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15 May 1964@

Mr. Charles E. Keiser |
General Superintendent of Engineering
Chicago Transit Authority '
Merchandise Mart Plaza !

Chicago 54, Illincis ‘:

Dear Mr. Kelser: -

" On behalf of the National Capital Transportation Agency and
Operations Research Incorporated, I wish to express appreciation for your
generous cooperdtion in placing at our disposal the train and other facill-
ties for the nolse and vibration measurement program completed early in
1963, We appreciate very much the time and effort you and your staff
gave the swvey team dt%ring our visit.

Iam enclosing two complimentary coples of the final report
prepared by Mr. Davis, This report presents the results of the noise and
vibration survey for all the cities where measurements were taken. We
hope you find it interesting and useful,

Sincerely,
OPERATIONS RESEARCH INCORPCRATED

£kl Mok

E. W. Marlowe
Program Diractor
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FOREWORD

This year mark sl the centennial of the world's first rapid transit
system, opened for service inLondon on January 10, 1863. In subsequent

years the original London Undergroundwas greatly expanded, and similar _

systems were constructed in other major cities. Following this initial
periocd of development there was, however, a marked decline in new con-
struction. The resultantcontraction of the market for equipmentinhibited
investments in the Improvement of transit techneology at a time when ad-
vancing automotive technology was exerting its full impacton urban trans-
portation. In this climate it might have seemed reasonable to suppose
that the whole concept ofrail passenger transportation was inadequate to
modem needs and destined forthe graveyard of archale technologies, In
any case this view gained considerable credence in the United States,
and was at least partially correct. ‘

. Expanding automobile traffic created increasing interference
with, and was itself inhibited by, the particular form ofrail transportation
known as electrlc street railways, streetcars, or trams. A majority of
these systems were therefore abandened in faver of motor buses, which
are much better adapted to operation in mixed vehicle trafiic on general
thoroughfares. The functional obsolescence of rail technolegy for this
particular application had no bearing at all on its suitability for high-
capacity, exclusive right-of-way elements of urban transportation sys-
tems, although it did inhibit the advancement of the technology,
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It is significantin this ‘regard thatalthough many citiesreplaced
their streetcar services with mdtor-bus lines, no cities abandoned their '
rapid transitsystems despite the fact that the older systems were built to
standards of performance and comfort that are now considered ohsolete.
Onthe contrary, investments inthe expansion and modemization ofolder
transit systems have been made in Paris, London, Berlin, Hamberg, Stock~
holm, Moscow, Leningrad, Chicago, New York , Philadelphia, Osaka, and
Tokyo. Moreover, in the same period entirely new transit systems have
beenor are being constructed in Barcelona, Cleveland, Vienna, Montreal,
Nagoya, Oslo, Rotterdam, San Francisco, and Toronto, In addition some
cities (Stuttgart, for example) are partially relocating remaining streetcar
lines to newly constructed exclusive rights-of-way as the first stage of a
conversion into modern rapid transit systems,

The current expansionsf and new constructions of rapld transit
systems are too pumerous to be dismissed as a series of accidental cir-
cumstances contrary to a general trend. They seem, rather, to define a
new trend—a technological renaissance of rail passenger transportation.
The extent to which modification$ of , or major departures.from the estab-
lished technology maybe required in the application of basic rail transit
concepts to meet modern standards of speed, comfort, and convenience
has not, however, been entirely clear. In particular, a major question
has arisen in connection with the promotion of a transit vehicle design,
currently used in the Paris Metro system, which departs from the steel-
wheel and rail technology of vehicle support and guidance,

To begin with it should be noted that there is no a priori reason
for assuming thatthe idea of supperting a transitvehicle with steel wheel s
rolling on steel rails is inadequate for modern applications. Whoever
thinks otherwise shouldreflect on the fact that the wheels of his automobile
turn quietly and smoothly on their axles by virtue of steel wheels rolling
on steel. surfaces, i.e., roller bearings, In regard to speed, note that
the maximum normal operating speeds attained by steel-wheel and rail
vehicles exceed by 2 wide margin the performance of any other form of
public surface transportation vehicle, and the now "obsolete” PCC-type
streetcar had anacceleration well above that of contemporary motor buses,

Inthe absence of objective evidence, however, there has been
a persistent body of opinion that contemporary applications of the basic
steel-wheel andrail concept cannot satisfy modemn standards of quietness
andridability, andthatitistherefore necessaryto adopta majordeparture
in transit technolegy. Impelled by this conviction, officials of the Paris
Metro transit system and a group of French manufacturers set out to de-
velop pneumatic-tired vehicles, and succeeded—albeitat the expense of
a more complicated vehicle running gear and track system.
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Despite the Impression of demonstrated superiority of the pneu-
matic-tired vehicle conveyed by press reports, * no substantial evidence
has ever been developed that allowed a comparison of its characteristics
with those achieved by other engineering developmentgroups (in Europe,
principally, butalso in North America andjapan), which haddevoted equally
competent technic‘al efforts to improved applications of the simpler steel-
wheel and rail concept. Thus, although transportation planners might
delight in the rich variety of altemative designs emerging from this tech-
nolegical renaissance, they have had equal reason fordespair inthe poverty
of information for choosing among them.

Recognizing the Inadequacy of existing information on noise and
vibration levels in contemporary transit systems, the National Capital
Transportation Agency judged that it should acquire such objective evidence
as could be obtainedat reasonable cost to support the Agency decisions,
Although the investigations were specifically designed to satisfy the in-
formationrequirements of the National Capital Transportation Agency, these
requirements are basic to any system's planning project. Therefore, the
results should be of interest and value throughout the industry,

o 7 sl
‘--~—-"T — éﬁo. Davidson

Vice President
Director, Logistics and
Operations Division

% For example, TIME Magazine, June 29, 1963, p. 80,
and The Washington (D.C.} Post and Times Herald,
August 5, 1963, p. Bl,
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SUMMARY .

ArAteta e d et ot . s

PROBLEM

: ‘ 1. The National Capital Transpeortation Agency {(NCTA) has been
i assigned by the Congress of the United States the responsibility for de-
sign and implementationiof a rapid transit system to serve the National
Capital Region {NCR}, It is hoped that construction of the system will"
hegin in 1964 and initial: operations will be started in 1968,
I
i 2. In support of thje NCTA program, Operations Research Incor-
' porated was given the task of conducting measurements of vibration
and noise lavels to which passengers are subjected on existing rapid
transit systems. As part of the task it was necessary to carry out an
extensive field measuremant program on rapid transit systems in the
USA, Canada, and Europe.
]

Specific Ohjectives

3, <This report presents the results of a study of rapid transit
vehicle noise and ridability, undertaken to fulfill a need for basic data
on these characteristics of existing rapid transit systems. The ob-
jective of this study was to cbtain neise and ridability data which
“might be helpful in setting vehicle design criteria. A secondary ¢b-
jective was to determine the relative quietness and ride smoothness of
fubher-tired and steel~wheeled rapid transit vehicles to assist in the
comparison of these systems. .

vii




SCOPE

4, Tao accomplish the study objectives, it was necessary to under-
take a field measurement program. This inwvolved the selection of in-
strumentation for the measurements and the design of a sultable test
procadure to collect the information on a comparative basis, It also re-
quired the enlistment of operating transit agencies in the USA, Canada,

and Europe for participation in the tests.

5, During the cours'le of the study some 13 field tests were con-
ducted. Measurements were made inside rail transit vehicles in Berlin,
Hamburg, Lisbon, London, Paris {rubber-tired vehicle), Stockholm,
Toronto, Boston, Chicago, New York, and Philadelphia. In addition,
data were collected in a modern city bus operating on the streets of
Washington, D.C., and in one of the original TALGO passenger trains
near Madrid, Spain. A new rubber-tired vehicle being tested in Milan,
Ttaly, was also inspected.

6. The standard test procedure followed throughout the study in-
volved the simultaneous measurement of noise and vibration in the
interior of a train of vehicles operating at controlled speeds on sections
of straight level track in subway. Because the study was oriented to-

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

bration at points away from the vehicles, Noise in underground stations
is included, however, because of its relation to passenger opinion of

system quistness.,

LIMITATIONS

7. The vehicle analysis is limited to a comparison of noise and ride
smoothness for conditions of subway operation at speeds of 15 mph and
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 vehicle-system basis; that
is, one vehicle operating on its particular roadbed is compared with
other vehicles operating on their respective roadbeds. The results do
not indicate how a particular vehicle will rank when operated on a road-
bhed or type of track construction other than its own. However, suffi-
cient data on track and roadbed are presented to permit some general

cross -predictions.,
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FINDINGS
Nojse
9. Significant differences in loudness were measured among ex-

isting rapid transit s 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

Stockholm 92

Toronto E 90 :
Paris (Rubber=-tired) J 89 e
Hamburg ? 87

Berlin ' _ 85

The systems in the Uniied States were found to comprise the loudest
group. This is significant because it represents the total experience
of the majority of United States residents with rapid transit systems. .
Thay do not have the opportunity to compare the quieter rapid transit

' systems with other modes of trave!, and thelr attitude toward rapid

transit is influenced adversely.

10. No significant advantage in quietness was found for rubber-
tired systems 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-tired vehicle in subway as well as those inside a
modern bus operating on open expressway.

11, The lowest noise levels in underground stations during train
arrival and departure were measured in Berlin and Toronto, and were
lower than those measured for,the Paris rubber-tired vehicle., Station
noise during periods of train movement in these three systems was

found to be less than the background noise of city traffic on open streets,

Ride Smoothness '

12, Two separate sets of measurement equipment were used to col~
lect vibration data simultaneously. Three analysis methods were

: ix
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employed in evaluating the results, using passenger comfort criteria
developed by various researchers, The results of each analyeis were
cross-compared to detormine those systems judged best by all three

techniques. These were:

Hamburg . Chicago
Stockholm Toronto
Systems glving average ridability characteristics were;
London ) Washington, D. C,
{Transit bus)
. Paris {Rubbar~tired) Lisbon
. Berlin ‘

The systems giving below average ridability characteristics were:

Boston Philadelphia
Paris {Steel-wheeled) Lishon
New York TALGO

A number of qualifications that must be attached to these ratings are
discussed in the body of the report, Despite incomplete data sets,
there is evidence that Berlin also 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. However, an
attempt is made to correlate some observed system conditions with
measurement results. Enough information is presented herein to permit
identification of these systems judged consistently best in all respects,

' so that the field has been narrowed to a small number for further inves-

tigation.
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I. INTRODUCTION

OBJECTIVES AND SCOPE OF REPORT

1.1 This report presents the results of a study of rapid transit
vehicle noise and ridability undertaken with the general objective of
obtaining comparative data on noise and vibration levels inside rapid
transit vehicles operating on existing systems In the USA, Canada,
and Europe.,

1.2 /_Combérative noise and ride data on existing tapid transit
vehicle systems were virtually nonexistent; comparisons heretofore have
g’enerally been made on the basis of subjective opinion formed during
rides in vehicles in schaduled service, irrespective of differences in -
operating speed, train length, etc. As aresult, there exists much
confusion about the extent of actual differences among systems and
about the value of certain features in particular systems, This study
was undertaken as a first step towards the identlfication of those sys-
tems having superior ride characteristics and low noise levels,

1.3  To obtain data that could be used for identification of real dif-
ferences among systems, it was necessary to undertake a fleld measure-
ment program. This {nvolved the selection of instrumentation, the de-
sign of a standard test procedure to be repeated in each system, and.
the enlistment of the cooperation of operating transit agencies in the
USA, Canada, and Europe.

14 During the course of the study, a wide varlety of data was
collected on vehicle systems, both old and new. The majority of
; 1
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operating rapid transit systems in Nerth America and Europe were in- 1 l

T
'
H
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v

cluded in the measuremant program, and general data on each of the sme
™ systems tested, along with speciflc data on the vehicles tested, are : opl.
' included in Section III. {=
1.5 Another objective of the measuremant program was to obtain qual
noise and ride data on rubber-tired systems in a manner suitable for 1.1
comparison with conventional steecl-wheeled vehicles operating on steel sul"
rails. In accomplishment of this objective, measurements were made on i
4 inside the Paris Metro rubber~tired subway vehicle and inside a modern ] 1
% diesel bus operating in the Washington, D. C., area. ta.ni-
1.6 Because this study was oriented towards passenger comfort in set:
- moving vehlcles, no conslderation was given to nolse and vibration of t:
levels measured at points distant from the vehicles. However, station Like
f‘.ﬂ. noise during train arrival and departure may contribute significantly to . rank;
T passenger opinion of system quietness. ©Since this type of noise is 'conﬂ
L most difficult to control in underground locations, it was included in smao;
the study. , s5Ys5;
1,7 An attempt has been made in this report to compare the noise abil
levels encountered by the passenger in modern rapid transit vehicles exati
i with the nolses encountered on city streets and in other transport STU
e * vehicles. In some cases this {= done by comparison with data obtained
. .3 by other researchers. *A general comparison of transit vehicle ride 1.1
smoothness with other forms of transportation is not attempted. How=~ _ ‘vt.]
‘ever, a limited comparison of rubber- and steel-wheeled systems is tsgé'j
afforded by the data presented on the two rubber~tired systems, . sibl:!
- |
NOTES ON COMFORT MEASUREMENT to ™
1.1%
1.8 Noise and ride smoothness are obvicusly only two of the several or a!
factors that combine to give an overall impression of "comfort" to the . trac¥
passenger. : of dié
1.9 As normally discussed in vehicle riding, comfort invelves such ;aei;ﬁ
factors as heating, lighting, seating, nolse, and vibration, In additicn, a a‘}'
the discomfort produced by acceleration and braking, as well as vehicl.e _ ﬂfg tf
behavior on curves, affects the opinion of the passenger about the com- :
fort of his trip, ' 1.16&
1.10 Because the judgment of comfort is a complex subjective deci- tem d
sion process based on reaction to the combination of factors just men- Whel,-f
tioned, the measurement of comfort in quantitative terms is exiremely dif- ?_g;ll-f

ficult g}d’lﬁs not been accomplished in 31 years of vehicle ride research,

2
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1.11 It is generally recognized, however, that noise and ride
smoothness are two of the more important factors Influencing passenger
opinion of ride comfort, The relative importance of these two factors
to each other is not known, nor s it possible to judge, except on a
qualitative basis, the combined effect of both.

1,12 It s possible to measure each factor separately, rank the re-
sults using known human response criteria, and judge the combination
on a qualitative basis. This is the approach taken in this report,

1,13 Noise measurements were made inside moving vehlcles simul-
taneously with the recording of vibration levels, using two separate

sets of measuring equipment. The noise data are evaluated independently
of the vibration data, and the systems ranked in terms of qulietness,
Likewise, ridability data are evaluated separately, and the systems

. ranked In terms of ride smoothness. Then, those systems ranked as

consistently-superior or consistently poor in both quletness and ride
smoothress are identified, and the reasons explored. Finally, those
systems charactarized by differences in ranking of quietness and rid-
ability are identified, and the significance of these differences is

examined,

STUDY LIMITATIONS ¥

1,14 In setting the scope of this study to inelude a large number of
systems, both Buropean and North American, it was necessary to limit

the amount of data collected on each system. It was physically impos-
sible, within the time allowed, to obtain data on every factor coniributing
to noise and vibration inside the vehicle,

1.15-  For example, it was not possible to obtain either a quantitative
or a consistent measure of the contribution made to ride smoothness by
track and roadbed condition. An attempt was made to minimize the effects
of difference in track condition among the varicus systems by always ob-
taining data on sections judged by the host agency as being among the
best in that system, In some cases, the contribution of the roadbed is
apparent in the measurement results, in others it is estimated, based on
the best available tnformation.

1.16 In the absencé of quantitative data on track condition, the sys~
tom comparisons presented in this report are on a "vehlcle-system" basis,
whore vehicle system s defined as a particular vehicle operating on a
particular roadbed, Thus, the measurement results obtained in the
Hamburg vehicle operating on its roadbed can be compared with the
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results obtained in the Stockholm vehicle operating on its roadhed.
‘ : However, similar results for the Hamburg vehicle might or might not be
m . obtained on the Stockhelm roadbed,

! 1,17 Because the problems of nolse and vibration control inside the
vehlicle are normally greatest for conditions of subway operation, the
measurenent program was limited to conditions of subway operation
only, except in the case of the city bus. The range of test.speeds was
limited to a low speed of 15 mph and & high speed of 30 mph, and these
two speed conditions were met in the majority of cases. In some cases
data were also collected at higher test speeds, as supplementary in-
formation, The implication of the limitation on maximum test speed is
discussed in Section II.
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1,18 It Is recognized that pgssenger opinion of ride quality and com=-
fort is influenced by a large number of environmental factors (lighting,
_heating, etc.) in addition to the behavior of the vehicle on straight
. track, curves, grades, and at stations. The work done in this study
. is a logical {irst step towards a complete comparison of all aspects of
vehicle ride comfort. The measurements were made on sections of
o . straight, level track to permit interpretation of the data by methods
generally accepted for judging vehicle ride comfort, The behavior of
L vehicles on curves s not necessarily disclosed by the measurement
Coh ' results on straight track. Therefore, the next logical step in the measure=
<, sl ment of overall ride comiort would be the c_ievelopment of instrumentation
Q@ RN ' and methods of analysis for comparing véhicle comfort on curves.
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II. DESCRIPTION OF TEST PROCEDURE

STUDY CONSTRAINTS

2,1 The constraints imposed on the datz~collection phase of this
study were numerous andjexacting. Most limiting, of course, were the
cost constraints, which dictated that the data collectionand analysis
be carrled cut in thé shortest possible time and at the least possible
cost. Secondly, the constraints imposed by the measurement equipment
had an effect on the design of the experiment and the date analysls
method. Thirdly, the constraints imposed by line geography and oper=
ating procedures in each of the systems to be measured influenced the
amount of data that could be collected and alse the design of the ex-

periment., _
2.2 The study had to be designed so that data could be collectad
in a similar manner on & varlety of systems in the least possible time
and with a minimum of inconvenlence to the cooperating agency. This

meant that the measurement equipment had to be highly pertable, have .

its own power source, aqd require a minimum of setup time, It also
meant that the test had to be designed to permit collection of data in
a train operating in normal traffic during normal working hours.

2.3 In the face of these constraints, the overall requirement of
the study was, of course, that it produce a valid indication of the ride
smoothness and noise levels encountered in each particular vehicle
system. By "vehicle system" iz meant a specific combination of vehi-
cle and roadbed, For example, the study results should permit a
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comparison of the Paris vehicle on its particular roadbed with the Berlin .

vehicle on its particular roadbed.

MEASUREMENT EQUIP MENT

2,4 The first major problem encountered in this study was the se-
lection and procurement of instrumentation for the measurements, Ex-
isting equipment for vibration measurement did not meettherequirements
of welght and mobility imposed by the objectives of this project, In partic-
ular, the power requirements of most vehicle~ride measurement instru-
mentation were considered prohibitive because of the inclusion of Euro-
pean systems in the measurement program. The Ride Recorder, a spring=-
driven mechanical device that records on a roll the approximate accel-
erstlon in three directions, has been used by some rallroads and manu-
facturing companies for making comparative riding tests. This device

has lower frequency response and accuracy than was desired for these
measurements. However, it was found to give a good "feel" for the rela-
tive ride smoothness of different vehioles. One of these devices was
donated by the Budd Company, calibrated by the maker, and was used
throughout the study as a supplementary source of data,

2.5 In a pilot study ﬁescribed below, the use of portable magnetic
tape recorders to record both neise and ride data was tested and proved
feasible., Tape reccorders have been used, of course, for some time in
noise control studies, but applied onlyrecently to the problem of vibra-
tion measurement in the lower frequency ranges {below 20 cycles per
second). The technique calls for special amplifiers, electric accelero~
meters, and laboratory analysis equipment. In additlion, it is necessary
to record the data at a very slow speed and replay the tapes at a higher
speed in the laboratory, which has the effect of reducing the length of
data sample available for analysis. A minimum tést run lengthof 60 sec
was required to ensure sufficient length for accurate analysis after the
speed scaling,

2.6 It was recognized that this constraint would influence the
design of the test and might limit the range of test speeds that could
be included in the measurement program. For reasons already ex-
plained, the tests were to be limited to conditlons of subway operation
only. However, in most rapid transit systems the station spacing on
underground sections of line is such that a 60-sec run at high speed is
not possible without running through stations, after allowing for accel-
eration time,
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PILOT STUDY

I | In conjunctlon with Bolt, Beranek, and Newman, Inc. of

Camkbridge, a pilot study of noise and vibration measurement was made
on a branch of the Boston Metropolitan Transit Authority (MTA), which
very generousty provided a special test train and erew for this purpose.
Pigure‘l shows the equipment setup during the Boston pilot study, Be~-
cause of the 60-sec test run recquirement, it was necessary to carry

out this pilot study on & scction of elevated track where the maximum
test speed could be safely maintained between stations and curve speed
r'esmctions were not a constraint, The same requirement did not exlst
in the case of noise data, howaver, and it was possible to collect data
at the desired test speeds in the subway.

-
2.8 Di:rlng the pilot study some six successlve runs were made
over the same section of track. Data were collected on vertical, horl~
zontal transverse, and longitudinal accelerations from two positions
in the test car at two test speeds, To obtain the necessary freedom

of train movement, it was necessary to conduct this test between mid-
night and 5 A.M,; the entire test required some & hr to complete, ex-
clusive of prior arrangements and schedule planning,

2.9 The pilot study revealed one obvious disadvantage of the test
procedure, which was a rasult of equipment limitation. The tape re-
corder used, which was the only battery-operated recorder with suitable
frequency responsg characteristics, had only one recording head. This
meant that the vibration components {vertical, horizontal, and longi-
tudinal) had to be measured by making successive runs over the same -
scctlon of track (since three recorders were not avalilable)., This proved
to be highly unsatisfactory because of the time required to collect the
data.

2.10 __—However, the pilot study Indicated that, with some changes in
.the'test procedure, magnetlc tape recorders could be used to collect
vibration data. The incentive to use such recorders for this study was
particularly strong because of the flexibility afforded in data reduction;
once collected, the data are always available and can be analyzed in

a number of different ways,

2.11 The mechnical recorder was found to give repeatable results
that agreed generally with the data results of the magnetic tape analysis,
and it was adopted as a source of supplementary information. The
method of analysis of the magnetic tape records was found to be unsatls-
factory and was changed accordingly. Also, the test procedure was

ki




D S e B L 5 I 7 A 4 o B b S e AT Tps A S T P e, mie = s e e
- - - - P e ]
- <
. .

3

o«
56
[=R=]
oy

o
]
mRBH
vwak
Lazy
i X
u Q9
pod

€ it
M0t
OMRﬁ
EL20
Y
Pt

z=

o*&F
oy e
EWSE
=
Zp-aus
%~
e
WG
o —
o0
b=}
a,




A s s e

changed to reduce the amount of data collected and permit simultaneous
recording of only vertical and horizontal transverse data, from one posi-
tion In the car. The amount of equipment required for data collection
was reduced as a result of these procedural changes. Final instrumen~
tation for future tests consisted, in addition to the mechanical recorder,
of two portable tape recorders (equipped with preamplifiers, accelero~
meters, and supplementary equipment) for vibration recording, and one
tape racorder with supplementary equipment to record noiss levels.,

The instruméntation was selected so that all supplementary equlpment
fitted Into two medium~-sized suitcases; with tape recorders included,
the equipment package weighed about 170 b, was alr-transportable,
and could be set up for data collection in 30 to 45 min, The NCTA
provided instrumentation specified by ORI; Bolt, Beranek, and Newman,
Inc, alse provided instrumentation as well as personnel to operate it
and perform the initial pertion of the data reduction,

' STANDARD TEST PROCEDURE

2,12 The revised experimental procedure was tested with the coopera-
tion of the Philadelphia 'I‘ran%portation Company (PTC), This test resulted
in the adeption of a "standard test procedure" that was followad in most
of the succeeding tests conducted on 11 different Eurcpean and Nerth
American transit systems. The standard test procedure was carried out

as follows: simultaneous nolse and vibration recordings were made

from the third car of a four-car train of empty cars; vibration pickups
{electric accelerometers) weare always located on the floor over the

front bogie of the test vehicle. Noise recordings were made near the
center of the test car with all windows and doors clesed, 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,
Data at higher speeds were also obtained from the same measuremeant
positions when time and conditions permitted,

2,13 All conditions of the standard test procedure for collecting
samples of vehicle noise and vikration 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 elght-car and a two-car
train, respectively. In Berlin, Lisbon, and Meadrid (TALGO train), the
magnetic tape recorders could not be used for vibration measurement
and four—car trains were not available for the tests. Noise recordings
were made in each of these three cities, however, and some ride data
obtained with the mechanicél recorder, although only at the higher

test speeds, ‘ i .
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2. 1-:;//121 addition to the vehicle measurements described in the preceding
pafagraphs, tape recordings were made of the noise levels In selacted sub-
way statlons 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 and left on as a train entered, stopped, and left the
station., Multiple samples were taken in most systems to obtain compara~-
tive conditions from city to city and to ensure that an abnormally highleve!l
did not result in a partlcular station because of differences in hraking 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 tocol-
lect vibration and neise data.

FIGURE 2, RECORDING STATIOR
NOJSE LEVELS IN PARIS USED FOR COLLECTING BOTH

VIBRATION AND NOISE DATA
RELATION OF TEST RESULTS TO SYSTEM CHARACTERISTICS

2,15 The test results presented in this study are probably the best
available comparison of comfort standards (i,e., nolse and vibration
levels) of the varlous vehicle systems studied, There 15, of course, some
danger in attempting to extrapolate the results obtained in one vehicle on
one section of line In a system to the system as a whole. This obviously
cannct be done with some of the results obtained because of the test con~ .
straints. For example, in both Boston and Philadelphia, data were obtained
under conditions that were not typical of the whole system, In all of the
other systems visited, howaver, the standard test procedure was carried
out on sections of line selected by the host agancy as belng among the
best in the system {In subway) and in trains made up of the most modern
vehicles currently in operation, Thereforz, the data in these cases should
indicate the highest level of comfert offered by each transi: system, Results
presented for measurements made at 30 mph in subways are probably the
best possible indication of the average nolse and vibration lavels experi~
enced in normal service because this is, generally speaking, the maximum
average speed at which any of the tested systems is capable of operating.
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IIT, DESCRIPTION OF VEHICLE SYSTEMS

3.1 - During the course of this study, 11 operating transit systems "

. in the USA, Canada, and Europe were visited. In each case, the host

agency generously provided a special test train and operating crew, so
that it was possible to control the'test conditions as described in Section
11, This section describes for each transit system the equipment and track
sections used in the tests. The completeness of the descriptions varies
because it was impossible to ohtain the desired amount of Information in
every case. European systems are described first, then North American
systems, in alphabetical order.,

BERLIN

3.2 Before World War II, the Berlin subway system (BVG) was one of
the largest and 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 rebuilding their system, the Berliners
experimented widely on vehicle and roadbed design, and the system is
agaln one of the 'most modern in Western Europe. The system is distin-
guished by features that were not found in any of the other systems visited
during the course of this study.

3.3 Although the portion of the underground system in East Berlin is
no longer open to West Berlin traffic, the system in West Berlin comprises
socme 50 route miles, with planned eventual expansion to 120 miles, On
the new G line, openad in September 1961, the average speed (including

11
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station stops) 1s approximately 21 mph, which is among the highest for
any underground line in Europe. The maximum speed on this line is 45
gn\ mph, with an average station spacing of 0,5 mile. FPigure 4 shows the
7 interlor of the Berlin subway station, and Figure 5 the recording of sta-

tion noise levels,
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i FIGURE 5. RECORDING NOISE LEYELS IN
i BERLIN SUBWAY STATION
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As carly as 1956 a prototype of & vehicle that Incorporated an

for 3.4
,‘.145 all-electric braking system was tested. This vehicle has since been
lhe adopted as standard equipment in two basic sizes, The Berlin sysiem is
?staﬁ aimilar to London's in that each has subways of different cross sections, ‘
! roquiring both large and small vehicles that are not mutvally compatible. '

Hlowever, both size vehicles used in the Berlin system are identical in
design except for major dimensions. In addition to the all-electric brak-
ing system, these vehicles feature an unusual bogie design. The bogies
are distinguished by the use of ong large axle-suspended traction motor
o mounted longitudinally to drive both axles {see Figure 6), Two bogiés per
car are used, so that all axles in a train are motored, The bogie frame is P
of all-welded, hollow=-box sections; no end transcoms are provided.. The IR
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 b
at all contact points with rubber buffers. The motors are resiliently mounted
: on the axles, and the suspension systern is all-rubber, employing bonded

i : rubber chevron units both for the axle housing and between bogie and car

é':ité

o, '--;j, FIGURE 6, MOTOR BOGIE USED ON
) ) NEW BERLIN VEHICLES

-t

‘ Cauntaay nl.buwm

: 3,5 - The car body is of light, welded steel construction. A layer of ' i
Lom ' asbestos~base sound insulator, 3 mm thick, is sprayed on the underside i
: of the corrugated floor sheets to insulate the car body from noise, In ad- M
: : dition, all interior surfaces of the bare car shell, including the corrugated i
; i ‘floor sheets and the roof sheets, recelve a layer of spraved cork granules o

o 5 mm thick. Plywood paneling is used extensively on the car interior, 3
3.6 The large profile cars are approximately 52 ft long, 11 ft high, :
i : and 8.6'ft wide. Seating space for 36 passengers and standing room for i
R : 144 is provided. The weight of an empty car is 54,0001b, = - . i
. : 13 P




3,7 Much experimentation has been carried out in track and roacdbed
. : construction techniques and nolse-vibration control. In addition to using
i ﬁ standard ballasted rack on wooden crossties, one new line employs track
on concrete crossties resiliently mounted in the concrete roadbed. A cross=-
sectional view of this type of track construction is shown in Figure 7. The
noise data presented in this report were obtalned on trackwork of this type
on the new G line. Although experience with this type of installation has
been favorable, an intensive test program of still newer track mounting
methods is currently underway, Emphasis is being given to methods of
mounting the track directly on the concrete roadbed, One mounting method
currently being tested is shown in Figure 8, Four experimental sest sec-
tions are located in various parts of the system, and noise and track vibra-
tion data are being collected in an effort to determine the best mounting
technique. '
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3,8 Unfortunately, during the survey team's visit to Berlin, the com=
plete instrumentation package was not available, The magnetic tape re~
corders could not he used for vibration recording, so that the only data
obralned on vehicle ridability were taken with the mechanical recorder,
Noise recordings were made in the usual manner, both ingide the vehicle
and in stations. A four-car test train was not available, howaver, and

all data obtained during the test runs were made from the second car of

a two-~car train of new large-profile vehicles.

HAMBURG

.9 In January 1961 the Hamburg Transit Authority (HHA) introduced
3 new serles of articulated motoer coaches, known as the DT-2 serles, on
the 45-mile underground system. The general design objective in produc-
Ing these cars was to obtain a vehicle that would he esthetically pleasing
for 20 years, operate economically on the existing system, and be adapt-
able to changes in technoloéy. The maximum speed of these vehicles is
45 mph; their average speed (including stops)} is approximately 19 rnph on
underground lines., Figures 9 and 10 show the DT-2 vehicle.

410 The car bedy and interler were designed at the College for

Inustirial Design at Ulm. Emphasis was placed on design for function

and low maintenance, and this is reflected in the extremely clean, un~
cluttered lnes of tHe vehicle and in the construction materials used.

The outer panels of the car are of unpainted stainless steel, and synthetic
materials have been used extensively in interior fittings. The seats, in-
terlor panels, and even the ceiling and roof of the vehicle body are of
finor glass or plastic. Noise insulation under the viny! flocring is pro-
vided by a layer of laminated plywood coated with 2 mm of PVC composi~
tion. The empty weight of each vehicle is 38,600 lb, The electrical
controls are designed for eventual full automatic operation, and pneumatic
brakes have been discarded in favor of an all-electric braking system.
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311 The bogies used on most of the DT-2 vehiclies are manufactured
by Link-Hoffmann-Busch (LHB}, who developed the bogles in conjuntion
with the Ulm design school. The bogles are of all-welded steel construc-
tion and ares equipped with two 110-hp hollow-shaft motors each (see Fig-
ura 11), The articulated bogie in each set of two vehicles is nonmotored,
The brekes on these bogies are spring-actuated disc brakes; the articulated
bogles are designed to permit separate operation of the vehicles over short
distances for maintenance purposes. Resilient wheels of all-welded con-
struction are used on all bogies of the new vehicles; it was reported that
these wheels reduca the vertical accelerations at the axle some 30 percent
below conventional wheels, The LHB hogies are equipped with an all-rubber
suspension system similar to that used on the Berlin and London vehicles
except that a bell-shaped rubber bolster spring is used,
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3.12 In addition to the LHE bogie, HHA is currently testing a hewer
bogie on the DT-2 vehicles, known as the Minden-Deutz bogie. It is man~ .
ufactured by the Klockner~-Humboldi-Deutz Company, has a combination :
of steel spring and rubber suspension, and is some 500 1b lighter than the

LHB bogie. Oslo is considering this bogie for use on the subway vehicles
thaz will begin operation sometime in 1964,1/ Unfortunately, a comparison i
tast between the riding qualitles of the LHB and Minden-Deutz bogies was

not possible during the survey team's visit to Hamburg, However, HEA has
since reported that subsequent tests indicate that the Minden-Deutz bogie, |
shown in Figure |12, has superior riding qualities.
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hewer o 3,13 The vehicle noise and vibration data presented in this report :

"8 man=-. were obtained in a test run of DT-2 vehicles equipped with the LHB bogie, i
'-ti Recordings were made in the third car of a four-car train in accordahce :
an e with the standard test procedure. The test runs were made in a sectionof l :
hicles the Ochsenzoll-Rathaus subway line on straight level track. All data were : b
parison taken on welded rail, lald on wooden crossties set in ballast, An additional E :

L les was . feature of this otherwise standard mounting technique is the use of wood ‘ :
' iHA has pads between rail -and tieplate, Figure 13 shows a Hamburg subway sta~ | *{
. &z bogie, . tion, and Figure 14 the interior of a DT-2 vehicle, - [
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FIGURE 13. INTERIOR YIEW OF A HAMBURG SUBWAY STATION

FIGURE 14, INTERIOR VIEW OF HAMBURG PT-2 YEHICLE
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3. 14 HHA also has a 500-meter test section of track mounted directly
ﬁ on concrete, which is similar to mountings in Toronto and Philadelphia, It
S was not possible to obtain comparative data on this experimental section,
! but thé track mounting detail is of interest in comparison with other meth-
: ods. Flgure 15 shows the general scheme of this installation, The most
' interesting features are the unusueal spring rail clip and the use of an epoxy
resin mortar to glue the rail baseplate to the roadbed. This installationwas
adopted in the first line of the new Milan, Italy, subway after an exhaus-
tive study of methods of laying track directly on concrete, =
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'2'/ Azienda Tranviaria Municipale, Milano, Supporto Cementizio e
Provvendumenti Anti-Vibranti, Milano, September 1961,
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]c 3,15 Openead in 1959, Lisbon's subway has approximately four miles :
I metn— of double track in the shape of a "¥", A total length of approximately 20 -
iimost miles is planned. The 24 vehicles presently in operation on the subway
In epoxy were dasigned and constructed by LHB, the German firm that built the new g
vtion was Famburg vehicles. An additional order of 14 vehicles is being built under R
' Ivhause- . license by the SOREFRAME Manufacturing Company, Lisbon, Portugal, b
. Figure 16 shows a Lishon subway station and Figure 17 the general config- L
uration of a subway vehicle. Each car is 53 ft long and weighs approxi- 3§ .
mately 81,400 lb empty. Trains are normally made up of two cars, semi- o
!

poermanently coupled, 