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ABSTRACT

This report investigates the possibilities and limitations
of reducing the noilse levels in the New York Clty PTransit Authority
{NYCTA) subway cars by acoustile treatment of the surfaces in sub-
way tunnels, Acoustic measurements were conducted in NYOTA cars
for various operating conditlons. These were complemented by
measurements outside the cars to obtain transmission loss data
Pfor various structural components of the cars. The report con-
cludes with specific .
recommendations and
provides estimates of 84.5 [4Bia)]
thelr effect on car-
interior levels. The

accompanying figure g
summarizes the changes gmc 76.5[da(A)]
In the car interior 5 ///
m
sound pressure level 2 00 ///
spectrum for various g J//—‘\\\\
ao
environmental condi- w If
tions. (This figure g,c
1s shown in full size &
as Plg, 22 in this g“"
[77]
report, ) 2
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1. INTRODUCTION

Noise levels in the New York City Transit Authority (NYCTA)
cars have been found to be extremely high. Recent measurements
conducted by Bolt Beranek and Newman Ine. (BBN) have indicated
that on typical in-tunnel straight and level sections at speeds
of about 35 mph octave band levels reach B0 to 90 dB over a fre-
guency range of 60 to 1200 Hz. The range of one-third octave
band spectra of car-interlor noise observed for thils operating
conditlon 1s shown in Fig. 1. Applying standard criteria for the
subjective acceptance of such a nolse signature makes the need
for control measures quite obvious. For example, applylng an
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FIG. 1. CAR-INTERIOR NOISE LEVELS AT 35 MPH IN TUNNEL.
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(extrapolated) Preferred Nolse Criteria (PNC) curve onto the up-
per bound spectrum shows that the lowest level of concern In terms
of Permissible Nolse Exposure is exceeded. The Walsh-Healey
Publiec Contracts Act states that a level of 90 dB(A) for an 8 hr
periocd is permissible to aveid a significant degree of permanent
hearing damage. Implicit in thils regulation 1s the presupposition
that a person exposed to such levels will be In a quiet environ-
ment durdng the remainder of a day in order tc recover from the
overload on the hearing mechanlsm. Although a typilcal passenger
1s exposed to car-interior nolse much less than 8 hrs each day,
and is unlikely to suffer hearing damage from translt car noise
alone, noise levels are higher than desirable for recovery from
ocecupational exposure.

Applying the criterlon of Preferpred¥* Speech Interference
Level (PSIL) shows that the upper bound spectrum ylelds a PSIL of
86 aB (1.e., 1/3 (91 + 89 + 79)]., 1In order to allew communication
between two people 2 It apart they would have to shout, or, 1f
only 6 1in., apart would still have to talk with a raised volce.

Obviously, changes in train speed will influence the nolse
levels and the above criterla would chanpe for better or worse
depending on the operational conditions.

In order to decrease the car-interior nolse levels one needs
to identify the noise sources, and where posslble control the
levels at the souree. AS a subseguent measure one would control
both the structureborne and alrborne propaegation paths to mini-
mize trapsmitted sound. Since the dominant sources of subway

#The term "preferred" relates te the octave band center Crequen-
cles now used to characterlze bands. These are on 500, 1000,
2000 Hz, rather than the old 600-1200, 1200-2500, 2600-4800 Hz

etc, bands.
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neise are related to the Interaction of the wheels and rails, the
most effective means for car-interior nolse reduction would be
the treatment of ralls, say, by applylng structural damping
through resilient pads under the rail fasteners and/or by using
wheel damping treatment or by selecting an coptimized trackbed
{(e.g., ballasted vs concrete). A further, probably very signifi-
cant, improvement could be achleved through providing the cars
with high-transmisslion loss walls, floors and cellings, with
double glass windows and doors, and wlth good seallngs for doors
and windows, in addition to absorptlive treatment of car-interior
spaces. Most of these "first-cholce" techniques requlire struec-
tural modification on the cars. However, the present study-
effort specifically excludes any modlflcations on the cars.
Rather, all other acoustic technlques are to be consldered that
promise an improvement of tunnel and station acousties, and a
reduction of radiation efficlency and minimization of structure-
borne sound transmission, The geoal of this investlgation 1s to
define design eriteria for quiet (not-car assoclated) rapid tran-
sit system components. Criteria that deal with ralls, slabs and
statlion acoustics are reported in companlon reports. The report
in hand deals speéecifically with the acoustic treatment of subway
tunnels, and provldes estimates of the effect of localized treat-
ment on the nolse levels ingide a subway car.

AL L R R T e
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2. PROBLEM DEFINITIGN

The major transmissicn paths for acoustie and vibratory en-
ergy from cutslde sources to car-interior spaces are llilustrated
in Fig. 2. Vibratory energy resulting mainly fram wheel/rall
Interaction travels through the trueck Into the structural com-
vonents of the car, which radiate acoustic energy 1lnto the car.
Control of this path requires vibration-isolatilon of the truck
from the car or the application of damping treatment to varilous
structural members within the ecar., Vibratory energy also travels
through the wheels, rails, and trackbed, which radiates acoustic
energy lnto the tunnel space 1itself and is transmlitted through
the car walls or through open windows and ventilatlon orifices
into the car. This mode of energy travel can be affected by ab-
sorptive treatment of the tunnel wall surfaces.

In Sec., 1 above, two possible ecriteria for car-interior nolse
levels were briefly discussed. These were hearing-damage and
speech Interference criteria, In order to determine the requlred
amount of nolse reduction — by whatever means — one needs to de-
fine car-interlor nolse specifications, that must be welipghted
against existing levels, Generally, one can state that noise
levels should be free from rapldly varying changes as function aof
speed especially during acceleration and deceleratlon. Frequently,
an NC-55 to NC-65 is recommended for subway car interlor nolse.
PNC~curves# are reproduced in PFig. 3. Comparing these specifi-
catlons with the existing car-interior levels, as shown in File.

1, shows that reductlons of 25 to 35 dB over a very large fre-
gquency range would be required in the case of the NYCTA system.

#These PNC curves, that differ slightly in shape at the low fre-
quencies from the standardized NC-curves, have not yet been
acted upon by any standardization group.
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The remainder of this report investigates the pogsibllitles and
limitations of achieving such a broadband reductlon with tunnel
acoustic-~treatment alone.

BBN conducted acoustic (and other} measurements inside NYCTA
system cars as well as outside the trains on (a) tunnel walls and
(b) between the rails, These measurements and their implications
are dlscussed in the fellowing section.
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3. TEST PROGRAM
3.1 Experimental

In February 1972 acoustic measurements at three locatlons
were conducted within the NYCTA system, Each location typlfies a
particular environment, namely {1} inaide a tunnel, 1.e., com-
pletely enclosed (halfway between Prospect Park and Seventh Ave.,
90 ft below Flatbush Ave.), (2) tnside a cut, approxlmately 20 ft
deep and 50 ft wide, and (3) on an embankment along a flat nor-
tion with no nearby reflecting surfaces (see Figs. Y4 and 5),

These measurements served several purposes, For one, abso-
lute levels inside and outslde the car for varlous environments
could be determined. Thus, typical transmission losses for sub-
way car walls were established. Secondly, by comparing car-
interior levels measured when the traln was inside and ocutside a
tunnel, the effect of tunnel acoustics - reflections in particu-
lar — could be established and estimates of the structureborne
vs the airborne portion of the car~lnterlor nolse could be ob-
tained. Thus, the upper bound effect of tunnel acoustic treat-
ment could be estimated, since, at best, a free-~fleld environment
can be generated through tunnel treatment., That pertion of the
car interior spectrum that remains unchanged must then mostly be
attributed teo structureborne sources whose energy 1s propagated
along structureborne paths and radiated into the car interlor. Of
course, any onboard sources, the propulsion system in particular,
but also auxiliary equipment will add to car interior nolse, but
cannot be influenced by treatment of tunnel surfaces.

Appendix A presents {1) A~welghted time histories of the
acoustle signals measured inside and outside a car for the three
environments and (2) one-third octave band spectra for selected
portions of the time-histories (usually at the maximum level of
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a given time history). 1In the bulk of this report we will ore.
sent only those spectra — mostly in normalized form — that are
necessary to 1ilustrate conclusions.

3.2 Data Presentation and Discussion

To allow comparison of spectra for various operating condi-
tions and environments, 1t 1is necessary to nondimensionallze levels
and frequencies. Since traln speed is the dominant parameter that
affects noise levels, we used this parameter for normalization.
Thus all spectra were normalized by the third power of train
speed. Frequencles were scaled directly with the ratioc ol train
speeds. Reference speed was arbitrarily selected as 40 ft/sec.
This scaling law had also been found in Ref. 1.

For purposes of
discussion we use a
tunnel/car geometry

e |2 1£2'= 13 /2 e

as lllustrated in J/,/”"E;—_—-“H‘““\\\\
Fig. 6., We consider
four spaces in which /;:/”’— ﬁ‘h\\\\\ ‘\\
a uniform and diffuse . 9
sound field 1s as-
sumed to exist. @ ® ® .
Space (1} i1s bound- ,glq
ed by the frackbed, """&ﬂj
car floor, and by
the tunnel recess ’
walls; space (2) . o
is essentially the 0) — TRACKBED
catwalk space 1in J__ //_
the presence of the b= w -
car, bounded by car FIG., 6. TUNNEL/CAR GEOMETRY.
10
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wall and tunnel wall; space (2a) 1s the gpace on the other side

of the car; space (3) is the car interilor; and space (4) Ls above
the car roof, Spaces (1) and (2) are connected by an open slot.
We assume that noise 1s generated in space (1) and travels through
the slot to spaces (2), (2a), and (4) and from there through the
car walls inte the car, 1.e., space (3).

3.3 MNondimenstonal Spectra

Figure 7 shows the spectrum measured inside the car in the
tunnel for speeds between 27 and 36 mph (40 to 54 ft/sec). Fig-
ure 8 shows the spectrum on the tunnel wall (ecatwalk side), and

P N L O O O
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FIG. 7, NORMALIZED SPECTRUM IN CAR, IN TUNNEL.
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Fig. 9 shows the spectrum between the tracks. The data neints in
each of these figures indicate the relatively small scatter over
the selected speed range indlcating the validisy of the '"Third

Power Law".

3.4 Discussion

The similarity in shape of the normalized spectra measured
petween the tracks and the catwalk wall indlcate that acoustle
power travels from the source space {1} through the slot into the
space between car side wall and tunnel wall {space 2) with some,
almost frequency-independent transmission loss, The pressure
levels are lower in space {2) (roughly 5 to 9 dB). Since no
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important sound source is avallable in space (2) all energy must
in fact come from space (1). The sound pressure level cbserved
in the car interior is a result of the acoustic energy transmitted
through fleoor, walls and ceiling. Flgure 10 shows the dlfferences
between car-interilor level and outside levels between traecks. If
sound was exclusively travelling through the floor from the "rall/
wheel source" then the car interior levels are determined essen-
tially by the floor transmission loss (TL). A representative TL
(from Ref. 2} for a typical American railrcad car floor as well

as the Noise Reductilon curve for the NYCTA car flcors as derived
from the level difference between in-car noise and between-track
nolse is also shown in Pig. 10. If this NR curve were correct
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FIG. 10. DIFFERENCE IN CAR EXTERIGR AND CAR INTERIOR LEVEL
(ZERO-dB LEVEL).

subway car under conslideratilen, then much lower levels shcould
exlst in the car than are actually observed. Flgure 1l shows the
difference between car interior levels (space 3) and levels in
the catwalk area (space 2). If the car walls represent the pri-
mary transmission path, then the weaker link — the windows -~
would determine the effective nolse reduction, and the levels in
the car. The theoretically derived TL for glass of 1/8-in. thick-
ness 1s also shown in Fig. 11. The TL curve of 1/B-1in. glass
must be converted into & nolse reduction (NR) curve by accounting
for the common wall area through which the sound travels as well
as for the acoustlc conditlions of the receiving space, 1l.e,, the
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FIG. 11. DIFFERENCE IN CAR EXTERIOR (SPACE 2) AND CAR INTERIOR
(SPACE 3) LEVELS AND TRANSMISSIONS L0SS (TL) OF 1/8 IN.
THICK GLASS AND SPECIFIC NOISE REDUCTION (HR) FOR
WINDOW AREA OF NYCTA CARS.

ear-interior. The acoustic conditions of the receiver-space are
expressed in terms of a room constant R, which 1s a function of
volume and absorption. Figure 12 shows the relationships of vol-
ume and "room-constant" for various room characteristics. Assum-
ing a typical car volume of 60 x 10 x 7 ft3, and qualifying a

2 car-interior as medium-live (in the absence of absorptive treat-
ment) we find a room constant of about 180 ft?2, Assuming a total
glass area of 4 x 40 Ft?, we obtailn from Fig. 13 a correction
factor C = =1 dB to be used in determining the actual noise

15
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FIG. 12. APPROXIMATE RELATIONSHIP BETWEEN PQOM VOLUME AND ROOM
CONSTANT FOR SPACES OF VARIQUS AVERAGE ACQUSTIC ABSORP-
TION (AT MID-FREQUENCY REGION OF 500-1000 Hz).
reduction from

NR =TL + C

C 1s somewhat dependent on the frequency range; we assume the
following corrections:

f (Hz) < 500 500-1000 > 1000

C -3 -1 +2

The general trend of the predicted NR-~curve comoared to the mea-
sured level difference supports the assumption of the windows
providing the domlnant transmission path from space (2) to space
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{Select Nearest Integral Value of C)

Bolt Beranek and Newman Inc.

RATIO nge RATIO "e" RATIO nee
SH/RI (dB) Su/R, {da) 5,/R, {dB)
0.00 +6 1.7 -3 15 =12
0.07 +5 2.2 - b 20 =13
Q.15 +4 2.9 -5 25 ~14
0.25 +3 3.7 -6 31 =15
0.38 +2 5.7 -7 ha -16
0.54 +1 6.1 -8 50 =17
Q.75 0 7.7 -9 63 -18
1,0 =1 9.7 =10 Tl =19
1.3 -2 12 =11 100 =20
. 8y 18 the area of the wall or floor (in sq ft) common to the
"transmitting” and "receiving" vooms.
R, is the Room Constant of the "receiving" room; inelude low
frequeney values of R,,
FIG. 13. APPROXIMATE WALL OR FLOOR CORRECTIQN TERM "C" FOR USE

IN THE EQUATION NR = TL + “C",

{3). However in the medium frequency range, say, between 250 and
6000 Hz, there 1s "excess sound" in the car. The reason could be

three-~fold:

(1) there are direct openings in the car structure -

and they may be in the floor, walls or ceilings — through which
energy enters the car virtually unattenuated from the cutside;
(2} car-internal sources dominate the spectrum in the 250 to 6000

Hz range; (3) vibration-induced energy from wheel/rall interaction

or the propulslon system propagates along structural paths and

reradiates as acoustic ensrgy into the car.

Por the latter two

A T A AR T e

R T

cases, tunnel treatment willl have no effeect on the levels ob-
served 1n this frequency range. Comparison of car-interilor

17
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spectra measured when the car is Ilnslde and outside a tunnel In a
Mpree=field environment" (Fig. 14) shows common levels below 125
Hz. As stated previously, the upper bound noise reduction that
can be achieved through tunnel treatment 1s baslcally glven by
the "nolse-floor" in the ecar when traveling in a free-fleld en-
vironment. Figure 15 compares the spectra measured between the
rails inside and outside the tunnel, The in-tunnel trackbed was
conerete, outside the tunnel 1Lt consisted of 2-1n. dlam. granilte
aggregate. Although levels outslde the tunnel are lower — as
expected — the effects of the (1) free-field vs reverberant field

and of {2) concrete vs baliast trackbed cannot be separated from

TiJ 1T JFrr[rryrry1rryrorpi1rpnrr

.
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FIG. 14. COMPARISON OF CAR-INTERIOR SPECTRA FOR TWO CONDITIONS.
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F16. 15, COMPARISON OF SPECTRA BETWEEN RAILS.

the information in Plg., 15. In both cases the spectral shape is
ldentical, suggesting that the first effect 1s the relevant one.

The ailrborne portlon of the wheel/rail interaction noise can
be positlvely affected by changing from a concrete to a ballasted
trackbed. The car-interior spectrum measured outside the tunnel,
representing a lower bound, would stl1ll exceed the PNC-65 curve
at freguencies below 800 Hz. Thus to achleve & noise environment
to satlsfy this eriterion 1t does not suffice to treat the tunnel;
rather one must control structureborne sources, or treat the can
interior spaces with absorptive wall materlal.

19
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4, TUNNEL ABSORPTIVE-TREATMENT

In this section the effectiveness of various levels of ab-
sorptive treatment concepts for tunnel surfaces are evaluated.

4.1 Trackbed

Regular concrete trackbed surfaces provide an almost fully
reflecting surface for acoustic energy. However, lining the
trackbed with scund-absorptive materlal (as sketched in Fig. 16)
wlll reduce tunnel noise. Use
of usual gravel (about 2 in,
diam) will only slightly reduce '
the sound pressure levels in ///’,,—————"-~\~\\\\
"space 1" for a glven power
level spectrum, since typical
absorption coefficlents are
gulte low, on the order of 0,1
to 0.2 over the frequency range

of Interest. Use of smaller

gravel sizes or of porous con-
crete will improve the abscrp-
tive propertles of the track-

bed. Below, absorpticn co- 7 A T
efficients are tabulated for '
gravel of various slzes, as FIG. 16. TRACKBED LINING.

well as of porous concrete,

In general, smaller gravel sizes inerease the absorntlon co-
effieients, Thus, a 6-1n. layer of 1/4.-1n. granite aggrepgate
provides very hilgh absorptioen over the frequency range 250 to
4000 Hz. SBuch small-size gravel may be impractical and cellular
concrete might be preferable, nroviding about the same absorption

20
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TABLE I. ABSORPTION COEFFICIENTS

Frequency (Hz)
Material 125 250 500 1000 2000 4000

1-1-%-in. granite
aggregate, 6 in, 0.06 0.11 0.46 0.40 0.35 0.46

3/4=1n. or less,

granite aggre-
gate, 4 in, 0.14 0.18 0.52 0.34 0.83 0.54

3/4-1in. or less,

granite aggre-
gate, 6 in. 0.1l2 0.10 0.62 0.57 0.76 0.96

3/4-in, or less,

granite aggre-
gate, 8 in, 0.15 0,44 0.35 0.85 0.50 0.49

1/2-1n., or less,

granite aggre-
gate, 6 in. 0.15 0,30 0.67 0.37 0.78 0.64

1/4=in. or less,
granlte aggre-

gate, 6 in, ¢.22 0.64 0.70 0.79 0.88 g.72
Rough nonporous
conerete 0.02 0.02 0.0l 0.06 0.08 0.1C

Cellular con-

erete, l-in.
thick 0.13 0.14 0.38 0.60 " 0.64 0.52

as a 4-in. layer of 3/4-in, size granite aggregate. Suppose then
the entire trackbed width was treated with an absorptive layer
(Fig. 17). What would the effect on the sound pressure level in
space (1) be? Since the only quantity that changes 1s the absorp-
tive coefficlient, not however the geometry, we can determine the
decrease in sound pressure level for a glven power level, From
almple geometric consideratlions the ratio of sound pressures can

2l
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be computed as

(p;/pz)z = [W(Oﬁa/ﬂ]) + W /_—\ ‘,\ :.

i + 2H1/(2w + 2H) | _ -
I : "

where W 1s the width and H 1is
the height of the trackbed re- Lf;
eess. For the specifie width W '
and height H of the trackbed 135

o recess we obtaln the difference é T
. g .
g in sound pressure level as - g rﬁi
: o
i o, ZZz722 7

. ALp = 10 log (17 + 10 a—-)~ 4.3 rf
1 b

FIG, 17. COMPLETE TREATMENT &

where oy = original (lower) OF TRACKBED RECESS. (‘

absorption coefficient ) —

a, = new (higher) absorption coefficient. r—

This equation 1s graphlcally presented in Pig, 18.

For example, assume that the originally nonporous concrete
trackbed 1s covered over 1ts entire width of 10 ft with a 4 in,
layer of 3/ in. slzed granite aggregate., Then, the following
sound pressure level reductions ALp in space {1} should be ex=~

| T A

pected: r
frequency, Hz | 125 I 250 [ 500 l 1000 | 2000 L_AOOO [
-
AL 6 6 7.5 5 7 4

P -
LJ

These resulfts are rather impressive., It shculd be noted, however,
f'!
1 1

22
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that they are based on the
assumptilon that all four
surfaces, bounding space (1),
are essentially hard-~
reflecting ({.e., a = 0.01

- 0.1). Thus, introduction
of absorptive material even
on one wall only will have a
substantial effect. Further-
more, sSlince the decislve
quantity 1s the ratio of ab-
sorption coefflcients, the
improvement depends entirely
on the orlginal state of the
four boundary walls, Realls-
tically, the recess-walls

and the underside of the car-
floor may in effect have a
higher absorption than the
original nonporous trackbed
floor, whlch would reduce the
improvement, Furthermore

the upper surface of space
(1) has openings on both
sldes leading to spaces (2a)
and (2); such openings have
an absorption coefficient of

unlty, and result in a higher

initiaql absorption coeffi-
clent, degrading the effect
of increased trackbed absorp-
tion,

Bolt Beranek and Newman Inc,

20

IF TRACK BED
FLOOR IS TREATED~

a;la,
5

A-u—‘ TRACK BED FLOOR

PLUS BOTH TRACK
BED SIDE WALLS ARE
TREATED

FIG. 18.

a3

4 ] ] 10 12
SPL. REDUCTION {dB)

REDUCTION IN SOUND
PRESSURE LEVEL (SPL)
WHEN ABSORPTION CO-
EFFICIENT OF TRACKBED
IS CHANGED FROM A LOW
VALUE o, TO A HIGH
VALUE a,, FOR THE SPE-
cIFIC TUNNEL GEOMETRY
SHOWN IN FIG. 6.
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4.2 Side Walls of Trackbed Recession

Further improvement should occur if in additlion the silde
walls of the trackbed recession were treated (Fing. 17).

Let us assume a common new absorpticn ccefficlient for track-
bed and trackbed recess walls, @,, vs the original coefficient

o Similar simple geometric conslderations lead to the ratio of

-
original to new sound pressure

P,V (a,/a,) (2H+W) + W
E) B 2W F 21
or 1n logarithmic form for the specific dimensions of the track-

bed recess

o

2
AL = 10 1 17 == + 10) - 14,3
P o8 ( 7 G, ) 3

Y

where ALp is the difference in sound pressure level in dB,

This latter equation is also presented in graphiec form in
Fig. 1B.

For example, assume the original nonporous trackbed being
covered with a 4 in. layer of 3/4 in., sized granite agpregate.
Also, the walls are covered with absorptive material having the
same absorptlon propertles as the gravel. Then the following
total reduction 1n sound pressure level should result:

Frequency, Hz ! 125 ( 250 l 500 ( 1000 l 2000 l 4000

e T Telosl 1o
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The same qualitative remarks as advanced in Sec. 4.1 apply here
alsoc, namely that in practical cases a deterioration of these im-
provements is likely due to the discontinuities in the "fourth
wall", Most importantly, however, at low frequencles the sound
field in the spaces considered 1s not diffuse, as had been as-
sumed in the above calculations.

4.3 - Tunnel Side Walls

In estimating the effect of absorptive treatment of the tun-
nel side walls we can consider space {(2a) between the car side
walls and tunnel walls as a duct, that carries acoustic energy
from the source up towards the windows. Let us firat conslder
the effect of lining the tunnel wall of space (2a) wilth a 3 in.
thick absorptive lining, reaching up to the window level (Fig.
19), We assume the clearance between tunnel wall and lining sur-
face to be 1 ft.

From Fig. 20, which shows the attenuation per foot of duct
length for wvariocus combinations of duct wldth and treatment
depth, we may expect an attenuation for, say, a 4 ft high wall

treatment as follows:

Frequency, Hz | 63 | 125 ’ 250 | 500 | 1000 | 2000 | 4000

Attenuation, dB I 0 I 1.5 | 4 'I 3] | 6 I 2 ’ 0

If a 6-in. thick treatment werve possible, leaving & in. free space
between treatment surface and car wall then up to 13 dB attenua-
tion at 500 Hz are to be expected. If instead of 4 ft from the
line of the car floor up to the end of the absorptive lining,

6 ft were used, these values would increase by a factor of 1.5,

a5
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On the other side of the car, (space 2), the space between
car side wall and tunnel wall of about 2-1/2 ft would provide
very little "duet attenuation', even for relatively large lining
thickness. However, if a banlister constructlon were erected at
the cat walk rim (as sketched in Fig. 18), that would duplicate
the design on the other side, then simllar "duct-attenuations"
could be expected. It should be reallzed, though, that wall
treatment on the far side of the catwalk willl affect the acous-
ties of the tunnel by virtue of reducing the reverberation time
and thus lowering the levels 1n space {2). If only space (2a) 1is
treated, the effect on car-interior nolse willl be only very small.

The effect of these "two-dimensional duct mufflers" will,
in practice, not be as large, since sound will travel from the
wheel/rail location up in the spaces between successlve cars.
This airpath will heavlily deteriorate the attenuation provided
by wall or banister linings.

4.4 Tunnel Celling

If acoustical treatment is extended up along the side walls
and along the tunnel ceiling, one could again consider the space
between the car walls and celling, as a muffled duct within which
sound pressure levels decrease with distance from the source,
Thus, assuming the same wall treatment, as schematlcally shown in
Fig. 19 (3 in. lining, 1 ft free space), one would expect the
levels up above the car and below the tunnel ceiling (space 4)
assuming an effective "duct length" of 12 ft to be attenuated by
about 18 dB in the 500 Hz range wlth zero-attenuation at and be-
low 63 and at and above 3000 Hz, However, the bend in the duct
wlll provide some extra attenuation of about 10 dB above 500 Hz.

27
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Generally, wall and celling treatment would attenuate sound
travelling from space (1) towards space {2) via spaces (R2a) and
{4) by the followlng amounts:

Frequency, Hz I 63 J 125 ' 250 ’ 500 1 1000 , EODO_J 4000

Attenuation, dB ’ 0 ] 6 l 12 l 17 | 16 I 10 ' 10

More sound would, of course, enter space (2) through the slot be-
tween spaces (1) and (2), so that — rrom the point of duct atten-
nation a ceiling treatment would represent an overdeslgn. How-
ever, an important aspect of getting treatment lles in the reduc-
tlon of tunnel reverberation time, which will, for a piven power
level, reduce the sound pressure level in the tuqnel.

4.5 Catwalk Treatment

Treatment of the catwalk o
wall will have a similar ef- /_\ -
fect, as treatment of the
trackbed width, in that the
sound pressure levels will be
reduced 1in space (2) (Fig.
21). Considering space (2) SR
only, one can predict the im- -
provement due to absorptive
wall treatment from

D 2
1
(5:) = [H (a,/8,) + H,
FIG. 21, TREATMENT OF CATWALK

+ 2WI/(H, + 2W) SIDEWALL.
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where Hc (z 9 I't) is the
helght of the catwalk space,
and W (z 2-% f£t) 1is 1its
wldth. For the epeeifie di-
mensions, as shown in Fig. 5,
we obtaln the following
pressure level difference,

as functien of absorption
coefficient before and after
the treatment applicaticn

ALp = 10 log [9{a,/a,) + 4]

- 13.6 .,

Pigure 22 presents this
equation in graphical form.

Assume, for example,
that a 2-in. thick porous
rigid glass fiber foam board
was mounted directly onto the
hard wall [2]., The hard wall
(as all cther boundary sur-
faces) 1s assumed to have an
original absorption coeffi-
clent of a,. This flber
glass arrangement would have
absorption cecefficlents, a,.
The followlng noise reduc-
tions could be expected:

Bolt Beranek and Newman Inc.

en

azml
=

FIG, 22,
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SPL. REDUCTION {dB}

REDUCTION IN SOUND PRES-
SURE LEVEL (SPL) WHEN
ABSORPTION COEFFICIENT
OF CATWALK WALL IS
CHANGED FROM A LOW VALUE
@, TO A HIGH VALUE q,,
FOR THE SkrcIFPIC GEOM-
ETRY SHOWN IN FIG. 6.
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Frequency, Hz 125 250 500 1000 2000 4000
o, 0.05 0.05 0.05 0.05 0.05 G.05
a, 0.4 | 0.6 0.9 | 0.9 0.9 0.9
ﬂLp 5.5 7 9 9 9 9

Again, it should be realized that these improvements would only
occur 1f all original boundaries of the surfaces, terminating the
catwalk, were hard-reflecting surfaces of an average absorption
coeffieclent of 0.05, This condition does not hold for the top
surface, which —~ in fact — is "open'" towards the tunnel celling

[space (4)].

4.6 Estimate of Combined Effect of Tunnel Treatment

Using the approximate cal-
culations, and materlals dis-
cussed in the previous sections
(4.1 to 4.,5), the comblned ef-
fect on the car interilor noise
levels of tunnel treatment 1s
estimated below (see Filg. 23).
Plgure 24 illustrates the reduc-
tions 1n noise level in succes-
sive steps, starting with the
original trackbed spectrum.. In
arriving at the car Interier
spectrum (for a train-speed of
35 mph) 1t was assumed that the
tunnel has inltlally hard re-
flecting surfaces, and that

VN

/ ‘
Ui A

FlG. 23.
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COMPLETE TREATMENT
OF TUNNEL SURFACES.
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: - AN

ONE~THIRD CCTAVE BAND CENTER FREQUENCY {h2)

FIG. 24, ILLUSTRATION EXAMPLE OF EFFECT OF TUNNEL AND TRACKBED
ACOUSTIC TREATMENT ON CAR-INTERIOR NOISE SPECTRUM.
FOR LEGEND SEE TEXT.

from the source in space (1) sound travels exclusively along air-
borne paths into the spaces surrounding the car, and from there
through the windows intc the car. The following legend applies

to Flg. 24.
1. Original spectrum in space (1) (trackbed).
2. Space (1) spectrum after treatment of trackbed floor with
poreus concrete,

3. Space (1) spectrum after treatment of trackbed floor and
gsidewalls with porous concrete and a 2-in. fiberglass foanm

board, respectively.
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lo.

Space (2a) spectrum, when tunnel wall 1s covered with a 3-in,
layer of Pfiberglass, leaving a 1 ft space between {lberglass
surface and car wall.

Space (2) spectrum, where space (2) is not treated, but space
{1) is treated according to step (3) above,

Space (2) spectrum, where space (2) side wall is covered with
a 2-in. thick layer of flberglass, in addition to space (1)
treatment according to step (3) above,

Space {U) spectrum, when space (2a) wall and space (4) wall
(1,e., tunnel celling) is covered with 3-in. thick layer of
fiberglass, in addition to space (1) treatment according to
step (3) above.

Cavr-interior spectrum if sound enters from snace (2) [in
condition of step (6) above] through 1,8-in, thick glass
windows.

Car interlor spectrum if sound enters from space (2a) [in
condition of step (U) above] through 1/8-in. thick glass
windows.

Car interlior spectrum measured for train cutside tunnel
{from Fig. 14).

Comparlscn of the spectra predicted in the car for the treat-

ments dlscussed above, with the in-car spectrum measured for train
outside the tunnel shows gratifyling agreement 1n the frequency

range above 125 Hz.
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5. RECOMMENDATIONS

It should be emphasized that absorptive treatment of tunnel
and trackbed surfaces must be supplemented by controlling strue-
tureborne and alrborne paths on the car itselfl to minimize re-
radiation of vibratory energy from wheel/rail interaction as
acoustlce energy into the car. As mentlioned previously, tunnel

treatment will control only one particular airborne path of acous-

tlc energy. Onboard sources are, of course, not affected by tun-
nel treatment. If the cars are not modified, then, at best, a
reduction of about 10 to 15 dB in the freguency range of 250 to
booo Hz ean be achleved through a tunnel treatment that provides
easentlally free-field conditions., If acoustic energy in the

car propagates solely through airborne paths from space (1), the
trackbed area, via spaces (2a) (between car wall and tunnel wall)
or (2) (catwalk) through the windows, then the following quali-
tative improvement could be expected by the fellowing treatments.

a. Treatment of trackbed width with porous concrete or
small size granite aggregate would lower SPLs by up to 5 dB over
a large frequency range, provided the original trackbed was non-
porous, hard reflecting concrete.

b. Additlonal treatment cf trackbed sidewalls with porous
concrete, or 2-in. thick Neoprene coated duct-liner board with a
density of approximately 3 lb/cu ft (e.g., Owens Corning Fiberglas
type 703) in direct contact with the trackbed walls, would reduce
levels over a broad frequency range by an additilonal} 2 to 3 4B,
especially at the higher frequencies,

¢. Treatment of the narrow space formed by the car wall and
the directly adjacent tunnel wall wlth a layer of 3-in. thilck duct
liner board as under (b) above. This would reduce levels at the
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windows through the effeet of "duct-zbsorption" by about 5 4B he-
tween 250 and 1000 Hz., However, this measure must be complemented
by

d. Treatment of catwalk walls, since otherwise sound frem
the cat walk space will enter the car and dominate sound trans-
mitted through the other car wall. Catwalk treatment with simi-
lar materizl as described 1n (3) above, will reduce sound pressure
levels 1n the catwalk space by 5 dB at 125 Hz, rising to 8 dB
at 4000 Hz.

Similarly, catwalk treatment by 1itself would show llttle
effeet, unless complemented by absorptive treatment of the narrow
space between car and tunnel on the other side, 1.e., space {(2a).

e. Treatment of tunnel celling will generally reduce sound
pressure levels in the entire tunnel cross-szction (as does the
treatment of the catwalk wall) but, more importantly, by forming
an absorptive (two~dimensional) duct between car roof and tunnel
celling, reduce the amount of acoustic energy in the catwalk
space that travels up along the far wall of the car and over 1ts
roof towards the catwallk space.

f. In general, if the tunnel has originally only hard re-
flecting surlaces then application ol absorptive material to any
surface wlll have a marked effect. Increasing successlvely the
amount of absorption will have a lesser and lesser effect on a
proporticnate basis.

g. TFor cost reasons cne could compromise in providing heavy
treatment, along all tunnel surfaces only at the first 100 ft or
so after a tunnel entrance, whereafter the amount of surface
treatment would be reduced further inside the tunnel. This
would prevent the startling and sudden 1increase in car-~interior
sound level at the instant of entering a tunnel.
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h. Although complete treatment of tunnel surfaces would
provide a noise reductlion of 25 to 45 dB from between-traclk nolse
to car-interior noise, such a high reduction is, In practical
cases, not achleved due to the structureborne transmission paths
through which substantial portion of energy is transmitted into
the car interior spaces.

Censlderlng the noise spectrum in the car when the train is
traveling on an embankment as lower bound, then, clearly, there
is no point in previding more absorptive treatment on the tunnel
walls than necessary to achleve this limiting spectrum., From
Pig. 14 it 1s obvious that nolse reducticn of about 15 dB over a
frequency range from about 250 Hz to 4000 Hz would be necessary
to achileve this goal., Treatment of trackbed floor and side walls
will provide about 8 dB over the desired frequency range. Treat-
ment of the tunnel wall next to the car wall and providing an
absorptive banister on the cat-walk side would further reduce the
car-lnterior levels by up to 7 dB, providing a total of up to
15 dB. The change in car-interier levels due to these measures
are qualitatively shown in Fig. 22 for four conditions: train
{1) in untreated tunnel, {2) and {3) in partially treated tunnel,
and (4) on an embankment.
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FI1G. 25, CAR-INTERIOR NOISE LEVELS FOR THE FOLLOWING CONDITIONS:
TRAIN (1) IN UNTREATED TUNNEL, (2) AND (3) IN PARTIALLY
TREATED TUNNEL, AND (4) ON EMBANKMENT.
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APPENDIX A

REPRESENTATIVE ACOUSTICAL DATA OBTAINED ON
THE NYCTA SUBWAY SYSTEM
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