BUS (S_R) ,CA5 (LON) CHI If. LON HYC PAR R BUR If, STO ._"IC PAR R If, N"fC PAR R (LIR) ,

i; II. Phi (0OS) (PARS} (LIS] CHI (LON) (LON) SUB !
SUS NI. _OS PHL (PARs) n. Pro. PARS {SOS) Ill, PHL (SOS) (PAR s)

ILLS)

• i
(

I, HAM STO TOR OHI I, OHI S_O TOR (F.AM I. STO TOR CHI (HAM', I. (HAM) STO GNI TO_

COM- If, PARI% NYG (LON) H, PARR LON BUS (S_R] N, PARR (LON) (DES) II. (LON) PAR R (BER)
(LIS) _US (L{S) R_S (L_S)

: BINRD III_, PHL (SOS) (PARS)

: BUS III. h".tOPIlL _OS! [II. NY_ PHL P;_S (BUS_ NI. (SOS) (PARS) _PZO

;_ (PAR:I PHA

S_R _SRLIN , ._'C HL'W YORK CITY GROUP I. RSST RIDABILITY OIIAfO%CTSK_STIOS

.:::: _OS BOSTON PAR R PARIS RUBBER GROUP II. AVSRAOE _DABILITY CI-:A_XACT_STIOS
BUS D.G. BUS PAR S PARIS STRSL
OHI CHICAGO PHI. PHILADLIPHIA GROUP Ill. POOREST _DASIL_TY GHARACTRPJSTIOS

:: HAM P2_BURG STO STOCKHOLM : GROUP IV, NO DATA TAKRN

LIS LISBON TOR TORONTO
• : LON LONDON ( ) _ATINOS _AS_D ON
: i

PLV/_R THAM 3 SSTS
OP OATA



Hamburg is also indicated in Group I, but that system's position i_

based on only two sets of data.

_% 5.45 The most significantfact emerging from this cross-comparison

of system ranklngs is the consistentlyhigh standleg of some and the

consistently low standing ofothers, regardless of the ranking techniquei

used .-'-Thissuggests that any of the measurement-ranklng techniques
used in this study can be used to determine the significantdifferences

in the ride characteristicsof various systems if consistency is main-

tained in the process.

5.46 In some cases, thereis considerablefluctuationbetween
groups for a particularsystem, depending on the measurement technique j

and ranking criterionused. For these systems, the finalgroup position _i
in the composite ranking isless certainthan for those systems exhibiting tg'J

more conslstent positions, as pointed cut above. _X:

5.47 In regard tothe rubber-tiredvehicle ranklnga, Table l& indl- ,_
cares thatneitherthe bus nor the Paris rubber-tlredvehicle appear in

Group I of the composite rating. The Paris rubber-tlred vehicle is

clearly superior tothe Paris steel-wheeled vehicle; on this basis, the

claims in regard tothe ridingcharacteristicsof the former appear Justl- . _ D
fled. However, itwould appear that these claims cannot be extrapolated

to other situations,particularlywhere new systems are planned. The m_

best ride characteristicsmeasured inthis study were exhibited by _ _.

relativelymodern rapidtransitvehiclesystems employing steel-wheeled
= vehicles operating oh steel rails. The operational age of the best-

ranked vehicle systems tested is indicated in Table 15, along with

otherpertinentdatar_latlngtOridability. 6--/
*,,_j

;. 5.48 Table ]5 shows thatmost of the track-vehlcle combinations _i

tested that produced superior rides were quite new. This does not mean,

however, that age alone was the primary reason for great differences in

riding quality among systems. Stockholm and Chicago, both featuring _a
older track, are included in the group measured as having superior ride I

characterlszics. Furthermore, some of the systems that ranked poorer I

than the five systems shows in Table 15 featured eithertrack or roadbed i_

(or both! newer than the corresponding features for Stockholm and Chicago,
e.g., London, 1959/62 vehicles; Lisbon, 1961 vehicles, 1961 track;

New York, 1960 vehicles; Paris, 196Z track.

5.49 Insofar as type of roadbed is concerned, itwould appear from

Table 15 that this is not a siqniflcant factor because tests.on ballast

6/ Berlinis included in thistabl'eon the basis of the 30- and 40-mph
ride recorder measurement results.
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1 o
TABLE 15

SUMMARY OF SYSTEM FEATUII]ISPERTAINING TO

RIDABILITY (BEST-RIDING SYSTEMS

Feature Stockholm Toronto Ohleago Hamburg Berlin

Track type Welded rail, Welded rallj Welded rail, Welded rail, Welded rail,
I00 Ib/yd I00 lb/yd I00 Ib/yd 50 Ib/yd 83 ib/yd

Roadbed Ballast Concrete 3oncrete Ballast Concrete

Track mounting Rubber pad Rubber pad Rubber pad Wood pad Rubber pad
between tall between rall between tall between rall between tall
and wood and concrete and roadbed and wood and concrete

erosstle roadbed erosstle crosstie, cross-

...... tieresiliently
mounted in con-

crete roadbed

Track Installed 1949 196Z 1951 1962 1961

Vehicle model 1962 196Z 1958 1962 1962

Wheel type Solld steel, Solid steel, Solid steel, Steel resilient Solid steel,
34-in. dla 28-in. dla 26-In. dig wheel, 35-1n. 36-in. dla

dla

Suspension Rubber at axles, Steel cell springsRubber at axles, All rubber All rubber
system steel cell at axles, air steel cell

springsat cushionat springwith
bolster bolsterwlth rubbercone

Internal cell Inser_ at

spring bolsters

Truck type Welded-steel Cast-steel franl_ Cast--steelframe, Welded-steel Welded-steel

frame, out- lnslde Journals b_side journals frame, outside frame, outside
side Journals Journals Journals



and concrete roadbed gave comparable results (fordifferentsystems), diffori

The type Of trackmounting also appears to be of secondary importance, Thes(

_'_ so long as some form of vibration-damplng mechanism is used between vehic'

rall and roadbed. On the other hand, condition of roadbed (including °porei

track) would seem to be of primary significance. There is, admittedly, 5.53 ',
no quantitativeindication of track and roadbed condition among these vehicl

data. But theavailable information suggests thatthis is a primary octopi!

reason why differentsystems featuring similarvehicles and track of exam i

approximately the same age produce rides varying greatly in smoothness, amou;'

The data suggest that track condition can significantlydown_rade the for a
ranking given to a modern vehicle, but cannot significantlyuoarade the Paris

ranking ofan older, less modern vehicle. The New York, Lisbon, and fortall
Paris steel-wheeled test results indicate this point, nols_ii

5.50 With regard to t_y/!eof suspension system employed, Table 15 tics tI

ii suggests that this also would appear to be of secondary importance, so pr°dul
long as itpossesses the proper springing and damping characteristics, fact,

No attempt ismade in this report to define "proper" suspension charac- condi'

.['. teristlos because this depends on many factorsthat differaccording to 5,5z=1
[ the particularsituation. However, itshould he noted that there is a durin_

:: high degree ofsimilarityamong rapid transitvehicle suspension charao-, fcrme
teristics,primarilybecause of the verticaland horizontal movement ' noise

constraints imposed by platform height and tunnel clearance requirements, a vat

':: These constraintsinturn have an effecton the naturalfrequency of . resul

oscillationof the suspension system and thus on ride smoothness. Those same

: systems on which- suspension data could be obtained reported maximum conzr._

_:' statlodell'aS{Ions(no load to fullpassenger load) from 1.5 to 3.4 in. than )i
and na_t'uralfrequencies (vertical)from i .7 to Z.6 cpa.

BSBII
_: CONCLUSIONS-- NOTESON RIDE COMFORT in th_I
_, ... probll!
i: 5.51 Itwas shown in this section that there exists much disagree- likewi

: i ment about therange of human response to vibrationsencountered in If the'

vehicle riding,particularlyin regard to the upper vibrationlimitsease- istiosl

_ elated with a 'icomfortable"ride. Because of this, itwas decided to that _:[

Judge system ride characteristicson a comparison basis by conducting is sti;i

identical controlledtests and evaluating the results in a consistent can b.!
m imanner, east

Thed_i

5.52 The data collected have identifiedthose systems having the of rid_

best ride characteristicswhen measured on straighttrack at a controlled rich.
speed. Itwas found that five steel-wheeled systems produced the best

_._ ride characteristicsof the various systems tested, on the basis of three

;: i 106
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different comparison techniques, and using two typos of instrumentation. '
These steel-wheeled systems ranked better than the Paris rubber-tired

_ vehicle operating on concrete roadway and betterthan a modern clty bus
operating on new suburban expressway.

5.53 Although these results are valid for comparing specific track-..
vehicle combinations, they are oflimited use in making general system

comparisons of overall comfort level. No comparison was made, for i ,
example, of vehicle performance on curves; nor were such factors as the

amount and degree of system curvature consldered. A passenger riding i

i

for a considerable distance on firstthe Chicago system and then the ,_
Paris rubber-_t]redsystem might Judge the latteras more generally com-

fortablebecause of fewer curves, smoother acceleration, and lower

noise levels. However, on the basis of measured vibration characteris-

tics there is no justificationfor saying that the rubber-tlredvehicle

produces an inherently smoother ride than the steel-%_,heeledsystem; in

fact, the opposite is indicated when the two are compared under equal !
conditions. " ",

5.54 Inregard to subjective oplntcns of ride quality, itwas found

during this study that noise contributesheavily to the general impression _ ]
formed. In the case of Lisbon, forexample, the exceptionally high :

noise levels encountered on certainpor'_ionsof corrugated track produced , ,

a very poor opinion of overallride quality.'The vibrationmeasurement _ i!

results, however, showed the rid_to be not so bad as believed. The " i
same was also true in the case ofChicago, where high noise levels

]

contributedheavily to the surveyteam's impressionof a poorerride "*

than was indicated by the vibrationmeasurement results. ' (

5.55 Itshould be clear from these remarks and the data presented _ (i

in this section that the judgment of vehicle ride qualityis a complex _ _i

problem. The establlshment of criteriafor evaluating vehicle comfort is )

likewise difficultand presently there exist no generally accepted criteria. : !
Ifthe effortto produce a system with superior ride and noise character-

istlcs is made by employing the best designs, techniques, and materials

that are available, a quieter and more comfortable ear should result. It

is stilldifficultzo measure the qualityof the result. A partialanswer

can be obtained by employing under similartest eondtzlona the idenzlesl

measurement and data evaluation techniques employed in this program.

The data presented in this report should be useful in the establishment

of ride comfort criteria,but they represent only a firststep in that dlrec-
tion.
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VERTICAL VIBRATION LEVELS
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VERTICAL VIBRATION LEVEIZ

-10

FIG.A.5a TORONTO

TEST TRAIN
-ZO IO-IG

/
30 mph_% I..__ _.._

i,"-,

/-40 . . . _. I "_/ 0-2G.
IF

N_ 15mph-- ,i _!

HORIZONTAL. VIBRATION LEVELS _i

g FIG. A.5b TORONTO _I

= TEST TRAIN _I
0-1G

.;.. _ _!

. , {

2

_?1 -40 /' ,\ LO-XG

" _, 30mph--/_/ / \

-50 • _ 15mph ._t
1

-6C 0-3G _i

6.25 12.5 25 50 i00 200 400 800 i

Octave-Band Center Frequencles. _:

Ii_`
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: i

!:t  PENDIXB ,"

iilI
:_ B. 1 The overall sound pressure level (SPL) in decibels is commonly
.:I

'I read as a single number on the scale of a sound-level meter while the !

noise of interest is occurring. Thi_ method has many dlsadvantages, ilhowever. Another way of obtaining the same number is to tape record

the noise, obtain octave-band sound pressure levels later in the labora-
,\

tory, and then use these octave-band levels to compute the overall level.

This is done in a step-by-step process by successively combining the

eight octave-band decibel levels. It should be noted that decibels can-

' -, not be added directly. They must be combined on an energy basis. This i

_-"_ involves converting the number of decibels to relative powers, add£ng,

and then converting back to she corresponding decibels. Figure B. 1 pro-

vides an easy method for performing this operation.

uJ "N I I I

,o,o2 ,,j,

_=o Ill"
IllLIJ _ ,

o

Ol I 12 13 J4 15 ;

DIFFERENCE IN DECIBELS SETWEEN TWO LEVELS i
_, t BEING AOOED

ii FIGURg E.1. h_ETHOGOF OBTAINING TOTAL SOUND PRESSURE LEVEL 'FROM OGTAVE,BAI'ID LEVELS

i::J !
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l

{ B.2 For example, consider the sound pressure levels inside the E!

"_ TALGO train,as showninFigure51 andTableB.I. i!
t!

TABLEB.i
J

it '
Z,,: SOUND PRESSURE[LEVELS IN THE TALGO TRAIN i'

Octave-Band Octave-Band Center TALGO at 30 v,i
No. Freq, cps mph SPL, db

:. q

'!_ l 5o 9o mi
,' 2 i00 78
:r Bi;, ,,} 3 200 79 ,

fI 5 _ 800 66I

I 16oo 57
/'_:' 7 3200 52

8 640,0 42

ii B .3 The firststep in obtaining the overalldecibel level is to combine

i the levels in bands 1 and B: LI --90, Ls = 78; L:,-L= = 12o

"'_I From Figure B.I, Li = 0.3 db
p,
_, Lcomb = L_ + Li = 90.3 db .

This new value is then combined with the level in band 3 in the same

manner: L: =-90.3, Ls = 79; L: - Lo = Ii.3.

J. From Figure B.I, Li = 0.35

._,. Lcomb = L: +L i= 90.65.
L ,

This value is then combined with the level of band 4 in a similarmanner

_o obtain a value forcombination with band 5, etc., for all eight bands.

The computed overall decibel level is 92 db.
i'

il
"" CALCULATION OF LOUDNESS LEVEL Fro

B.4 The loudness level (LL) in phons is a single number compufe'd

from octave-band sound pressure levels according to the procedure de-
scribed inthe following paragraphs. In thisprocedure, a quantity called

the sone isused, which is also a uni_ of loudness similar_o the phon.
' , Fro
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' B.5 To obtain the loudness level in phons, the sound pressure level I
in decibels in each octave band is converted to sonos by moans of i

J the appropriatecolumns inFigure B.2. The totalloudness in sones is i_

I _ then obtained by the following operations }2

1 SSI = Sl + S= + .... + S_ and 1_
{ /,

St = Sin+ 0.3 (_/SC-Sin), _

where St = loudness of totalnoise _i

Sm = loudness of loudest band. ,_,'

The totalloudness in sones is converced to loudness level inphons bF _:'

means ofthe nomogram at the rightof Figure B.2. , ,,
:6

B.6 For example, consider the TALGO train octave-band sound _

pressure levels presented in Figure 51 and Figure 0.14 (Appendix C). :
The SPL ineach band an.dthe corresponding value insones is given in
Table B.2.

TABLE B.2

LOUDNESS LEVEL IN SONES ON TALGO TRAIN

Octave-Band TAIGO at 30 mph Si
Center Freq, cps SPL,db Sones

50 90 17

_ I00 78 i0
200 79 15
400 74 11

', 800 66 7

:i 1600 57 4
' .i 3200 56 ,_
i , 6400 42 2

From Table B.2, Column 3, the highest Si is 17. Therefore,

/ sm="lv ,
/ " St = 17 + 0.3 (70 - 17) ',:

=33.
.J

i From Figure B.2, LL (phons) = 91.

.!
!
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OCTAVE-BAND FREQUENCY RANGE

B.7 Throughout this report, the eight octave bands used in the sound

V-_ data analysis are identifiedby their center-frequency value. Since this
.0 value isnot the true arithmetic central value, some confusion could arise

as to the frequency range of each octave band. To prevent such confusion
the frequency range of each band is indicated in Table B.3.

" TABLE B. 3

FREQUENCY RANGES FOR VARIOUS BANDS

Octave-Band Octave-Band

Bend Center Freq, Frequency Range, li

No. cps cps

i 50 Z0-75

2 i00 75-150

3 ZOO 150-300

4 400 300-600

5 800 600-1200

6 1600 IZ00-2400

7 3Z00 2400-4800

8 6400 4800-9600 I!
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i APPENDIX D !

,i:" FREQUENCY-AMPLITUDE_._,j_CHARTS OF VIBRATION DATA

/

,i

Frequency-amplitude data obtained in the low-frequency analysis
of magnetic tape records are presented in this appendix. The char_s show il

_he relativefrequency of occurrences of horizontaland vertical vibration _!

forces in each of the indicated g ranges. In every case_ the data refer _!

r
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Horizontal Data, 30 mph :
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VerticalData, 30 mph
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! NEW YORK (ELEVATED)

• Vertical Data, 30 mphi
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_, PHILADELPHIA

10_ Vertical,30 mph

Avg Accel = .065 g

Avg Freq = 3.5 cpa
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; _ WASHINGTON, D.C. .

. : (Bus on Expressway, 30 mph) ; !

,I Horizontal

J Avg Acoel = i08 g,! •

' Avg Freq = 8.60 cps
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