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PREFACE

The Transportation Systems Center (TSC) is conducting a re-
search, development and demonstration program under the Urban Mass
Transportation Administration (UMTA) Office of Research, Develop-
ment and Demonstration Rail System Supporting Technology Program.
The TSC effort is directed towards reduction of acoustic noise in
urban rail systems, thereby contributing to improved environmental
quality for users and the community. The program will make avail-
able, in a form useable in present and planned urban rail systems,
the technology for control of acoustic noise and will provide UMTA
with the tools required to evaluate and recommend noise abatement

measures for urban rail systems.

Initially this effort is being directed towards an assess-
ment of the current acoustic noise climate of urban rail systems
and the technology available for reducing this climate to accept-
able levels., In order to establish and demonstrate the methodol-

ogy for conducting this assessment a pilot study of the Massachu-
setts Bay Transit Authority (MBTA) rapid transit system was con-
ducted.

The assessment of the noise climate and state-of-the-art of

abatement technology will provide:

° Dollar estimates of capital and maintenance costs for
applying proposed noise control standards to operating
properties,

] Site specific definitions of noise abatement require-
ments, for guideline use all for all existing urban rapid
rail properties, and

° Identification of requirements for new and approved
technology.

An additional function of the MBTA pilot study has been to

identify gaps in the methodology for assessment of rail system
noise climates and current abatement technology. It is hoped that






this report will serve as a focus for constructive criticism and
recommendations for improvement of the assessment methodology.

In addition to the authors, the following individuals of
the Noise Abatement Group, Transportation Systems Center, con-
tributed to the data in this report: E. J. Rickley, R. W. Quinn,
and N Sussan. Dr. H. Weinstock offered numerous suggestions which
substantially contributed to the formulation of the methodology
described in Section 3. The efforts of F.J. Rutyna of the TSC
Urban Rail Program Office, in coordinating the activities of the
Noise Abatement Program (UM304) are also acknowledged.
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1. SUMMARY

Noise generated by urban rail rapid transit systems is be-
coming increasingly less acceptable as the public demands higher
standards of environmental quality. As noise abatement emerges
as an issue, a number of engineering as well as socio-economic
and political questions become relevant. This report is primarily
concerned with the engineering aspects of noise (Questions (1) -
(4) below) but also considers some of the socio-economic aspects
involved (Questions (4) and (5)). Question (6) below is not ad-
dressed in this report. It is posed, however, in order to empha-
size the importance of, as well as some of the constraint on,
Question (5) - desirable or required noise goals.

The following questions are consider relevant:

(1) How much noise are different individuals patrons, em-
ployees, neighbors) exposed to in and around each rapid

transit system?

(2) What noise sources and propagation paths are responsible

for the noise climates?

(3) What noise abatement techniques and components are pre-

sently available?

(4) What are the capital and maintenance costs of noise
abatement as a function of abatement goals and what is

the minimum cost for a given goal?

(5) What noise limits and associated abatement goals are de-

sirable or might be required by new regulations?

(6) Who should initiate noise abatement, what implementation
schedule is appropriate and who should bear the cost?

Questions (1) to (4), dealing with noise exposure, sources, avail-
able abatement techniques and cost, are straightforward engineer-
ing questions with straightforward engineering answers. No insti-
tutional issues are involved and the uncertainity of the results
may be made arbitrarily small, depending on the ‘applied level of
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effort. Questions (5) and (6) dealing with desirable or required
noise limits, and with responsibilities for implementation are
more complex and difficult to answer in view of the socio-economic

issues involved.

Section 4 of this report provides a brief review of material
relevant to the answering of Question (5). This review considers
the work of such agencies as the U.S Environmental Protection
Agency, the U.S. Department of Housing and Urban Development, and
the Institute for Rapid Transit.* Essentially, there are neither
current nor projected laws, regulations or any standards which
set 1limits to the noise generated in and around operational urban
rapid transit systems. Instead, there is a variety of suggestions,
recommendations, and guidelines, available mainly for discretion-

ary compliance.

The answers to questions (1) - (4), presented in Section 2
and Section 3, are believed to be adequate for all engineering

tasks preceeding the implementation stage of noise abatement.

An approach to answering Question (1), noise exposure, is
illustrated in the MBTA example in Section 2. Included in this
Section are descriptions of the general system layout, operational
data, and existing noise climates for all relevant receivers: in-
car riders, people in stations, and the wayside communities. Noise
measurements and other relevant data have been reduced, analysed

and summarized in several tables and charts.

Generally speaking, the following ranges of noise levels
exist:

° In-Car 70 to 95 dBA
o In-Station 80 to 95 dBA

® Wayside (at 50 ft) 80 to 95 dBA

* Gee References 15 - 17, Appendix C.
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The ranges found in the MBTA generally correspond with
typical noise ranges for U.S. rapid transit systems.* Singular-
ities such as wheel squeal may increase the above limits by as
much as 10 dBA.

Section 2 also combines acoustically similar segments of
each rapid transit line into noise control classes. This is the
first step in the methodology developed in this report for deal-
ing with Questions (2) to (4), sources of noise, abatement tech-
niques and cost. The other steps of the methodology, developed
in Section 3 and Appendix A, include:

° Identification of contributions made to each noise class
by each noise source via each major noise path,

° A compilation of rapid transit noise reduction tech-
niques and components; their approximate costs and their

effect on noise sources and paths

) An algorithm for determining the combination of noise
abatement techniques for individual line segments and
rail cars, which will result in meeting a specified
noise abatement goal, at a minimum total cost.

In the pilot application described in this report, this
methodology has been applied to three rapid transit lines of the
MBTA. The detailed results are presented in Section 3 and are
summarized in Figure 1.1. This figure presents the cost (includ-
ing material and labor but not engineering costs.) of abatement
(using least-cost strategies) versus a specified upper limit of
noise on the three MBTA rapid transit lines. Results are given
for each class of receiver individually as well as for all re-
ceivers simultaneously. The sound pressure (noise) measurements
appear in dBA units; a unit compatible with actual human response.

The base costs appearing in Figure 1.1 are necessary for
eliminating the noise singularities (wheel squeal, track geometry

* See Ref 15, Appendix C
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Figure 1.1 Cost of Abating the MBTA Rapid Transit
System to a specified Level (dBA) at
Each Receiver

problems, air brake vents, and noisy doors.) present in the sys-
tem. Figure 1.1 shows abatement costs accelerate very rapidly

as a quieter system is specified primarily because an increasingly
larger fraction of the system requires noise abatement treatment.

Figure 1.2 presents the picture differently. In this plot
costs have been normalized for a unit track length in feet, and
a unit of noise reduction (dBA). The cost, in dollars per foot
of double track per dBA, is seen to be relatively insensitive to
either the specified noise 1limit or to the portion of the system
requiring abatement. Figure 1.2 shows that the normalized abate-
ment cost is approximately  $2.50, $5.00 and $10.00 per linear
foot of double track, per dBA, for noise abatement in car inte-
riors, in the wayside community and in stations respectively.
(These are very rouéh numbers for purposes of engineering esti-
mates. Engineering costs as well as the base costs identified in

Figure 1.1 are excluded.)
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It should be noted that in Figure 1.1 no calculations have
been carried out for abatement below 75 dBA. The reason is that
the effectiveness of the analysis diminishes rapidly below this
level.

Although the specific treatment of problems addressed in
this report is peculiar to the MBTA, the approach is intended to
be general and is applicable to all rapid transit systems. The
primary contribution of this report is thus the methodology for
defining the rapid transit noise climate and obtaining least-cost
abatement Strategies.
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2. MBTA NOISE CLIMATE

2.1 BACKGROUND AND GENERAL DESCRIPTION

The Massachusetts Bay Transit Authority Rail Transit System
comprises three lines, color coded as the Blue Line, the Orange
Line and Red Line. The route structure is shown in Figure 2.1.

The Blue Line is six miles long and has twelve stations.

The first two miles and the first five stations (from Bowdoin to
just beyond Maverick) are underground. The remaining four miles
to the terminus at Wonderland are at grade level. Running time is
eighteen minutes. About 2 1/4 miles at grade level are adjacent
to residential areas. Twenty-four cars of the 75 car fleet are
about 35 years old and are scheduled for replacement within the
next few years. The remaining cars are about 20 years old. None

of the cars is airconditioned.

The Orange Line has 8.5 miles of double track and fifteen
stations. Starting from Everett, the line runs on an elevated
structure for 3.8 miles (five stations) to North Station. From
there it enters a 1.2 mile tunnel with four underground stations
to Essex Station. Beyond, the line emerges and continues on an
elevated structure through six more stations to Forest Hills.
About four miles of the elevated line are adjacent to residences
and commercial buildings. One hundred cars are used for this 1line.
The running time is about 30 minutes.

The Red Line comprises underground and grade level sections.
The original line, referred to as the Ashmont Branch, is 9.0 miles
long with a 25 minute running time covering the 14 stations be-
tween Harvard and Ashmont Stations. Beginning from Harvard Sta-
tion the line runs underground for three stations (2.3 miles) to
Kendall. Charles St. Station and the adjacent track is elevated;
after this, the next five stations to Andrew are underground.
Emerging to grade level after Andrew this line continues through
five stations (3.4 miles) to Ashmont. The new South Shore Exten-
sion covers 6 1/4 miles (3 stations) of grade level track between

2-1
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Andrew and Quincy Center. The Ashmont line has about 1 1/2 miles
of interface with residential neighborhoods while the South Shore
Extension has three miles of residential interface. The line has
a total of 168 cars. Of these, 92 are older cars built in 1963
and called "Bluebirds" by the Authority because of their blue
painted exterior. These run only on the Ashmont branch during
normal operation. The remaining 76 cars were acquired about 1970.
These '"Silverbirds" (so called because of the brushed aluminum
exterior finish) are air conditioned and capable of 80 mph. oper-
ation. Silverbirds ordinarily operate between Harvard and Quincy

Center stations.

Except for the South Shore Extension of the Red Line, most
of the at grade and underground track on the rest of the system
is of jointed rail, wood tie, on stone ballast construction. Most
elevated track is of jointed rail, with wood ties directly attached
to the structual steel frame. The South Shore Extension is en-
tirely of welded rail, concrete tie and stone ballast construction.

2.2 NOISE MEASUREMENT DATA

This study encompassed measurements of in-car, in-station
and nearby community noise. Overal summary data is shown in
Figures 2.6 and 2.7 at the end of this section.

2.2.1 1In-Car Noise

Continuous recordings of the in-car noise levels were made

for one round trip on each rapid transit line.

Figure 2.2 shows a sample time history of the dBA noise
levels experienced by the rider on the train both in and between
stations. It can be seen that as the train leaves the station and
accelerates, the noise level increases. The level reaches a rela-
tively constant 'plateau'" while the vehicle maintains a constant
speed and finally decreases as the train pulls into the next sta-

tion.

2-3
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The recorded data for each line have been divided into a
series of plateau values for the rides between stations. In cases
where the ride between stations included more than one type of
line construction; e.g., tunnel and at-grade, a plateau level for
each segment is given. The results are shown in Table 2-1 and
are further summarized in Figure 2.7 at the end of this section.
Figure 2.7 also defines the track sections of Table 2-1 which
groups lengths of track having similar noise sources, paths and
levels and gives the total track length in each category.

Since certain combinations of noise sources and paths con-
tribute to the noise at a given receiver, it is useful and con-
venient to define scenarios, which are specific, often-occuring
combinations. The noise level at each receiver depends on many
factors, e.g., vehicle type and speed, track type, (jointed or
welded, tie on ballast or direct fixation to concrete invert)
and track construction (subway, at-grade, or elevated). At any
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location along the track the noise level at a given receiver is

a combination of noise from several sources transmitted via sever-
al paths. For this report sections of track with acoustically
similar characteristics were grouped together into noise classes
on the‘basis of a) recorded noise data, b) notes taken on a rapid
transit line including truck construction, rail condition, grade
and curve, station construction, etc, and c) engineering drawings.
For each noise class, a scenario was defined which identified the
contribution of each source-path combination to the overall noise
level at each receiver. Ideally, diagnostic experiments should

be performed to quantify the primary source-path contributions.
For this report, however, diagnostic data from previous field
studies (BART, Toronto, etc.) weTre used in conjunction with the
data indicated above to formulate the scenarios. Although this 1is
adequate for the first order estimate obtained in this study, the
more important details of the scenarios should be verified through
experiments before the engineering of actual noise abatement is

carried out.

Definitions of scenarious used for the MBTA cost abatement
analysis are given in Appendix B. Table 2-2 shows a sample sce-
nario for in-car noise and is representative of other types of
scenarios prepared for in-station and wayside noise analyses.

The information presented in the figures and tables refer-
enced above does not include noise singularities such as wheel
squeal or excessive hunting. This data is summarized in Figure 2.3
which indicates the squeal, hunting and underpass locations; in
addition, the average of the peak dBA levels for two passes 1is

given at each of these locations.

2.2.2 Station Noise

Platform noise level measurements were made in eighteen of
the forty-four stations of the three rapid transit lines. In
some cases continuous recordings were made and in others a series
of rapid hand held meter readings were obtained. The microphone
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or meter was placed about ten feet back from the platform edge at
a typical waiting location. 1In the absence of any train, waiting
patrons hear ambient noise due to station machinery and, if the
station is above ground, from traffic and aircraft. As a train
arrives the awaiting patrons hear mostly low frequency noise. Usu-
ally the noise level reaches a peak in about six to eight seconds
and drops rapidly during the next several seconds to a rough noise
plateau as the train stops. Frequently, the mechanical tread-
braking produces a short screech prior to the stop. In the worst
cases, the following effects then occur in rapid succession:

(1) door slam; (2) brake air release hiss; (3) auxiliary equip-
ment such as ventilation and motor-generators produce a steady
noise. As the train departs another sequence of door slam and
brake hiss noises occur followed by the low frequency rumble of
the departing train., Figure 2.4 is an example of the above se-
quence of noise events.
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—— TIME

Figure 2.4 Sample Time History of In-Station Platform
Noise Levels (dBA)
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While it is recognized that rapidity of brake air releases
and door operation can startle or annoy patrons in the station,
a quantification of such annoyance is not within the scope of the

present effort,

The average of the arriving and departing peaks in the A-
weighted sound levels was chosen as a simple measure of the
severity of noise in stations. This data is shown on the picto-
rail summaries, Figure 2.7 at the end of this section.

For unmeasured stations, noise levels were estimated from
measurements on similarly constructed stations on the same line.
Table 2-3 lists noise levels, measured or estimated, for all sta-

tions in the system.

2.2.3 Community Noise

Eleven sites were selected for community noise measurements.
The sites were chosen from informal complaint data obtained from
discussions with MBTA, and from study of the proximity of the
right-of-way to neighboring residential, commercial, and indus-

trial communities.

In the absence of any rapid transit trains an observer at a
wayside site is exposed to an ambient noise level generally due
to motor vehicles, aircraft, children playing, wind, and indus-
trial noise. As the train approaches, passes, and recedes from
the observation point, the A-weighted sound pressure level rises
to a maximum, then falls back to ambient. Figure 2.5 shows a
sample time history of A-weighted sound pressure level at a meas-
urement site during the pass-by of two 2-car trains. Depending
on the specifics of the situation, the noise may comprise roar,
multiple impacts (from joints or wheel flats), or squeal.

At each site, the sound pressure level of several trains
was measured in an open area at the same distance from the track
as typical wayside structures. The data shown are averages of the

measured maximum levels.
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TABLE 2-3 (2 of 2) TRACK CONFIGURATIONS
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Figure 2.5 Sample Time History of Wayside
Noise Levels (dBA) - Pass-By
of Two Car Trains

The relationship of these data to the wayside communities
can be seen in the overall pictorial summaries, Figure 2.7, at the
end of this section. This figure shows schematically the meas-
ured levels and the approximate distance to the nearest wayside
structure (residential or commercial/industrial). Isolated struc-
tures deviating from the general pattern of a community are not
shown.

The sound pressure level at the nearest wayside structures
due to the pass-by of a typical train varies with location along
a line (due to changes in roadbed and operating speed). The level
also varies with distance from the right-of-way due to geometri-
cal spreading of the acoustic energy from the train. These effects
can be incorporated approximately in estimating noise levels at
sites,
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Each between-station length of the right-of-way adjacent to
residential communities has been divided into one or more segments
according to the typical distance to the nearest residences. These
segments are labelled on Figure 2.7. Estimated wayside levels
maximum pass-by A-weighted sound pressure levels) were determined
for each segment by correcting one or more of the wayside site
measurements for geometrical spreading. Spreading was calculated
by modeling the train as a 300 foot long incoherent line source.

Table 2-4 lists the pass-by noise levels thus obtained for
segments of the right-of-way adjacent to residences. The secenario

numbers in the table refer to scenarios defined in Appendix B.
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Figure 2.6 Summary of MBTA Noise Status
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3. ASSESSMENT OF ABATEMENT OPTIONS AND COST/ABATEMENT
ANALYSIS

3.1 METHODOLOGY

3.1.1 Introduction

A simplified methodology has been developed for a first
order analysis of noise levels, sources, paths, abatement tech-
niques, and abatement costs. This leads to a first order assess-
ment of abatement options.- The assessment methodology could be
applied generally to any rapid transit property. However, in
this report a pilot application is made to MBTA.

Many diverse factors affect the noise climate and control
in urban rapid rail systems. These factors include the design
and age of the track, the design and age of the car, type of
community, type of station, operation speeds, wheel conditions,

etc.

The approach to the derivation of abatement/cost require-
ments is as follows. From measurements, under various conditions,
estimates are made of the most important sources and paths and of
the contribution to the total noise level associated with the
specific source-path. Then, attacking the worst offenders first,
the proper abatement technique is selected. This strategy keeps
the work within limits by breaking down the total line into seg-
ments of similar noise level, track type, etc. and treats entire

sections at a time.

The methodology is presented briefly here, and in more
detail in Appendix B. The clerical tasks required to execute the
methodology may be programmed for a digital computer in a direct
manner. The summary of the methodology, given immediately below,

serves as a synopsis for the remainder of Section 3.1.
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COST/ABATEMENT METHODOLOGY SUMMARY

1. Measure or estimate the overall level and the contri-
bution of each rapid transit source to the noise at

the receivers.

2. Identify each path and estimate the relative contribu-
tion to total level transmitted by each path.

3. For estimating purposes, group together similar segments
of the system right-of-way (similar in source and

path contributions to typical receivers).

4., Calculate the new overall levels for each group based
on attenuating one or more sources or paths by various

combinations of noise control techniques.

5. Calculate cost estimates for each combination of tech-

niques applied to the groups of segments.

6. Calculate total system cost to achieve each of several
reduced levels of noise at the receiver locations,

using the lowest-cost combinations of techniques.

3.1.2 Noise Sources, Paths, and Receivers in Rapid Transit Systems

As is usual in noise control, it is simplest to deal with
rapid transit noise control problems when the acoustics is divided
into noise source, propagation path, and receiver. Important
sources, paths, and receivers for rapid transit systems are listed
in Table 3-1. For each of the sources and paths listed, there
are one or more techniques which, if applied to the single source -
path combination would result in a reduction in the noise at the
receiver. With multiple sources and paths operating, the reduc-
tion of noise from a single source (or path) will have significant
effect (on the sound pressure level) only if that source (or path)
strongly dominates the others. For example, this is generally
the case for wheel squeal. This noise can dominate other sources
by as much as 20 dBA. Squeal, however, is an exception in this
regard. It is more typical of rapid transit noise for several

3-2:
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sources or paths to contribute more-or-less equally. So ih gen-
eral, it is necessary to control the noise from each of several
sources transmitted along several paths to several receivers.

The total sound pressure level at the receiver must then be cal-

culated from the sum of the source-path contributions.

Strictly speaking the sound power, frequency content, and
jirectivity of each source is a continuously varying function of
train speed and location along the track. Propagation paths, too,
vary with location along the track. The system is therefore di-
vided into a number of segments, the fundamental assumption being
that sources, paths, and receivers can be approximated by some
average values over the segment. For each rapid transit line
this means, essentially, that the overall noise control problem
is posed as a collection of independently posed segment-problems
whose solutions cannot be determined independently because any
noise control methods applied to the railcars will affect all

track sections.

3.1.3 Noise Control Techniques

In general, abatement techniques which directly effect a
noise source will result in equal attenuation of the noise levels
due to that source at each receiver. However, noise path control
techniques do not necessarily result in equal abatement for each
receiver. Reflective wayside barriers, for example, can reduce

community noise but may increase noise levels in the car.

Table 3-2 presents a summary of the source or path attenua-
tion which can be expected in applying known noise control tech-
niques to rapid transit systems. Each attenuation applies only
to the sources and paths designated, when existing in isolation,
so in the general case they would not correspond to the overall
reduction at a receiver when several sources orT paths contribute.

This point must be clearly understood if misuse of Table 3-2 is

to be avoided.

3-4




i

o




SUOTSNTOUO0D

SNosUOL1a 03 PEST PINOD SPOY3Iaw 18Yy3o uy asn -3zoder sty3
UT P9qIIDSop POYISW Y3 UT 9Sn ‘10 pPauBTsop ST S[QeL STYL :31O0Ns

u uotstndoid pue
T199ymM jo adeiaae
3o BuTAT®Y/VEPE

eastoN uotrsindoid
(xeoy pue 3dedug)
$92IN0S 9STON TTI®Y/To9YM

a33dS 9TDIHIA ToNATd

vep S 9sSTON
suloqaty uotrsindoad j LierTixny UOTIBTOS] [BOT3ISNOdYy )
vap 0t 9sTOU 3uloq dIn3dnIlg uorsuadsng aldtTysap paaoxaduy °f
*bg LxerrIXny
veap 01 9sTOU 2uI0q IIN3IONIIS JO UOT3IB[OS] UOT3IBIQIA T
vep 0T asTou waisfs uotrsyndoad udtsaq 1esn/1030K poroxdur ‘y
vep S 9STOU auloq 31NidNIg Sutrdweg taued [1eM ie) 3
vgp v4 SSOT UOTSSTWSUB1} Apoq 18D TTEISAQ smoputy aued-aiqnoq '3
vep ST seyelq wox3 BurilusA Ity SISTIINW JUdp 9Yelg ITYy °9d
udrsag
vep 0T uotr3leiado 100p WOIF 9STOU [BOTUBYIAN wstueydap l10oq poroxduy -p
SIBTJ SOIBUTUITS ssauydnol wopuel § SIBTF TO9YM ST9ayy panil 'd
s8utuadp
vep 0T SSOT UOISSTWSUeI3 Apoq IED [[BI3AD Ie) 3o 3urieas [eOIISnOdYy ‘q
vep S 1BD UT TAAST 3UBIIQIIAdY uoridiosqy J1e) I0TI93U] “‘E
*4dVD MAN
siossaxdwod ItE SYITIINK
vep ST 9YeBlq WO1J ITe JO 3uTIUdA INFA IIVIL ¥IV
uotrierado 1o0p sdueuajutew pue Jredaz
vdp 01 WOlJ 3STOU [BOTUBYIIN -WSINVHOIW 400d
vap (-§ (ssauydnol [9sym wopuel 03 anp) leoy

2IN0S S93BUTWITY

(s3elF T199ym o3 onp) 3oedug

ONIMYL TAIHM

vap 01 SSOT UOTSSTusuel; Apoq 1ed laddp (SUTUTT 290p UOTIEBTTIUAA

vep s SSOT UOTSSTWSUBI} APoq 1B I3MOT ‘sTeas 1o0p pasoidur)
dvD 40 ONITVES JILSNOOV

vdp ¢ 18D UT T9AS] IUBISQIIAIY NOILdYOSHdY ¥VD HOIYTINI

VP 7 (s3eT3 _Teaym y sjutof o3 anp) 3oedm]

ViP 2 (ssauydnox TTel § [93ym 03 SnNp) IvOY STITHM INFITISTH

3InoS S93lBUTWITY

Teenbg Tasym

vep 1

vep 1
10§ S93BUTWITT

(s3e1F 1o9ym § sijurofl o3 snp) 3oedug
(ssauydno1 [TEl § I93ym 03 Inp) JIeOY
Teanbg TaayM

STIIHM QIdWVQ

-Nd1l0d NOILDNAIA

q912344V HLVd ¥0 ID2dN0S FSION

ANDINHOIL INAWALVEV

¢ J74vV.L




[




$NOAUOIId 03 |
UT pPoqridsap

SUON SUoN (estou uotrsindoid pue os
{Tei1 T99ym jo 98eiaae (18
peads 3o 8Butarey/vdpe §821n0g as

vdap S
suxoqaty uotrsindo
vap 01 astou 3
yap 0t asToUu 3
AOQE SE JUES vep 0T asTou w3l
pue > sSuWalT 1e2/000°0S¢$ vap S astou o
9JUBUIJUTEY vap z SSOT uorsstusueli Ap
vdap ST sayei1q uwo
vap 01 uotrjerado 100p WO} IS
( )Vgp [-S ‘S3BT} S93IBUTWITS ssauydnol wopuel
Véb. 01 SSOT uotrsstusuell Ap
veap S 182 UT T9A
SuoN 182/0S5$ s
veP ST 3jel1q woljy

(e31BUT3S3) (93ewr3sa-

18ak/182/0¢$ 18D/S100Pp 9 X 100P/00T$ WOIT 95
vap L-$S (ssauydnol Teaym wopue

$3195 [99ym p
S To9ym/sz$)

(sutyoew Surnii [IdYm 3O
UOTIBITEBISUT § aseydand)

951N0S S$91BUTWITT

(s3e1¥ 189ym O3

Suo 1B3/001§ 000°052%

vap 01 $SOT UOTISSTWSURI}

183u paunssy (aizg}ggzi vEP § $SOT UOTSSTUSURI}
(eaie Suiried 10

18au paunssy | 10013 - .33 00§ X ,'33/2%) vap ¢ 1ED UT T9AS]
1£3/000T$

STa9YM (ST95ym Mau vap 2 (s3e1F To9ym § s3jutof

1994 103 1e9YM/00S$) VEP 7 (ssouysnox Trex § T3y

Uels se auWes

1e2/000%$

951N0S§ S93IBUTUIT

Teonbg [39ynm

*ST99UM
ue3s SEB JWES

(1esym Buristxe o031 Futrduep
Burppe 103 139Ym/001$)
1e3/008$

vap 1

vap 1
901N0S SIIBUTUITT

(sie13 _1o9ym § saurof
(ssauy8nox T1El § T83Y
Teanbg T1aoyM

FONYNILNIVKH

1S00 TVILINI

» TVIINILOd NOILONQIY

@31234dvV HLvd ¥0 ID

INIWIVTIL ¥4vD - SANDINHDEAL
INTWIIVEY SION LISNVIL aIdvd (z 3o 1) 2Z-¢£ 914Vl






9-£/5-¢

YOBI13 O sayd3ails 3ioys uo TeO13Idexd aq ATuo Ley (e auoN
*sTeaymM ani3 BurureEjUTEBW JO 3ITNSSI Iyl IO0F
3deoxa [TBWS ST STAAS] 9sSTOU IPISABM UO 32333F (q SA0QEB SEB JUES
"IED UT P PUB D Swall
vaP S, ¥0 3tury iaddn ue aaatyde 03 9IqE aq prnoys (e 10F 9DUBUIIUTER
SuoN
(s3'UWT1S3)
uorieiado 100p AsTOuU Jo sosned olur uorieStisaAur ssirnbay (e 1e9K/1Bd/0¢$
sTaaym 3JO 9FTT saseaadul (q (1ed/s319s Taoym ¢
STTEI UO IB9M adnpaxl ue) (e X 193s T93Yym/sz$)
1894 /95U0 1BD/001¢
*1ed ,,Butryess, 103 [ETIA3BU
Pue poylaw 1saq au;m1;3ap 03 ﬁapaau SButisay (e °1q1317135u paunssy
uotiedridde jo poyisw pue TEBTJIIIBU SSOOYD O3 PIPad U $3S93 PIITWIT (O
12TP Y3tM padBoro sawodaq
TeTlsjBu JT 93eI0TI239p ABW JUAWILIIT FO SSAUIATINAIIT (q 91qr81183u poaunssy | 100
watqoad ® aq Aew wustiEpuep (®
arqelteae sulisap [eiaAss (P
(uotriedtiseAur sposu) uoriedniiod [TeI 03 33nqrijuod Aey (o —
POUWTEBID Peall [93Yym JO ieam ssaT (q prepueis se amg
Sutieayiaao Aq padewep aq ue) (e S
*arqerreae sudtsap [eiaads (p
Suryelq peaxl Surinp s359339 [eRwWIayl OIUT papaoau uoriedrisasaur (o sTooUM (1
s79aym Jo uoi3dadsur [enstA juaasid prnod juduiear] (q B BoiIE setamz
Butpuoq wia3y Suor yitm wotqoxrd aq Aew (e PIEP S

SHYVHIY

LS00 FONVNIINIVH

LNTIWd






woxjyield 911soddp o3 uotrieIpPEY 129a1Q
) UOT1BIS UT T9AIT JUBIIQIIAIY

SAOVYL
NIIMLIg SYIIYYvd IAILdYOSEY °?
LYIANT JLFYONOD P
W40d4LVId-¥aaNn °2

*NOIldyOSEyY
UOT3BIS UT [SAST IUBISQIIASY SN?%}XQ .g
INTIWLVIUL NOILVLS
13 YITM
auUNsse)
(a 8 ®) Hi0® >
189 LYIANI FIIYONOD °q
9PISINQ TIAIT IUBISQIIAIY STIVM 3dIs  “®
: STANNAL NI INIWIVIYL FTAILJHOSHY
§91N3dNl1lg pareastd STANLIMILS qILVATTI
woly uorierpey AIepuodas T331LS 40 ONIdWVQ
JAILdYO0SEY
A3TUNUUWO) 03 UOTIBIPEY ID911( JATLdYOSHY-NON
$SYIIdve
SUTIBIATA OutqTIOs QIINOK ATINAITISZH
S9IN3IONIIS PIIBASIY
woly UoT3BIPEY AIBPUODAS SYINTLSVE TIVY INIITISIH
SUOTIBIQIA SUIOQITIOS
3103wo) opTY 40 INIWLISNrav
Teanbg 1aaypm NOILVOIY¥ENT TIVY
SUOTIBIQTIA SUIOQTTI0S
110)) 8 DNIANIY¥D TIVY
M3N) 2 (ssauydnoy 11EY 03 °ng) 1BOY
sjutor TIeY 3e 3dedug (sautof £xods-paitoq)
SINIOL a3AO¥dWI
BUTUITY sjutor t1iey 3e 3oedug TIVY q3qaTIm
8| @31d3944v HIVd 40 IXINOS FSION INDINHDIL INIWILVEV







vap 91-z1
vdap S
VEP L-S
vdp ¢
- (,33/5% ¥BTY.S)"33/528 VP S
z Sydei3 7 ‘9pPTM Z/T.¢) '33/81$ vep L
a1qT3TT30N 8 (suiozaerd z ‘4BTy,p) ‘33/9T§
. (st1eM z ‘yB1y,8) *33/49$ (swio33lerd usemiaq sydell yitm
7 13/9§ (ep1M ,0p) "33/091% UOTIBIN3TIUOD UOT1IBIS SOUNSSE)
*33/0S$ vap Z21-01
21q18T T8N (7°33/28) .iifggg LGt
SITes z uo yB81y "33 g W PIPIATPU)
(strem ¢ uo y8ty 33 p :TaUURL PAPTIATIQ)
(po3eurisa)
SHoN 33/001$ vEP 21-8
a1q181138N (7'33/5$) 33/001$ VEP 9T-Z1
a1q131183N {ZJJ/V$) *33/08% VP ¥1-0T1
(yoe11 °TqQnOP/s13TIiEq 3F § p)
(a3eutTySs) veP 0Z-ST1
Suoy "33/00¢$
(10qet1 *313/4¢ ‘Burdeds veP 01
8UON 132 ‘19u9ise3/z$)
"13/8¢ vepP §
(1eal/3ou0) (e3EUTS)  BgP §
1894/°313/28
21q18113889 sunss (93BUL153) vew st
tq18118eN P v SAIN/0007$
(1eod/saury ¢ X vap
O8I 7 X YOBII/33/S7$) (1Tey paieSniz0)) g
1eak/*13/78 (rTey MaN) z
suoN (3utol/0s$) vep §
"313/5%
ydBJI3_31qnop 3 utof
suoN (., Sstrex g ¥ Tﬁféfﬁ% X 0s2$)
92IN0S S8IBUTWTITY
‘3¥/52%
(1004 MOVY1 474n0d ¥Id) (Lood XDOWML 9474004 ¥dd) TVILNILOd NOILDNAIy
LS00 FONVNILNIVKW 1S0D2 TVILINI

INFWIVEYL INIT - SANDINHDFL
LNGWILVEY FSION LISNVYL dIdV¥ (z 30 z) 2z-¢ dT4vVL






g8-¢/L-¢

ws1qoxd ® 3q AeW SUOTIEIS UL IITP puUE WST[EpUBA 'O 233
. *S$YJBI3 UIIMIAQ SOTT wiojrerd usym a1q181180N Z$
SAT3ID9339 10w ST STTBM UO jusuwiesrl aaridiosqy °q S
‘uotrjean3TyuU0d UOoTIElSs uodn AIqEISPISUOD .
spuedap sjuauwlesrl uorieis jo Teriuszod uoTiocnNpey ‘e Z
81QT3ISNquod-uou pue
IUBISTSSI 133eM 2q pInoys juauieasl aaridiosqy ‘e a1qr811380N
STIEM 7
(strEm ¢
sinidoniys i1d3uepus Aew 3y3tom peppy ‘® auoN
*3I1N3ONIYS 3YI WOIF UOTIBIPEBI AIBPUOISS
Y3 98dNpPal 30U Op S3INJIONIIS PIIBAS[S UO SIdTIIeg 'O
a1qrssod
SE® YOBI] 01 3SOID se padeld o&q prnoys siaTrieg °‘q a1qi31 180N
VAP S-¢ £q 18D 8Yy3 aprsino a1qr3118aN
UOTIBISQISAIL 9SEBAIDUT S13TJieq aaridiosqe-uoN *
pa3daezxad 3ureq TT113S st sqels ,Surieor3,, 3o uB1seaq
*SUOTIBIQTIA dUI0qQTTOS suo
103 juduwlesrl [erdads Burirnbaa suotriesoy 3 pasn ‘e N
*3IS9AUT 3391DU0D 03
UOTIEBXTF 3ID3ITP 10 SSTI 23910U0d YITm Artieutad as *® SuoN
*satl Burde(dsl pue 3Se[leq SuUIpeiddn se yons aoUE
-UsjuTeW psqpeOl PIEPUBIS YITM POUTqWOD &¢ pPINOys *q (1894 /8du0)
‘SSAIND U0 Al3sow paWIoFIad ‘e 1834/°33/2%
*waIsLs
91T3us 13A0 uorledtaqny [tes L1ddns sarizedord swog >
Pa3lIndd0 sAey uor3deil SUTYEIQ JO SSOT YITM SWITqoId °q
‘POSN US3q aAeYy s3juediiqny AIp pue 1am yiog
PIQEBITEAB 918 SaWAYDS UOTIBROTIQNT JO sadL3 snorsuny ‘e 31q131130N paunssy
1M (1ead/souty ¢ x
SATSS3JXd 03 3anp TIBX JO 931 9SeaIdap 3Jou s3og ‘e $)ydoea3l 7 X YO®I3/'13/SZ°%)
1834/°313/78
walsds yitm
STqT3edwoduUT ST [IBI Pap[aM I3ASISYM pPasn aq ue) ‘e auoN
S3AIND SNIPEBI [TBUS UO PasSn 3JON °d
*$81N315NJX1S pa3
2A9T3 BUTISTXd Y3t s1qriedwodur aq Aew TTIBX PIpPIsM °q duoN
*sjutof 3e sdip
PIOAB 03 19p10 UT 3uop AT313dx3a aq 1snuw spIom pIatd ‘e

SHYVWIY

(1004 ¥Ovdl 3T9nod ¥3d)
1S0D FONVNIINIVKW

INIWTL






- -m

BPs e

e NS

b

Included in Table 3-2 are the approximate (or estimated)

costs of implementing each noise control technique. This is di-
vided into the initial cost and the maintenance costs per year.
The total dollar costs for a given technique for the MBTA example
were calculated simply as the sum of the initial cost plus mainte-
nance costs for ten years. The accuracy of the estimated values
probably does not warrent more elaborate costing methods at this
time. Only materials and labor costs are included in the estimate.

Engineering services and overhead are not included.

3.1.4 Cost and Noise Reduction Estimates

Table 3.2 is also used in conjunction with scenarios to
calculate the noise reduction and cost of combinations of abate-

ment techniques.
The method is as follows:

1. Compute the noise reduction potential of individual
and combinations of abatement techniques applied to a

given scenario.

2. Compute the cost for the technique combinations which
result in the desired degree of abatement.

3. Choose the technique which results in the minimum
cost. Where simultaneous abatement of several scenarios
is required, a trade-off must be made between car and
track oriented abatement techniques.

3.2 MBTA COST/ABATEMENT OPTIONS

The present overall MBTA noise climate is summarized in
different ways in Figure 2.6 and 2.7; Tables 2-1, 2-3, and 2-4
provide further detail backup. A variety of strategies could be
followed to develop an efficient way of allocating resources for
noise reduction. For example improvements could be made only at
Eomplaint locations; or uniform improvements could be made on all
rights of way not scheduled for abandonment within ten years.

3-9
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COST NOISE ABATEMENT

INE - INDEPENDENT
TATION COMMUNITY
TOTAL NORMALIZED SCENARIO # ABATEMENT TOTAL NORMALIZED
S COST COST (b) TECHNIQUES COST COST
($K) ($/dBA(a)) ($K) ($/dBA(a))
20 6.8 - - NONE -
C1 Weld Rail
127 6.6 CS Resilient 94 4.6
Rail
Fasteners
C1 Barriers (Non-
Absorptive)
C2, C5 Weld Rail
C5 Resilient Rail
Fasteners
443 8.9 448 2.7
1s c7, C8 True Wheels
(Silver Birds
tform Only)
ls
C1 Improve Joints
C3, C5 Weld Rail
957 12.5
cs8 Grind Rail,
True Wheels
ls (Silver Birds
Only) 1851 5.7
tform
C5 Resilient Rail
Fasteners
tment
Cl, Cz2 Barriers (Non-
reat- c5, C7 Absorptive)
(of
'S

» for elimination of noise singularities

dentification of the track segments and

lained in Section 3.2.
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TABLE 3-5

ABATEMENT TECHNIQUES AND COSTS

RESULTING IN EQUAL NOISE LEVELS

AT EACH RECEIVER

el B SEan =
H
| T
M~ quy ! 0wl ARATIMENT AEN Y] SCINARIR \ L] SEERATT | |
(AN A i Bk IFENNHYITS (ST (Sh) e qby | 1] LI J
- . - i , | [
a0 (1 Seal tar 3 Resiirert 14 51
{ Fastencrs 5 -
| | lasterers !
] 1 ' 1
| i Seal Car, b Seal Car= |
¥ L 89 Interior Car RZ, 4 weld Ral
| ! Ahsorption 1 1o ST,
1 2§ S3 weld Rats
3 C1, 083, 358 | r2 Grind Rail 221 s, St 23
S3, 4 held Rail S2 S3 Resilient
S, 83y Resilient (W Resilient Fasteners
Sd Tasteners Fastencrs (e
Sy 83 Under Plat Sl Barriers‘¢’ |
lorm Treat
R1, €2, LRz, Ca, R, P, Seal (ars
25 53, | CS, S5, R3S Interior
51, e | so, Sift Car Absorp |
st Weld Rail 511 weld Rail I tier |
| ciy s |
Ry Seal Cars, R™ Improve Sly S2, weld Rarl
R3, RS Interiot R R2 Joints S3, s@
Car Absorp F -
tion 984 IF Seal (ars 1080 C5, S1, !} Resiliert e
R c:oos: |C4, cs S34 53 | Fasteners o
ozt HaS S mSEn | Resilicnt 5
: SiwsE re) S10. 511 | Fasteners e 5140
i Lo Barriers = ; i E&i St Barraers 1
| si,o€f, | a1, sie | rind Ral s=, 86 | crand Rav: |
| | S1. §e, Resilient 55, S9, Barriers'™” | %, <2 ! Under P
) | &= Fasteners , 81 True Wheele | ;;‘ T | fér;'T;;
E b g2y <3 Under Plat- ' | i True hhe
| forn Treat ! | |
4 Crand Rails | !
iy ~° hail Treat I
| .
| E— N | :
RI, R°, R2, RS, | i
c1, €5 cs, CS . B
¥eld Rail S5, sg' s1, s:, Weld wail i
$10, S11, Weld Rail 83, 59 i
5 gif’ 513, R3, RE Improve Joints |
Improve Joints i
. R2-R6 Seal Cars !
2
R3 Imp. Joints 2166 R® ’ et |
Grand Rail R2, R3 Seal Cars Car Absorp- i
R4, R7 Interior tion
Seal Car : 4 |
Intericr' R8 E?;nAbsorp- c8, S3,
Car AbsoTp- - . s7, S8 Grind Rails !
c g | o pen, & s | pesinien |
. i
S;‘ gg' 510-514 Fasteners 83, S Fasteners |
: 2 : . c1, C2
56 Barriers ce Resilient cs) C7: Barriers
52, S3, cs, si,
84, S6, Resilient C4, 55, 52, S9 !
7 Fasteners 5n 59, S11 3
2203 B . . 51-53, Under Plat- - '
2§ 155 Under Plat: s12 Banmiers §?-59 form Treat 3 |
sS4 form Treat. §5, §% Under Plat- : |
sz, s3 Wall Treat 511 ! form Treat. $1, S2 Wall Treat [
. i True Wheels S1 Veiling Treat. |
s3 Ceiling Treat. True Wkheels
True Wheels }
FOOTNOTES: (a) The base costs defined 1n Table 3.3 have not been included here
(b} Refer to Tables 2.1 and 2.4 for the track segments covered by

(c)

the rider and community scenarios, respectively. The stations
covered by the Station scenarios are given in Table 2.3 for the
Blue, Orange and Red Lines respectively.

All station barriers are absorptive; all wayside barriers are
non-absorptive.
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track segment should be counted no more than once. This has been
taken into account in Table 3.5 by subtracting any duplicate costs
from the simple cost sum. Second, combining the techniques for the
rider with those for the community will often reduce levels for
bcth below the target level. This has not been taken into account;

the effect probably does not exceed 5 dBA anywhere.
Normalized cost (Cn) is defined by the equation
total cost to abate to X

C_(X) = A
n ZLSRS

where X is the level abated to, s is the segment (or station)
number, Rg is the reduction in dBA calculated for segment (or
station) s, and Ls is the length of the segment (or station) in
feet. This measure of cost was developed in this study in antici-
pation of two future needs. The first need is for simple rule-
of-thumb cost estimates for a wide variety of rapid transit noise
control opportunities. Suppose the normalized cost were shown to
be relatively insensitive to line length, amount of attenuation
desired, age of line, and equipment, and so on. Then some average

value, say Ch, ought to be applicable to other systems directly:

CO = (SLROT,,
S

where C(X) is the total cost to abate to some desired level.
Figure 3.1 shows the normalized cost figures for the three MBTA
lines over a 20 dBA range of abatement. About 75 percent of the
data points lie between normalized costs of 2 to 10 $/FT/dBA.
These values might then be used to determine upper and lower
bound estimates on costs for abating other systems, at least for
gross approximation. It should be noted that engineering costs
are excluded as well as the base costs identified in Figure 1-1.
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RECEIVER
STATION | COMMUNITY
LINE RIDER
50— BLUE ® 0 O
" ORANGE A VAN
RED B ] .
£ 20
-~
e APPROXIMATE NORMALIZLD
oy B COST*
10 R A é O STATION ($10/FT-dBA)
5 0]
[7p]
8 D D [§] ,:-.\,
2 g = e COMMUNITY ($5/FT-dBA)
~ ) A
— L)
=] A
£ 5 | ° A °
g ° {3 RIDER ($2.50/FT-dBA)
2 = 2 ‘
- .
1 fm
*The normalized cost is defined
in Section 3. It does not include
the base costs identified in Table 3.3,
5 | | I 1

90 85 80 75

MAXIMUM DESIRED SOUND PRESSURE LEVEL (dBA)

Figure 3.1 Dependence of Normalized Cost on

Desired Abatement Level

A second use for normalized cost is in assessing the pro-
bable cost-effectiveness of new or improved techniques. New
techniques which promise to have lower normalized costs than
techniques presently available would tend to be most attractive

for development

The two abatement strategies described above have incorpor-
ated some simplifying assumptions in order to arrive at a manage-
The first is that the
noise level of the stations, wayside and car interiors is charac-

able methodology and rules for abatement.

terized in quantitative terms by an "average' of the maximum
values which have greater duration and reproducibility than those
the very short transient effects classified as singularities.
Second, the frequency of exposure of the several classes of

of

receivers to the above average values is not factored into the cost

estimate procedure. Thus the duration of a single noise event,
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its rate of build-up and decrease and the repetition rate are not
quantified in the methodology described. In effect it is assumed
that a wayside resident is just as annoyed by one 90 dBA pass-by
each ten minutes as by one each five minutes, and a rider is af-
fected approximately the same by a ride which exposes kim to 90

dBA between stations for two minutes as he is by a four minute
exposure. Obviously a more refined modcl can attcmpt to include
such additional parameters. However, much more data would be re-
quired for such a model and it is not obvious that conclusions about
noise abatement techniques would result justifying the additional

time and expense of such a detailed study.
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4, HOW MUCH ABATEMENT?

This section provides a brief review of relevant material
concerning Question (5), What noise limits (and the abatement
goals) are desirable or might be required, which was posed in the
first page of Section 1. The reader is referred to Figure 4.1,
which summarizes the MBTA noise status and to Figure 4.2 which
summarizes the cost of abatement versus the desired upper limit
of noise. The question "how much abatement?" appears quite legiti-
mate, in view of the fact that the slopes of the cost curves in
Figure 4.2 are increasing rapidly as the upper noise limit is
lowered. There is relatively little to be said regarding the
desirability of eliminating the noise singularities (wheel squeal,
noisy doors, air brake vents, etc.) present in the system. These
noise singularities are generally considered particularly annoying
and their elimination cost is relatively modest.

Regarding the horizontal scales of Figures 4.1 and 4.2, the
following information is helpful for comparison and orientation
purposes: (a) the sound level of one's own voice as measured at
the ear is in the range of 72 to 82 dBA. Environments where the
sound level is above this are generally considered "noisy". (b)
The average interior noise levels in transportation vehicles are
as follows:*

Passenger Cars 78dBA
Buses 82dBA
Passenger Trains 68 to 70dBA
Commercial Aircraft 82 to 83dBA

For comparison note that the in-car noise of the three MBTA rapid
transit lines was found here in the range 70 to 95dBA, with a gross

average of about 81dBA.

*
See Reference 15, Appendix C






30
FEET 20
OF
TRACK

IN 1000's
( Y10

10
NUMBER
OF
STATIONS 5
0
20
FEET OF TRACK
ADJACENT TO
RESIDENCES 10

(IN 1000's)

ORANGE

BLUE
RED
1 I[fg 1
68-72 73-717 78-82 83-87 88-92 92-97

IN-CAR PLATEAU NOISE LEVELS (dBA)

ORANGE RED

- BL{i
1 | 1 1 |
68-72 73-717 78-82 83-87 88-92 93-97

~ STATION PLATFORM NOISE LEVELS-AVERAGE
"~ OF ENTERING AND DEPARTING PEAKS (dBA)

B ORANGE
BLQE‘ \
; RED
L1 1 | _Jlﬁﬂ"' II 53 M
68-72 73-77 78-82 83-87 88-92 93-97

RESIDENTIAL COMMUNITY NOISE LEVEL-AVERAGE
PEAK PASS-BY LEVEL AT NEAREST RESIDENCE (dBA)

Figure 4-1 Summary of MBTA Noise Status
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10

Note: Curves assume base cost
expenditures above' 90 dBA
necessary for eliminating noise

singularities SYSTI'M

(ALL _
RECEIVIRS)

IN-COMMUNITY

COST OF ABATEMENT ( IN MILLIONS OF §)

IN-CAR
- Base'Costs IN-STATION-
(defined
in Table 3.3)
2 [ —
IN-CAR —
L. IN-COMMUNITY — i
IN-STATION _—
0 I ! 1 1 !
95 90 85 80 75
“®— \Noisier Quieter ———p»

TARGET NOISE LEVEL VALUES (dBA)

Figure 4-2 Cost of Abating the MBTA Rapid Transit System
to a Specified Level (dBA) at each Receiver

(c) Examples of community noise environments are given in Table
4.1.* These are averages of daytime or night-time outdoor noise
levels, in various city locations (e.g., downtown Los Angeles,
tenement in New York, apartments adjacent to freeways, urban shop-
ping centers, etc.). Also given in this table are average noise
levels for various urban and suburban areas. The "residual noise
level" is approximately the level exceeded 90% of the time, while
the "median noise level" is the level exceeded 50% of the time.

(4) An important reference is provided also by the noise levels
measured inside and outside the BART Prototype Car 107. These
levels are summarized in Table 4.2.**

SRS
*5eference 15, Appendix C
Reference 18, Appendix C

4-3






{ousBy UOI130101] [BIUOWUOILAU] SN

spotrad paiedipul Juranp

SanTeA

¢ ,dstoN uo sso18uon puE 3UdpPIs3ald

£{ranoy jo s3TBIDAB ole ®B1E(]

:910N

"7L61 A1enigad

ayi 03 11o0day,, woij ele(

(suotiedoT I1)
TeTIUSPISIY
0s 65 dutsnoj| paydeiad
97 L9 €t 2ott | 03 8¢ v 6°0S 01 py|ueqin pue ueqingng
SL 08 (suot3ed0T t)
0" ¢ ST il §°69 | 03 SS €9 0°¢L 01 ¥9 £311)
(U57) roaa] asTON URTDIN
(suoried0] I1)
[erjuapisay
9t cg| Bursnoy paydeiad
9°¢ 89 1°f g§-6¢ | 03 S¢€ 9't 9°S¥ 01 §¢ |ueqap pue UEQINGNS
69 Li (suotied07 ¥)
1°2 €8 €79 §°09 | ©°3 1S 9 1°69 01 19 £31)
(06-1) {oa07 9STON 1ENPYS2Y
]
4P ap ap (v)ap (v)dp ap (v)dp (v)ap| £z1o0821e) TCIdU3D
55ua13331y | 9ouU219331Q | UotiviASy uealy sduey |uotieradd ueapy sd3uey
jo afcaoaay plepuels STiawyltay plepueis [ oTaouwytly
uoT3eTAd(
1BPUEB1Y
ydty pue 4Aeq (WVLZ-WdOT) (nde-nv L)
uaamloy 2OU2133J1d owt33ydIN aduiaay sutikey oTBIdAY
SYIdy TVILNIAISTH 9ONISNOH dHOVLId ANV
ALID NI STAAIT dSION 400dlNo AWILLHOIN (NV IWILAVA 9OVIIAV 40 NOSIUVdWOD T-tv T4Vl

4-4



S




T:61 ‘sa3erd0Ssy pue Jrayj

‘uosrim ‘,,s1s8) 9StoN /01 1e) ad{i0301y

livd. wolj ejeq

£8 v 8 €8 €8 v8 06 Ld 0§

98 L8 88 L8 88 S6 14 S2Z
HdiW 08 a T@aAa7
9SION J0TJI83XJ

L €L e L SL 8L I INTD

ot 6L 6L 9L 6L ¢8 UN3I-A

9L 08 6L 9L 6L v8 aNd-X
HdW 08 8 T9aa7
9STON J10TJId3U]J

6L 08 6L 6L 6L L8 ld 0§

8 £38 €8 €8 €8 6 14 S¢
ydy 09 2 194917
3STON I0T133X3J

69 0L 69 89 0L SL ddINdD

L €L €L €L SL 08 NI -A

L 9L €L L 9. 08 N3 -X
HdN 09 o 1997
8SION JO0TI33U]

T1ey punoin [TeY rtey TTey punodiy [Tey punoiy ITey plepuels
19914 SSEBIY/M| pPUNOIY | PUNOIG-[33YY [ -10qT] SSBIO/M -[99yM piEpPUBIS | -[99yyn plEpPURIS
19aysm padueq| -1sayy | xo14 E1SNODY | 193yy piepueig
padueqg

LOT ¥VD 1dVd WOYd V4P NI STHAZT ANNOS 40 XAVWKWAS

AOVEL LIDYVL XIL ANV LSVTIVE NO SLSHl 4SION

Z-v d'14dVl

4-5






(e) An additional reference should be noted, namely, the Guide-
lines of the Institute for Rapid Transit for new rapid transit
systems. These noise limit guidelines may be summarized as follows:

Vehicle Interior

In open, at maximum speed 68 to 72dBA
In tunnels, at maximum speed 78dBA

Wayside Noise @ 50 Ft

Two-car train @ 60 m.p.h. 82dBA
Underground Stations 80 to 85dBA
Above Ground Stations 70 to 75 dBA

The message that appears SO far is that the rapid transit
system under consideration here is "noisy" and that the excessive
noise appears to be generally 10 to 15 dBA above the existing or
recommended noise levels of new rapid transit systems. This may
be considered as one possible answer to the question '"how much
abatement?" Other possible answers might be provided by regula-
tions, by standards of acoustical comfort for the rider, or by
criteria for acceptable noise impact to the wayside community.

There are neither current nor projected regulations regard-
ing noise generated in or around rapid transit rail systems. The
only regulation in existence is the Occupational Safety & Health
Act of 1970. This act provides essentially for the protection of
working individuals against noise-induced hearing damage. The
criterion may be stated simply by requiring the sum of relative
exposures, SUM (Cn/Tn), to be lower than one. In the aforemen-
tioned sum, the numerator of each fraction is the total time of
actual exposure to a specified noise level, while the denominator
is the allowed total time of exposure to this level. The maximum

allowed exposure times are given below:
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90 dBA 8 hours daily
92 6 hours
85 4
97 3

100 2

102 1

105 1

110 0

115 0

.5
.0
.5
25 hours or less

A comparison of this criterion with the potential exposure
of employees to MBTA noise, (see Figure 4.1), shows that the cri-
terion is satisfied but only by a relatively narrow margin. In
fact, less permissive criteria, which are presently contemplated,
might not be satisfied in certain cases. This refers naturally
to employees or other individuals exposed to the rapid transit
noise for time intervals much longer than the duration of a ride.
The rider and the wayside community are receiving exposures which
although not significant from the viewpoint of hearing damage,
might cause task interference or outright annoyance.

For the rider a very important instance of interference and
annoyance is the interference with speech communication that re-
sults from noise, especially during the ride. Figure 4.3 sum-
marizes the relation between interfering noise and the possibili-
ties for speech communication as a function of talker-to-listener
distance in feet. It may be seen, for example, that normal speech
communication at distances greater than 2 feet requires the inter-
fering noise level to be lower than about 75 dBA.

The problem considered now is that of community annoyance by
and reaction to the intrusive noise of rapid transit pass-bys.,
There is a large variety of community noise rating schemes in the
literature. Many are specifically concerned with a predominant
source of transportation related noise, but there is no specific
scheme for rating annoyance caused by rapid transit vehicle pass-by
noise. However, the U.S. Environmental Protection Agency has

4-7
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adopted a method for use in its 1972 report to the President and
Congress.* The method under consideration is designated as the
Community Noise Equivalent Level (CNEL). The use of this rating
method should not be interpreted as an endorsement by the U.S.

EPA since neither CNEL nor any other rating method has been suffi-
ciently validated to determine their adequacy in predicting present

and future community reaction to noise.

—» HIGH
=
[
(=]
I

COMMUNICATION
IMPOSSIBLE

1004 =
m -
- il
S o0 .
" - 1]
QO ~ JrLk
Z < 0+ i =
i 80 1 COMMUNICATION
'.LL.]v L DIFFICULT 4
= Jo-HE R _
=
=z " i
60 F 25, COMMUNICATION y
+ . POSSIBLE
= 1 \ReA 0F T |
S 50 ?;l};]\lrl:.\‘ wmig vt Ly
1 SPEICHT COMUNTC A\ . - :
L 3 t H ﬁr jm
T ; A+
4 1!|1|||t[||11|| 11_!1[111: ||||||||
0 5 10 15 20 225 30

TALKER TO LISTENER DISTANCE IN FEET

Figure 4-3 Speech Interference Level

*See Reference 15, Appendix C






This rating, when normalized by a procedure to be described
later in this section, gives a measure of the community reaction
to intrusive noises, regardless of origin. For the specific case
of repeated and frequent noise intrusions encountered in wayside
éommunities, simple and approximate algorithms are available.*

CNEL may be obtained from
CNEL = SENEL + 10 1log N & 49,4 dB

where SENEL is the Single Event Noise Exposure Level and NC is
given by

NC . Nd + 3Ne + 10Nn

NC is the total effective number of train pass-by events.
The three terms in this expression are:

Ny = The number of train pass-by events during the day (0700
to 1900 hrs).

Ne = The number of train pass-by events during the evening
(1900 to 2200 hrs), weighted by a factor of three.

Nn = The number of train pass-by events during the night

(2200 to 0700 hrs), weighted by a factor of 10.

The weighting factors reflect more annoyance during the
evening hours and even more so during the night hours. SENEL is
given approximately by the following algorithm.*

SENEL

NL_ .. * 10 log,,t., dB

where

NL maximum noise level as observed on the A scale of a

max

standard sound level meter

*See Reference 20, Appendix C
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and

tea = effective time duration of the noise level (on A

scale) in seconds

The effective duration is approximately equal to 1/2 of
the duration for which the noise level is within 10dB of the maxi-

mum noise level.
For the sake of generality the following assumptions are
made in obtaining numerical results. Two cases are assumed for

the maximum noise level of a train pass-by event.

90dBA

° Case 1 NLmax

° Case 2 NL 75dBA

It is further assumed that five seconds is a typical train
pass-by duration (duration of noise with a level within 10 dBA of
the maximum level). Furthermore, values must be assigned to the
number of operations during the day, evening and night. An inspec-
tion of MBTA schedules and headway reveals that in a typical sit-
uation, the numbers of (two-way) pass-bys are about 288, 30 and 32
during the day, evening and night hours, as defined above. Essen-
tially, these numbers correspond to headways of 5, 12, and 15
minutes for the day, evening and night periods, with no operations
between 0030 and 0530 hours.

The CNEL values may be calculated now from the algorithms
presented above. These values are 73 and 58 dB for Cases 1 and 2
respectively. Incidently, for the reader who is familiar with
the Noise Exposure Forecast (NEF) method, used in airport noise
forecasts, the difference between CNEL and NEF is approximately
constant at 35 + 2dB. Further corrections must be made to the
quoted numerical values of CNEL in order to obtain the so called
Normalized Community Noise Equivalent Level. The corrections
suggested in Reference 15, Appendix C, are reproduced here in
Table 4.3. As may be seen they refer to seasonal corrections,

corrections for outdoor residual noise level, corrections for
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previous exposure to the intruding noise and community attitudes,
and to other minor corrections. For the problem under considera-
tion here i.e., urban rail rapid transit in operation, the follow-

ing adjustments are believed relevant.

Description of Correction Amount of Correction
Year-Round Operation ¢ dB
Urban Residential Community 0 dB
Community has considerable previous
exposure to the intruding noise -5 dB
No Pure Tone or Impulsive Character 0 dB
Total Correction -5 dB

Accordingly, the normalized CNEL is given by:

Maximum Noise Level Normalized

During Train Pass-by CNEL
Case 1 90 dBA 68 dB
Case 2 75 dBA 53 dB

The normalized CNEL can now be related to various expected
community reactions. This may be done with the help of Figure 4.4,
taken from Reference 15, Appendix C. This is essentially a
calibration curve that the U.S. Environmental Protection Agency
is considering. It is based on the results of 55 case histories,
covering a very large variety of community reactions to various
intruding noises.,

As may be seen, Case 1 with a normalized CNEL value of 68
corresponds to community reactions stronger than '"widespread
complaints'. An abatement of the maximum noise level (during a
train pass-by by 15 dBA, which corresponds to Case 2 with a nor-
malized CNEL of 53 dB, is expected to eliminate the possibility
of complaints. Note that the range 75 to 90 dBA for maximum noise
levels is the dominant range encountered in this report (see
Figures 4.1 and 4.2).
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5,0 REMARKS AND RECOMMENDATIONS

A general approach has been developed for the assessment of

noise, noise abatement requirements, and associated costs, as a

function of desired upper limit of noise. The approach is appli-
cable to all urban rail rapid transit systems. A pilot applica-
tion of the approach has been made to the MBTA. Unless otherwise
noted, the following concluding remarks and recommendations are

generally applicable:

1.

[§S]

The dominant range of MBTA noise (in-car, in stations,
and in wayside communities) is 75 to 90 dBA, with most
of the system exposed to the upper third of this range.
This is not unusual for rapid transit’'systems in the
United States. However, the MBTA is considered to be

quite 'moisy'".

Based on guidelines and other material proposed by
Federal and private organizations concerned with
environmental quality, the present upper noise limit
(90 dBA) appears to be unacceptable. The lower limit
(75 dBA) is generally more acceptable.

The assessment of noise abatement requirements and
the cost of abatement were carried out for the range of
75 to 90 dBA. It has been determined that:

a. Technology exists for reducing the noise levels of
rapid transit systems by 15 to 20 dBA.

b. Based on the MBTA application, the normalized cost

of noise abatement are approximately $2.50, $5.00
and $10.00 per linear foot of double track per dBA,
for reduction of noise in cars, in wayside communi-
ties and in stations respectively. These normalized
costs have been found relatively insensitive to the
desired upper limit of noise or to the portion of
system requiring abatement.
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For the specific case of the MBTA Blue, Red and
Orange Lines, noise abatement to a level of 75 dBA

at all receivers would cost about $10 million. This
is the cost for materials and labor, excluding engin-

eering and overhead.

Approximately 15% of the cost is assigned tc the
elimination of signular noise, (wheel squeal, noisy
door operation, unmuffled air brakes), by straight-
forward techniques. Any noise abatement program
should start with a reduction of the aforementioned
singular noise which is particularly annoying, in
view of its tonal content and/or its impulsive

character.

Two very essential parts of the approach used in this

report are:

a.

The formulation of 'scenarios'" which are essentially
the identification of the contributions made by each
noise source and each propagation path to an observ-
ed overall noise level, in each noise control class

of the system.

The application of information regarding the noise
reduction potential and the cost of components
and techniques available for noise abatement.

Existing experimental data and engineering judgement were

used extensively in the above. Although these were found adequate

for rcport purposes, the engineering tasks of actual noise abate-

ment will require more reliable support. Such support should be
obtained through experimental verification of the most important
details in the ''scenarios" and of the noise reduction potential

of the leading noise abatement techniques and components.

e

The identification of optimal (minimal cost) noise
abatement strategies was found to be straightforward but

quite cumbersome without computer assistance. For this

reason a programmable algorithm is recommended, see

Appendix A.
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6.

A review of documents from several Federal and private
organizations, concerned with improvements of environ-
mental quality, reveals that there are neither current
nor projected laws, regulations or any standards which
set limits to the noise generated by rapid transit
systems. The Occupational Safety and Health Act of 1970
is an exception in the sense that it deals with the
extreme situations of potential hearing damage.

A cursory application of the criteria of the aforemen-
tioned Act to MBTA shows that the criteria are satisfied
by a narrow margin. This margin might become narrower,
in view of recent proposals to reformulate the criteria

with lower permissible exposure levels.

The development of a framework is recommended for the
reasoned establishment of priorities, schedules, and
allocation of resources for noise abatement in urban
rail rapid transit systems. This is necessary because
of:

a. The wide range of noise climates.

b. The variety of exposures for various receivers in

various parts of the system.
c. The absence of standards and regulations.
d. The substantial cost of noise abatement.

The importance of the above recommendation becomes
evident when the cost for noise abatement on all

United States rapid transit systems is considered.
Conclusion 3¢ summarizes the basic cost for a specified
noise abatement in the MBTA at an estimated $10 million.
If the assumption is made that most U.S. rapid transit
systems require comparable treatment, then the corres-
ponding cost will amount to many hundred million dollars.
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APPENDIX A
ALGORITHM FOR MINIMIZING COST TO REDUCE RAPID TRANSIT NOISE

The algorithm for Cost-Abatement Analysis presented here,
will achieve at least cost a desired set of noise levels along a
rapid transit line. The algorithm is given in the form of a
simplified logic flow diagram, the main purpose of which is to
convey to the reader the essential features of the digital com-
puter program presently being developed by TSC. Although the
program is designed specifically for rapid transit systems, the
approach is generally applicable to minimize noise control costs
on any vehicle-guideway transportation system. An equivalent but
less formal procedure (using pencil, paper, and programmable desk
calculator) was followed in the MBTA pilot study. There, all
scenarios were assigned identical desired levels. The present al-
gorithm permits each scenario to have a separately assigned
desired level.
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ALGORITHM FOR MINIMIZING COST TO REDUCE RAPID TRANSIT NOISE

For each principal receiver (community, rider,
station patron,) do the following:

Measure noise on line.

Divide line into segments.

Aggregate acoustically similar segments into
rutually exclusive groups.

From existing data, new data, and engineering
judgement put together a source-path scenario
for each such group,

consisting of: contribution from

each source via each path,

total level, desired level,

total line footage in group

Comment: If there are S scenarios, L line

noise reduction techniques and C car reduc-
tion techniques then there are (SL + C)!
different possible combinations of techniques
and locations along the line for applying






v

or 4.15x10198

calculate the total cost
levels for each combinat
line, and save at any po
tion, the cheapest (or s
combination(s) which ach
level (s).

An alternative is to rec
combination of car techn

scenario costs is minimi
the problem to approxima
11! x 9! or 1.45x10%3
addition is time consumi
number further by elimin
obviously inappropriate
a) those that can't pos
sufficiently, and b) th
more than combinations w
been determined to satis
levels.

them. For S=11, L=10 and C=9 this is 119!
combinations. The most
straightforward way to proceed is to simply

and new scenario
ion over the whole
int in the calcula-
everal cheapest)
ieve the desired

ognize that for any
iques the cheapest

overall cost will occur when each of the

zed. This reduces
tely L! x S x C! or
Since logarithmic
ng we reduce this
ating some of the
combinations:

sibly reduce levels
ose that will cost
hich already have
fy the required

Determine all combinations of car techniques
(include using no car techniques)

A

Are there any combinations of car techniques
for which line minimization has not been per-
formed (C to e)

0o

YES







[

Select one of them

Are there any scenarios with measured levels
exceeding desired levels for which the calcula-
tion below C has not been made with the pre-
sent combination of car techniques?

o0 o

YES

Select one of them: first eliminate from
consideration line noise control techniques and
combinations of line techniques which will,
when combined with the assigned car techniques,
certainly not lower level to desired scenario

level

Are there any remaining untried combinations
of line techniques

oo

YES

Select one of the remaining line techniques
Or combinations of line techniques

i






Is the cost of applying these line techniques

YES
greater than or equal to the cheapest adequate -————*-(::)

combination of techniques so far?

NO

In a scratch area write a duplicate copy of
the scenario under consideration

Comment: First apply the techniques (both
car § line) which reduce the source levels.

Reduce the contribution of each source in
accordance with the data in Table 3-2

for the combination of techniques under con-
sideration (where sources transmit via several
paths, reduce their contribution via each path

by same amount).

By logarithmic addition (addition of dB's)
determine the total contributions of all
sources for each path (without yet account-

ing for any path techniques which are in the
combination of techniques under consideration).
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Comment: Next accound for the path atten-
uation techniques (both car and line).

Reduce the contribution of each path in accor-
dance with the data in Table 3-2 for the
combination of techniques under consideration.

By logarithmic addition determine the overall
level from all paths at the receiver under

consideration.

Is this level at or below the desired level NO .
for this scenario?

YES

Replace the previous cheapest adequate com-
bination of techniques with this new com-
bination of techniques.







Calculate total C cost for the line and all
cars on it. If this is first calculation or if
value is less than the previous minimum total
cost, this value is now the present minimum

total cost.

Comment: When this iteration is complete

all combinations of car techniques will have
been examined. For each combination we
determined the combination of additional 1line
techniques which achieved the desired level
at lowest total cost. We then selected the
minimum of these minima.

Display the solution as follows: Show all the
original scenarios and original levels, the
desired new levels, the predicted new scen-
arios, the predicted new levels, the cost
attributed to line techniques of each scen-
ario, the total line cost, the total car cost,
and total overall cost.
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APPENDIX B
MBTA SCENARIQS

A scenario is the identification of the
contributions made by each noise source

and each propagation path to an observed
overall noise level.
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Quinn, May 1972, DOT-TSC-0ST-72-31

Cc-2



=2

5




Further references used in the compilation of this Teport:
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APPENDIX D

DEFINITIONS






DEFINITIONS

Ambient Noise - The average background sound pressure level
in the absence of unique noise events under specific study.

A-Weighting Network - A circuit designedjfo reduce the sen-
sitivity of a sound level meter below 1 kHz so as to approximate

the sensitivity of the human ear.

A-Weighted Sound Level (dBA) - The output, in decibels, of
a sound level meter which contains an A-weighting filter network.

Decibel (dB) - The most commonly used unit to express sound
level relative to a reference sound pressure of 20 micronewtons
per square meter (the human hearing threshold) .. Quantitatively
the sound pressure level in decibels is 20 log (P/.OOOOZ) where
P is the root-mean-square sound pressure.

Hunting - A lateral instability of the trucks on the rails
which may result in sway of the vehicle body and impact of the
wheel flange on the rail head.

Impact (mechanical) - A dynamic force of short duration due to
a geometric discontinuity of a wheel or rail in rolling contact.

Noise (acoustic) - Any erratic, unwanted, random sound within

the normal frequency limits for hearing.

Noise Climate - The'collective description of the sound pres-
sure levels of the transit system as a whole catalogued in terms

of values at the receivers.

Noise Exposure - The sound pressure level which is typical at
a certain location or to which a given receiver is subjected over

a period of time.

Noise Level and Sound Level - Refer to the A-Weighted Sound

Level.

Noise Path - The physical route taken by the noise traveling

from a source to a receiver.
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Noise Source - The physical entity which produces sound energy.

Passby - The total event of a train approaching passing and
receding from a fixed point of observation.

Roar - The noise (not including impact and squeal) cf whceir

running on track.

Receivers - Any sensitive subject exposed to rapid transit
system noise. The three categories used in the report are riders

in the car, patrons on the platform and wayside residents.

Scenarios - The breakdown of the source - path contributions
to the overall noise level at each receiver on acoustically

similar track sections.

Singularities - Brief high intensity sounds which are par-
ticularly annoying due to either their startle effect or thier
pure tone content (such as wheel screech, door slam, brake air

vent hiss).

Wheel Squeal - A high frequency noise with pure tone content
(sometimes several frequencies simultaneously) due to resonant

vibrations,







