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P ABSTRACT

This report investigates the possibilities and limitations
_.,, of reducing the noise levels in the New York City Transit Authority

,!_ _ (NYCTA) subway ears by acoustic treatment of the surfaces in sub-

_< way tunnels. Acoustic measurements were conducted in NYCTA cars

F:_i for various operating conditions. These were complemented by

measurements outside the cars to obtain transmission loss data

_':J'I for various structural components of the ears. The report con-
'_' eludes with specific

•!.. g recommendations and_;! providesestimatesof s_e_0{A)]

their effect on car- _

B interior levels. The

acoompe ylngfigure
!'_i D summarizes the oha_gee _o_ ,/ ,ae_S,A_

_' spectrum for various

7,: environmentaleondi- _ns /

tions. (Thisfigure

_" I iS shown in full size _BO' _!'-I as Fig. 22 in this

_._ report.) _ \
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/

p I. INTRODUCTION

_, p Noise levels in the New York City Transit Authority (NYCTA)i_iij cars have been found to be extremely high. Recent measurements

conducted by Bolt Beranek and Newman Inc. (BBN) have indicated

p 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-

_]_!'!_I_ quency range of 60 to 1200 Hz. The range of one-third octaveband spectra of car-interlor noise observed for this operating

_'_'.i_ condition is shown in Fig. i. Applying standard criteria for the i
_x_,.m subjective acceptance of such a noise signature makes the need

for control measures quite obvious. For example, applying an
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f

(extrapolated) Preferred Noise Criteria (PNC) curve onto the up- I

per bound spectrum shows that the lowest level of concern in terms

of Permissible Noise Exposure is exceeded. The Walsh-Healey _.
Public Contracts Act states that a level o9 90 dB(A) for an 8 hr

,.: - period is permissible to avoid a significant degree of permanent

hearing damage. Implicit in this regulation is the presupposition

; that a person exposed to such levels will be in a quiet environ-

ment during the remainder of a day in order to recover from the i_

overload on the hearing mechanism. Although a typical passenger

is exposed to car-interior noise much less than 8 hrs each day, i_

: and is unlikely to suffer hearing damage from transit car noise

alone, noise levels are higher than desirable for recovery from

occupational exposure.

P
Applying the criterion of Preferred* Speech Interference P

Level (PS!L) shows that the upper bound spectrum yields a PSIL of

86 dB [i.e., 1/3 (91 + 89 + 79)]. In order to allow communication /

," between two people 2 ft apart they would have to shout, or, i£

only 6 in. apart would still have to talk with a raised voice.

' : Obviously, changes in train speed will inf'luencethe noise

levels and the above criteria would chanFe for bebter or worse

depending on the operational conditions.

_-:_ _: In order to decrease the car-interior noise levels one needs

to identify the noise sources, and where possible control the

levels a_ the source. As a subsequent measure one would control __both the structureborne and airborne prep_at_on p_ths to mini-

mize transmitted sound. Since the dominant sources o£ subway t-.

_The term "preferred" relates to the octave band center frequen- _'II I
cies now used to charaoberize bands. These are on 500, 1000,
2000 Hz, rather than the old 600-1200, 1200-2400, 2600-4800 Hz [

etc.bands. _ i
(

2 _

2

_t



!
Report No. 2391 Bo_t Beranek and Newman Inc,

_ noise are related to the interaction of the wheels and rails, the

most effestlve means for ear-lnterlor noise reduction would be

i the treatment of rails, say, by applying structural damping

through resilient pads under the rail fasteners and/or by using

l wheel damping treatment or by selecting an optimized trackbed
(e.g., ballasted vs concrete). A furbher, probably very slgnlfi-

J can_, improvement could be achieved through providing the carswith high-transmlsslon loss walls, floors and ceilings, with

° double glass windows and doors, and with good sealings for doors

_ I and windows, in addition to absorptive treatment of car-interlor
1

_I J spaces* _ost of these #'first-cholce" techniques require _true-rural modification on the oars. However, the present study-

effort specifically excludes any modifications on the cars.

i Rather, all other acoustic techniques are to be considered that
promise an improvement of tunnel and station acoustics, and a

l reduction of radiation efficiency and mlnlmizatlon of structure-borne sound transmission. The goal of this investigation is to

define design criteria for quiet (not-car associated) rapid tran-

t sit system components. Criteria that deal with rails, slabs and

station acoustics are reported in companion reports. The repor_

I in hand deals specifically with the acoustic treatment of subway
tunnels, and provides estimates of the effect of localized treat-

l men_ on the noise levels inside a subway car.

!

|

l

|
J
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2. PROBLEMDEFINITION (

The major transmission paths for acoustic and vibratory en-

ergy from outside sources to car-lnterior spaces are illustrated

in Fig. 2. Vibratory energy resulting mainly from wheel/rail

interaction travels through the truck into the structural tom- L

portents of the car, which radiate acoustic energy lnto the car. F"

Control of this path requires vibration-isolatlon of the truck !__

from the oar or the application of damping treatment to various

structural members within the car. Vibratory energy also travels

through the wheels, rails, and trackbed, which radiates acoustic

energy into the tunnel space itself and is transmitted through

the car walls or through open windows and ventilation orifices

into the car. This mode of energy travel can be affected by ab-

sorptlve treatment of the tunnel wall surfaces.

In Sec. 1 above, two possible criteria for car-interior noise

levels were briefly discussed. These were hearing-damage and _

speech interference criteria. In order to determine the required

amount of noise reduction - by whatever means -- one needs to de-

] fine car-interior noise specifications, that must be weighted
J_

against existing levels. Generally, one can state that _loise _j

...... levels should be free from rapidly varying changes as fur_ction of
P_

speed especially during acceleration and deceleration. Frequently, ,_.
k_

an NC-55 to NC-65 is recommended for subway ear interior noise.

PNC-ourves* are reproduced in Fig. 3. Comparing these specifl- _!
m_

cations with the existing car-interior levels, as shown in Fi_.

I, shows that reductions of 25 to 35 dB over a very large fre- !_
quency 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 standardizationgroup. _

4 Bi
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FIG. 3. PREFERRED NOISE CRITERIA (PNC) CURVES (1971). (REPRO-

DUCED FROM BERANEK'S NOISE AND VIBRATION C01VTROLj
F +

McGRAW-HILLBOOK CO., INC.,p. 567.

The remainder of this report investigates the possibilities and _++,

limitations of achieving such a broadband reduction with tunnel _"

acoustio-treatmen$ alone. ,+'_,

BBN conducted acoustic (and other) measurements inside NYCTA i

well as outside the trains on (a) tunnel walls and ! i Isystem cars as
k

(b) between the rails. These measurements and their implications "_ i

are discussedin the followingsection. _II

6
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!i':

3. TEST PROGRAM

_,,
:./_m 3.1 Experimental

In February Z972 acoustic measurements at three locations
' ' R were conducted within the NYCTA system. Each location typifies a

J particular environment, namely (l) inside a tunnel, i.e., com-

i pletely enclosed (halfway between Prospect Park and Seventh Ave.,90 ft below Flatbush Ave.), (2) inagde a out, approximately 20 ft

_iI_!:ii_. deep and 50 ft wide, and (3) on an embankment along a flat oor-

_"_I _ tion with no nearby reflecting surfaces (see Figs. 4 and 5).

These measurements served several purposes. For one, abso-

| lute levels inside and outside the car for various environments

could be determined. Thus, typical transmission losses fez' sub-

way car walls were established. Second].y,by comparing car- i_

_ interior levels measured when the train was inside and outside a .

v_._ tunnel, the effect of tunnel acoustics - reflections in particu- i_.

" i lar - could be established and estimates of the structureborne

. m vs the airborne portion of the car-interior noise could be ob-

ii.I rained. Thus, the upper bound effect of tunnel acoustic treat-
l

ment could be estimated, since, at best, a free-field environment

can be generated through tunnel treatment. That portion of the

car interior spectrum that remains unchanged must then mostly be

_' i I attributed to structureborne sources whose energy is propagated
_ i along structureborne paths and radiated into the car interior. Of

]_i R course, any onboard sources, the propulsion system in oarticular,

'_ _ J4 but also auxiliary equipment will add to car interior noise, but

_'_ cannot be influenced by treatment of tunnel surfaces.

_ i Appendix A presents (i) A-welghted time histories of the

' ,:,_:_,'_ acoustic signals measured inside and outside a car for the three

environments and (2) one-third octave band spectra for selected

_:_!:I__ portions of the time-histories (usually at the maximum level of.i'!
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I
a given time history). In the bulk of this report we will ere-

sent only those spectra - mostly in normalized form - that are

necessaryto illustrateconclusions.

3.2 Data Presentation and Discussion h •

To allow comparison of spectra for various operating condi--

tione and environments, it is necessary to nondimensionalize levels I

and frequencies. Since train 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. Frequencies were scaled directly with the ratio of train

speeds. Reference speed was arbitrarily selected as 40 ft/sec.

This scaling law had also been found in Ref. i. C'

L
For purposes of

discussion we use a .12I/Z'-I_ I/2' f-

tunnel/car geometry i

"-Fig.6. We consider ....

four spaces in which

a uniformanddiffuse i
8 112' 9' -_

sumed to exist. ' @

Space (i) is bound- 12'14' [

edbythetrackbed, CAT
WALK !

earfloor,andby

walls; space (2) 3u2'

is essentially the L _ //_--TRACKB(_catwalkspacein

the presenceof the _ 1o' .

car, bounded by ear FIG, 6. TUNNEL/CAR GEOMETRY.

,!

zo _i
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I wall and tunnel wall; space (2a) is the space on the other side

'_ of the car; space (3) is the car interior;and space (4) is above

the car roof. Space_ (i) and (2) are connectedby an open slot.

We assume that noise is generated in space (i) and travels through

i the slot to spaces (2), (2a), and (4) and from there through the
. ear walls into the car, i.e,, space (3).
r.

Ci,B,_, 3.3 Nondimensisnal Spectra

,jr: m Pigure 7 shows the spectrum measured inside the oar in the

I tunnel for speeds between 27 and 36 mph (40 to 54 ft/sec). Fig-

_i _ ure 8 shows the spectrum on the tunnel well (catwalk side), and
m

m

i 1oo I I I i I I I I _ t I I I I t i I J _ I I

,O I Uo=4O FT/SEC J

o |m

B o _ 8i;, i :_To-_,a

n: ,0 f;
_i! _ u.,.,el I

_ O 48 cl_ • .

a _3 _0
54

il ° I "._:i_ 4: I I I I I I 1 J I I I I I I I I I I _ * r
16 31.5 63 1_5 2_0 500 I000 2000 4000 6000 !6_000 31,500 ;,

B NORMALIZED ONE "THIRD OCTAVE BAND CENTER FREOUENCY(Hz)TJMEB ]U/UoI

i FIG. 7, NORMALIZED SPECTRUM IN CAR, I_ TUNNEL.
{,

:'L

_:: i1

:,_i k4::i

. , ,, ,
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_no I uo, 4o FT/SECI ,.
o

r_

- r
100 :" '

Am : I

°
gOI

::: s_R

,o o"°'.o, • L I
O 54

,,: I I I I I I I I I I I I I I I I [ I I I I I i
31,5 63 125 250 SO0 I000 2000 4000 BOO0 16n000 3IntO0

NORMALIZED ONE'THIRD OCTAVE BAND CENTER FREQUENCYIHz) TIMESIU/U o) [" i

L.

FIG. 8. NORMALIZED SPECTRUN AT WALL, IN TUNNEL. I- [

Fig. 9 shows the spectrum between the tracks. The data _olnts in [!:: each of these figures indicate the relatively small scatter over

: .:=- the selected speed range indicating the valldity of the "Third

I PowerLaw". _i
l

3.4 Discussion

The similarity in shape of the normalized spectra measured

between the tracks and the catwalk wall indicate that acoustic ["i

power travels from the source space (i) through the slot into the

space between oar side wall and tunnel wall. (space 2) with some, _!

almost frequency-lndependent transmission loss. The aressure

levels are lower In space (2) (roughly 5 to 9 dB). Since no _._

U
12 _f
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N_ I0(

I! " " !"

i :_' I _ OROD,RE?(j • 53
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c::, ,o,, ,, , r I I I I I f I I [ I r # ! I II
::', 16 31,5 63 125 250 500 lOOO _CO0 4000 O00O 16,000 3ll_OO
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.... _}: FIG. 9. NORMALIZED SPECTRUM IN TUNNEL, BETWEEN TRACKS.

,_.... important sound source is available in space (2) all energy must

_-_4 in fact come from space (i). The sound pressure level observed•:_ i
in the car interior is a result of the acoustic energy transmitted

l through floor, walls and ceiling, Figure lO shows _he differences
between car-interior level and outside levels between tracks. If

_,_!_ sound was exclusively travelling through the floor from the "rail/

'_ wheel source" then the car interior levels are determined essen-

i!i! tially by the floor transmission loss (TL). A representative TL

_'_'_, (from Ref. 2) for a typical American railroad ear floor as well

as the Noise Reduction curve for the NYCTA car floors as derived

:!_:'B
'<":; from the level difference between in-car noise and between-track

_ noise is also shown in Fig. lO. If this NR curve were correct

]" Iii.:
'/i

__ _
" 13
i'
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FIG. lO. DIFFERENCE IN CAR EXTERIOR AND CAR INTERIOR LEVEL r

(ZERO-dBLEVEL).

r
subway car under consideration, then much lower levels should L

exist in the oar than are actually observed. Figure ll 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 - F

would determine the effective noise reduction, and the levels in

the car. The theoretically derived TL for glass of i/B-in, thick- F"

hess is also shown in Fig. ii. The TL curve of 1/8-1n. glass '_

mus_ be converted into a noise reduction (NR) curve by accounting

for the common wall area through which the sound travels as well

as for the acoustic conditions of the receiving spaoej i.e., the

'F

14

J
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"':' FIG. 11. DIFFERENCE IN CAR EXTERIOR (SPACE 2) AND CAR INTERIOR

(SPACE 3) LEVELS AND TRANSMISSIONS LOSS (TL) OF I/8 IN.

THICK GLASS AND SPECIFIC NOISE REDUCTION (NR) FOR

I WINDOW AREA OF NYCTA CARS.

_ ear-interlor. The acoustic conditions of the receiver-space are

_' expressed in terms of a room constant R, which is a function of

'/'I"_'_D volume and absorption. Figure 12 shows the relationships of vol-_, , ume and "room-constant" for various room characteristics. Assum-

_: I ing a typical car volume of 60 x l0 × 7 ft3, and qualifying a:!!i:'l a car-interior as medlum-llve (in the absence of absorptive treat-

;_..i ment) we flnd a room constant of about 180 ft2. Assuming a total

1_ glass area of 4 x 40 ft2, we obtain from Fig. 13 a correction

_._ factor C = -I dB to be used in determining the actual noise

l
i

l
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i,,i , ,I_IKHI t ,,ir,n _
IO S I01 I0 _ 10 I.

ROOM VOLUME V (FT s)

FIG. 12. APPROXIMATE RELATIONSHIP BETWEEN _OOM VOLUME AND ROOM

CONSTANT FOR SPACES OF VARIOUS AVERAGE ACOUSTIC ABSORP- _'
i

TION (AT MID-FREQUENCY REGION OF 500-I000 Hz). L-_

reduction from

NR = TL + C .

C is somewhat dependent on the frequency rangP; we assume the

followingcorrections:

f (Hz) < 500 500-1000 • I000 [

C -3 -i +2 [_"_

The general trend of the predicted NR-ourvo comoared to the mea- !_;

sured level difference supports the assumption of the windows

providing the dominant transmission path from space (2) to space

i

16 !I
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1

_::_ (Select Nearest Integral Value of C)

_" RATI0 "C" "C" "C"_:C:J RATIO RATIO

_C,_ Sw/R2 (dB) Sw/R2. (d8) Sw/R 2 (dB)

I 0,00 +6 1.7 - _ 15 -120,07 +5 2,2 - 4 20 -13
0,15 +4 2.9 - 5 25 -lh

• 0.2, ÷, 3.7 - -,5m 0,38 +2 _.7 - 7 40 -16

;; 0.54 +l 6.1 - 8 50 -17

: _ 0.75 O 7.7 - 9 63 -18
1.0 -1 9.7 -I0 80 -19

1.3 -2 12 -II i00 -20

• ,i_,i

' _ , 6w is the area oi"the wall or floor (In sq Ct) Common to Che
"transmlttlns" and "receiving" roorn_.

_ Sa is Che Room Constant o(' the "_ecelvlne" _oom; Include low

| £requency values of R2,

I FIG. 13. APPROXIMATEWALL OR FLOOR CORRECTION TERM "C" FOR USEIN THE EQUATION NR = TL + "C".

(3). However in the medium frequency range, say, between 250 and

_! 6000 Hz, there is "excess sound" in the ear. The reason could be

', three-fold: (i) there are direct openings in the car structure -.
:', and they may be In the floor, walls or ceilings -- through which
W1

_i!ii_ energy enters the car virtually unattenuated £rom the OUtSide;

:_. (2) car-lnternal sources dominate the spectrum in the 250 to 6000

....,_'._'_:I HZ range; (3) vibrablon-induced energy from wheel/rail interaction
_ or the propulsion system propagates along structural eaths and

b reradlates as acoustic energy into the car. For the latter two

cases, tunnel treatment will have no effect on the levels ob-

{? served in this frequency range. Comparison of oar-lnterlor

2

_L

_!_ _7
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I spectra measured when the ear is inside and outside a tunnel in a

"free-field environment" (Fig. 14) shows common levels below 125
r-3

- HZ. AS stated previously, the upper bound noise reduction that l

,. can be achieved through tunnel treatment is basically Riven by

the "noise-floor" in the car when travelinE_ in a tree-field en-- 7

" :'_ ':" vlronment, Figure 15 compares the spectra measured between the

rails inside and outside the tunnel. The in-tunnel trackbed was i :
• concrete, outside the runt*e], it consisted of 2--in. diam. _ranite _-

aggregate. Although levels outside the tunnel are lower -as i-

expected --the effects of the (1) free-field vs reverberant field L
and of (2) concrete vs ballast trackbed cannot be separated from

F
L-

_ m_ II I I II I I I( I I II II I I II II

,,'.
_ ,o L,

_ C t IN TUNNEL

_g

wo° 70 X
0 _-STRUCTURE-BBRNE_ _

p d _ %
(OR PROPULSION

y

'z AR ON EMBANNM % rF"

D

,_0i [ 0 I [ I I I J I I I f J I I I 0 I "_"b._ "_ I _
Z

31,_ 61 125 250 500 1000 2000 4000 8000 16_000 31,_00

NORMALIZED ONE'THIRD O_TAVE BAND CENTER FREQUENCY (Hzl TIMES (U/U o) _--
t

FIG. 14. COMPARISON OF CAR-INTERIOR SPECTRA FOR T_VO CONDITIONS.

[
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iF L_

--" _._I_ a:__ HO' l_ lI .''_l J_ BUTI I I' l l LI '' 1 1 l_ _l'l,l l l l ' I " l

i:ii To.R,TV..T--°CO

!i!'H IS,ORS°ALiAS,
'_: _ P/
._': OF TUNNEL, .J

.'' _ _l _O°STOReBALLAST TRACKBED

_¢,oTo

Y

! -O
_ 6o

m

| _ " ,, II II I, I, !, ,r ,, ,l ,,
S_ 31,5 83 IZS 250 500 I000 1000 fOOD CO00 11_000 _1_500

I NORMALIZED ORS-THIRD OCTAVE BAND CENTER FRECUENCY (Hz)

I FIG. 15. COMPARISON OF SPECTRA BETWEEN RAILS.

_, the information in Fig. 15. In both cases the spectral shape is

_!_ identical, suggesting that the first effect is the relevant one.

The airborne portion of the wheel/rail interaction noise can
g_

_!,t _ be positively affected by changing from a concrete to a ballasted
;i_ trackbed. The car-interlor spectrum measured outside the tunnel,

_}_' representing a lower bound, would still exceed the eND-65 curveat frequencies below 800 Hz. Thus to achieve a noise environment

to satisfy this criterion it does not suffice to treat the tunnel;rather one must control structureborne sources, or treat the ear

_i_' interior spaces with absorptive wall material.

h

...... 19
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4 TUNNELABSORPTIVE-TREATMENT

In this section the effectiveness of various levels of ab-

sorptive treatment concepts for tunnel surfaces arc evaluated.

4.l Trackbed

Regular concrete traekbed surfaces provide an almost fully

reflecting surface for acoustic energy. ]Iowever, lining the !_

trackbed with sound-absorptlve material (as sketched in Fig. 16)

willreducetunnelnoise. Use

of usualgravel(about2 In. _ _ "

diam) will only slightly reduce _ ' _ F'"
thesoundpressurelevelsin _i

"spaceI"fora givenpower

levelspectrum,sincetypical

absorption coefficients are

quite low, on the order of 0.i
to 0.2 over the frequency range

' of interest. Use of smaller

crete will improve the absorp-

tive properties of the track-

' • bed. Below,absorptionco- r

efficlentsare tabulatedfor

gravel of various sizes, as FIG. 16. TRACKBED LINING.

wellas of porousconcrete.

In general, smaller gravel sizes increase the absorption co- (_
efficients. Thus, a 6-1n. layer of i/4-in, granite aggregate I

provides very high absorption over the frequency range 250 to

4000 Hz. Such small-size gravel may be imnractical and cellular I

. concrete might be preferable, nroviding about the same absorptior :

20
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TABLEA88BRP710NCOEFF C ER,S
_!; Frequency(ltz)

_I I Material 125 280 500 lO00 2000 4000

1--1- -i.graoite] aggregate,6 in. 0.06 0.ii 0.46 0.40 0.35 0.46

i..i!! 3/4-im.orless,
_',m granite aggre-

_ _ gate,4 in. 0.14 0.18 0.52 0.34 0.83 0.54
_i 3/4-in. or less,
_ graniteaggre-l'_ gate, 6 in. 0.12 0.I0 0.62 0.57 0.76 0.96
q_
_,i 3/4-in.or less,
i__ m_ granite aggre-

_! _ gate, 8 in. 0.15 0.44 0.35 0.85 0.50 0.49

I/2-1n. or less,

l graniteaggre-gate, 6 in. 0.15 0.30 0.67 0.37 0.78 0.64 1,

i/4-1n, or less, i_!i

t graniteaggre- !Igate, 6 in. 0.22 0.64 0.70 0.79 0.88 0.72 :i

Rough nonporous
concrete 0.02 0.02 0.04 0.06 0.08 0.I0l

i _ Cellular con-
crete, 1-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

_:_ m (Fig. 17). What would the effect on the sound pressure level in

J space (1) be? Since the only quantity that changes is the absorp-

tive coefficient, mot however the geometry, we can determine the

I decrease in sound pressure level for a given power level. From

C simple geometric considerations the ratio of sound pressures can

i

',!_ B1
|
_:i_-..........................................
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becomputedas _
_j

i

(Pl/P2) a = [W(so/s I) + W _ ]" L,!

J

+ 2H]I(2W+ 2_) , _
L.I

where W is the width and H is

i the height of the trackbed re- F' :

i tess. Per the epeogfgo _gdt;_ y _i,:i and hegght H of the traokbed • , _ '

i
I in sound pressure level as

FIG. 17. COMPLETE TREATMENT _-

where _l = original (lower) OF TRACKBEO RECESS. _
absorption coefficient

a_ = new (higher) absorption coefficient.

This equation is grap_ically presented in Fig. 18.

For example, assume that the originally nonporous concrete [

i _roe_odleseveredoveri. eotlrowldtho_10. _itha',in
-- layer of 3/_ in. sized g_anite aggregate. Then, the following

_L
sound pressure level reductions ALp in space (i) should be ex-

pected:

Frequency. Hz 125 250 500 I000 I 2000 4000 [-,

_Lp 6 6 7,5 5 7 lj
• i

These results are rather impressive. It should be noted, however,

22 _
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that they are based on the

"_' assumption that all four

i surfaces, bounding apace (1),

are essentially hard-

• - O.1). Thus, introduction
Of absorptive material even
on one wall only will have a

substantial effect. Further-

' more, since the decisive

_il quantity is the _at4o of ab-!_!i_I_ eorption coefficients, the
improvement depends entirely

four boundary walls. Realis- _

tically,therecess-walls
i

i_!_I andtheundersideofthe car-floormayineffecthavea _i

:!_ I higher absorption than the

/_i:_ii_!_i! original nonporous trackbed 4
: floor, which would reduce the aPLREDUCTION(dB}

improvement. Furthermore_, FIG. 18. REDUCTION IN SOUNDl theuppersurfaceofspa°°
_!:_ . (i) has openings on both PRESSURE LEVEL (SpL)

!_i' __ sides leading to spaces (2a) WHEN ABSORPTION CO-and (2); such openings have EFFICIENT OF TRACKBEO .

an absorption eoefflclent of IS CHANGED FROM A LOW

{_ unity, and result in a higher

_/_i_iI' _nltla_ absorption cceffi- VALUE m,, FOR THE ,PE- ;• cient, degrading the effect OIFIO TUNNEL GEOMETRY
SHOWN IN FIG. 6.

i_!i of increased trackbed absorp-

!i;i! iJ tion.
.;:4

hi
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4.2 SideWa]lsof TrackbedRecession

Further improvement should occur if in addition the side _,

walls of the trackbed recession were treated (Fig. 17). I....

Let us assume a common new absorption coefficient for track-

_' bed and trackbed recess walls, _2, vs _he original coefficient _

_z" Similar simple geometric considerations lead to the ratio of _
original to new sound pressure t_.

C
p,_ la,/_)(_II+w)+ w
Pa / 2W + 2H

C
or in logarithmic form for the specific dimensions of ghe track-

bedrecess
q_

_Lp=iologl_ +lO -1_1.3

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

This latter equation is also presented in graphic form in

Fig.18. FL!

For example, assume the original nonporous trackbed being

covered with a 4 in. layer of 3/4 in. sized granite aggregate.

Also. the walls are covered with absorptive material having the

same absorption properties as the gravel. Then the following
_o_al reduction in sound pressure level should result:

t,

Frequency, Hz I_5 250 500 I000 2000 4000

AL 8 8 9.5 7 9 6 U,
P

._!
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D

i

The same qualitative remarks as advanced in Seo. 4.1 apply here

i!_!_ also, namely that in practical cases a
deterioration of these Im-

_:<,:_, provements is likely due to the discontinuities in the "fourth

f _i wall". Most importantly, however, at low frequencies the sound
' !
.. :._ field in the spaces considered is not diffuse, as had been as-

_L' sumed in the above calculations.

ii!__!i 4.3 Tunnel Side Walls

In estimating the effect of absorptive treatment offthe tun-nel side walls we can consider space (2a) between the car side

walls and tunnel walls as a duct, that carries acoustic energy

t from the source up towards the windows. Let us first consider

_ the effect of lining the tunnel wall of space (2a) with a 3 in.

. i_i!l thick absorptive lining, reaching up to the window level (Fig.
_?_':: 19). We assume the clearance between tunnel wall and lining sur-

'i_.__ face to be 1 ft.

_i:_ From Fig. 20, which shows the attenuation per foot of duct
length for various combinations of duct width and treatment

"._!_
_,., depth, we may expect an attenuation for, say, a 4 ft high wall

i_' _,_" _ treatment as follows: _,_:

._:__ Frequency.Hz 63 125 250 BOO I000 2000 4000

,,c,, Attenuation,dB 0 1.5 4 6 6 2 0

|
If a 6-1n. thick treatment were possible, leaving 6 in. free space i.

i between treatment surface and ear wall then up to 13 dB attenua-
i

tion at 500 Hz are to be expected. If instead of 4 ft from the ii
line of the car floor up to the end of the absorptive lining,

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

i iI

25 _
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)_.. On the other slde offthe car, (space 2), the space between
:/
_. car side wall and tunnel wall of about 2-1/2 ft would provide

:, _.i very little "duct attenuation", even for relatively large lining

_ill thickness. However, if a banister construction were erected at

i i. 'ii_Im the cat walk rim (as sketched in Fig. 19), that would duplicate

_:, the design on the other side, then similar "duct-attenuations"

_'_ _ could be expected. It should be realized, though, that wall
._, m treatment on the far side of the catwalk will affect the acous-

...._,_ _ tics of the tunnel by virtue of reducing the reverberation time

i_!! amdt_ualoweringthelevelsinepaoo(2_._fonlyapace(2a)is
._ t,oabed,theeffectenear-interiornoisewillbeomlyveryama_l.

'|
_ The effect of these "two-dlmenslonal duct mufflers" will,

:_ m in practice, not be as large, since sound will travel from the

_i_I _ wheel/rail location up in the spaces between successive cars._ This airpath will heavily deteriorate the attenuation provided

by wall or banister linings.

...._ 4.4 Tunnel Ceiling|
_i _ If acoustical treatment is extended up along the side walls

:._ and along the tunnel ceiling, one could again consider the space

• :_'_''_ between the ear walls and ceiling, as a muffled duct within which

I sound pressure levels decrease with distance from the source.Thus, assuming the same wall treatment, as schematically shown in

Fig. 19 (3 in. lining, 1 ft free space), one would expect the

f levels up above the car and below the tunnel ceiling (space 4)

assuming an effective "duct length" of 12 ft to be attenuated by

I about 18 dB in the 500 Hz range with zero-attenuation at and be-
low 63 and at and above 3000 Hz. However, the bend in the duct

I will provide some extra attenuation of about i0 dB above 500 Hz.

!
,r,
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J

! Generally, wall and ceiling treatment would attenuate sound Ii

: traveling from space (i) towards space (2) via spaces (2a) and r_
I (4) by the following amounts: l i

0 6 12 17 16 i0

I Attonuatlos loMore sound would, of course= enter space (2) through the slot be-

• tween spaces (i) and (2), so that -- from the point of duct atten- ._i

'I uation a ceiling treatment would represent an overdesign. How-:i ever, an important aspect of getting treatment lies in the reduc-

tlon of tunnel reverberation time, which will, for a given power

level, reduce the sound pressure level in the tunnel.

4.5 CatwalkTreatment _

Treatmmnt of the catwalk

wallwillhavea similaref-

fect, as treatment of the

traokbed width, in that the i_
sound pressure levels will be

reduced in space (2) (Fig.

21), Considering space (2)

only, one can predict the im-

provement due to absorptive I!
wall treatment from

FIG. 2], TREATMENT OF CATWALK '_ ,

i:i + 2_V]/(2No + 2U) BIDEWA_._.. l i

I
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where He (_ 9 ft) is the

,, height of the catwalk space,

_:_
_ and W (_ 2-# ft) is its

, width. For the specific di- /

_: _ mensions, as shown in Fig. 5, /C; I
' we obtain the following

pressure level difference, /

. as function of absorption

coefficient before and after

the treatment application

ALp = i0 log JR(as/a,) + 14] J

/- 13.6.

Figure 22 presents this

equation in graphical form.
Assume, for example,

_ that a 2-in. thick porous /i_' rigid glass flber foam board

I _ was mounted directly onto the /hard wall [2]. The hard wall
4 6 8 10 12_

(as all other boundary sur- ? z SPLR_OUCT_ON(dB)
faces) is assumed to have an

original absorption coeffi- FIG. 22. REDUCTION IN SOUND PRES-

cient of _I' This fiber SURE LEVEL (SPL) WHEN

glass arrangement would have ABSORPTION COEFFICIENTF_

absorption coefficients, _2' OF CATWALK WALL IS

,, The following noise reduc- CHANGED FROM A LOW VALUE
, I_ tions could be expected:

aI TOA NIGHVALUE_2.
FOR THE SPEOIFIO GEOM-

ETRYSHOWNINFIG.6.

_ 29



Report No. 2391 Bolt Beranek and Newman Inc. _

i,

i_ Frequency, Hz 125 250 500 1000 2000 I 4000

'_i_ al 0.05 0.05 0.05 0.05 0.05 0.05 _E_

_2 0.4 0.6 0.9 0.9 0.9 0.9
L:

AL 5.5 7 9 9 9 9 i'
P

Again, it should be realized that these improvements would only -_

occur if all original boundaries of the surfaces, terminating the

catwalk, were hard-reflecting surfaces oL" an average absorption ,.;

coefficient of 0.05. This condition does mot hold for the too m

surface, which - in fact - is "open" towards the tunnel ceiling I...

[space (4)].

4.6 Estimate of Combined Effect of Tunnel Treatment

Using the approximate cal- _/_lJ_ _

culations, and materials dis-

cussed in the previous sections F-

(4.1 to 4.5), the combined el- _'-

fect on the carinteriornoise

levelsof tunneltreatmentis

estimatedbelow(seeFig.23). _._

Figure 24 illustrates the reduc- !;

tions in noise level in succes-

sive steps, starting with the / _.
original trackbed spectrum. In

arrivingat the car interior iI

spectrum(fora train-speedof J

35 mph)itwasassumedthatthe II

tunnel has initially hard re- FIG. 23. COMPLETE TREATMENT

fleeting surfaces, and that OF TUNNEL SURFACES. _I

30 j
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'_p

_" _ i 11, I I I I 1 1 1 1 _ I 1 I 1

I / ,,

_% -L_>, I Jl]
.,eg, i Icl¢l J I r I i 1

{!¢:_t _ Ih$ IZl It0 _QI) iDO0 |000 4000 |0_0 I1_ I1,_1_[*ON[-THIR_) OCTAVg _AND CgNT[R _'A£(_L_ENCy(HI]

_: gH FIG. 24, ILLUSTRATION EXAMPLE OF EFFECT OF TUNNEL AND TRACKBED '
b

_.:i ACOUSTIC TREATMENT ON CAR-INTERIOR NOISE SPECTRUM. ;,
_ FOR LEGEND SEE TEXT.r_,

'_, from tilesource in space (1) sound travels exclusively along air- ;

_,_ i_ bo_ne paths into the spsees surrounding the 0ar_ and fro:]] _here

_ through the windows into the car. The following legend applies

:r;'_ g_,,] to Fig. 2A_.

1. Originalspectruminspace(1) (trackbed),

i/g_,_'_I 2. Space (i) spectrum after treatment of trackbed floor with
.,_, porous concrete.

g 3. Space (i) spectrum after treatment of traokbed floor and
_> sidewalls with porous concrete and a 2-1n. fiberglass foam ,

• _I_ board, respectively.

'k i
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I,

4. Space (2a) spectrum, when tunnel wall is covered with a 3-in. !.

layer of fiberglass, leaving a I ft space between fliber_lass

surfaceandcarwall.

5. Space (2) spectrum, where space (2) is not treated, but space

(1) is treatedaccordingto step (3) above.

6. Space (2) spectrum, where space (2) side wall is covered with m

a 2-1n. thick layer of fiberglass, in addition to space (i)

treatment according to step (3) above.

7. Space (4) spectrum, when space (2a) wall and space (4) wall L

(i.e., tunnel ceiling) is covered with 3-in. thick layer of

fiberglass, in addition to space (i) treatment according to L i

step(3)above.

8. Car-interior spectrum if sound enters from snace (2) [in

condition of step (6) above] through l_8-1n, thick glass

windows.

9. Car interior spectrum if sound enters from space (2a) [in

condition of step (4) above] through 1/B-in. thick glass i_C_
windows.

i0. Car interior spectrum measured for train outside tunnel

(from Fig. 14).

Comparison of the spectra predicted in the car for the treat- I

ments discussed above, with the in-car spectrum measured for train

outside the tunnel shows gratifying agreement in the frequency

range above 125 Hz.

[
[
!.

!1
II

32 ,,i
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,_i 5. RECOMMENDATIONS

•_i:im It should be emphasized that absorptive treatment of tunnel
i

,;c_ and traokbed surfaces must be supplemented by controlling strue-

i tureborne and airborne paths on the car itself to minimize re-radiation of vibratory energy from wheel/rail interaction as

_/ acoustic energy into the car. As mentioned previously, tunnel

I treatment will control only one particular airborne path of acous-

i_ tic energy. Onboard sources are, of course, not affected by tun-

_i_i_ nel treatment. If the cars are not modified, then, at best, a
m

_,_ reduction of about l0 to 15 dB in the frequency range of 250 to

i_: m 4000 Hz can be achieved through a tunnel treatment that provides
B' essentially free-field conditions. If acoustic energy in the

_ m car propagates solely through airborne paths from space (1), the

l_'_ trackbed area, via spaces (2a) (between car wall and tunnel wall)

• or (2) (catwalk) through the windows, then the following quali-

_ , tatlve improvement could be expected by the following treatments.

a. Treatment of trackhed width with porous concrete or

small size granite aggregate would lower SPLB by up to 5 dB over
_ a large frequency range, provided the original trackbed was non-

._ porous, hard reflecting concrete.b. Additional treatment of trackbed slde_.$alls _.yithporous

concrete, or 2-1n. thick Neoprene coated duct-liner board with a

density of approximately 3 ib/cu ft (e.g., Owens Coming Fiberglas

!_i_.ii_ type 703) in direct contact with the trackhed walls, would reduce
" B levels over a bz'oad frequency range by an additional 2 to 3 dB,

z_ m especially at the higher frequencies.

|
_ c. Treatment of the narrow space formed by the car wall and

_. _ the directly adjacent tunnel wall with a layer of 3-ins thick duct

|!_I liner board as under (b) above. This would reduce levels at the
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F
windows through the effect of "duet_absorption" by about 5 dB be- _.

tween 250 and 10O0 ]Iz. However, this measure must be complemented

by _:

d Treatment of catwalk walls, since otherwise sound from

_ne cat walk space will enter the car and dominate sound trans- !"" i

mitred through the other ear wall. Catwalk treatment with simi-

lar material as described in (3) above, will reduce sound nressure _ I

levels in the catwalk space by 5 dB at 125 Hz, rising to 8 dB

at4000Hz. I_

Similarly, catwalk treatment by itself would show little

effect, unless complemented by absorptive treatment of the narrow
space between car and tunnel on the other side, i.e., space (2a).

e. Treatment of tunnel ceiling will generally reduce sound L

pressure levels in the entire tunnel cross-sectlon (as does the

treatment of the catwalk wall) buG, more importantly, by forming F

an absorptive (two-dimensional) duct between car roof and tunnel

ceiling, reduce the amount of acoustic energy in the catwalk _' r

space that travels up along the far wall of the car and over its

rooftowardsthecatwalkspace.
i_

f. In general, if the tunnel has originally only hard re-

flecting surfaces then application of absorptive material to any

surface will have a marked effect. Increasing successively the

amount of absorption will have a lesser and lesser effect on a

proportionatebasis.

g. For cost reasons one could compromise in providing heavy !-_
treatment, along all tunnel surfaces only at the first lO0 ft or '_

so after a tunnel entrance, whereafter the amount of surface
I q

treatment would be reduced further inside the tunnel. This i

would prevent the startling and sudden increase in ear-lnterior

sound level at the instant of entering a tunnel, t_

f
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_ h. Although complete treatment of tunnel surfaces would

provide a noise reduction of 25 to 45 dB from between-track noise

•_ to car,-interior noise, such a high reduction is, in oractical

:_i cases not achieved due to the structureborne transmission paths

t_I _ through which substantial portion of energy is transmitted into

!_ "_ the car interior spaces.

Considering the noise spectrum in the car when the train is

traveling on an embankment as lower bound, then, clearly, there

is no point in providing more absorptive treatment o11 the tunnel
walls than necessary to achieve this limiting spectrum From

_' Fig. 14 it is obvious that noise reduction of about 15 dB over a

_!i I frequency range from about 250 Hz to 4000 Hz would be necessary

i I _o achieve this goal. Treatment of trackbed floor and side walls

will provide about B dB over the desired frequency range. Treat-

ment of the tunnel wall next to the car wall and providing an

i_!_ _tii_' absorptive banister on the cat-walk side would further reduce the

iii !i_l_ car-interior levels by up to 7 dB, providing a total of up to

15 dB. The change in car-lnterlor levels due to these measures

are qualitatively shown in Fig. 22 for four conditions: train

•!_h R (i) in untreated tunnel, (2) and (3) in partially treated tunnel,

_] and (4) on an embankment.

iii |

ii/

o
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84.5 [dSlA)]

76.5[dB(A)]

_ _o L

_o _

° /,,, 74[aa(Aa I/

,oc ,ooo ,o,ooo E- 0 OCTAVE BANJ FREQUENCIES IN Hz(cps)

F._ _,.5[ds(A)J [
H L

t.

FIG. 25. CAR-INTERIOR NOISE LEVELS FOR THE FOLLOWING CONDITIONS:
!:

TRAIN (I) IN UNTREATED TUNNEL, (2) AND (3) IN PARTIALLY

TREATED TUNNEL, AND C4) ON EHBANKMENT.
e 0L,
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Nun 13 •

Wail ................................... F-
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TUNNEL NOISE I - RUN 13 - WALL

120 I---+ --_ ---_-

e 11o "_t- =t- -t-
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100 -- *---

FIG. A-2. TIME HISTORY AND ONE-THIRD OCTAVE BAND SPECTRUMOF _'

NOISE MEASURED ON THE CATWALK FOR A TRAIN TRAVELING

IN A TUNNEL AT 35 MPH. i"i
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:_ TUNNEL NOISE - RUN 13 - ON TRAIN

:i i = -d= :;+ i=i=+-.= E

_;:I| + _ m =-+--='n.+$ _ -i i i

+ :++-, ....... , ,=I::I_:[
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_+.t ± ,=+_ i

:_ FIB. A-3. ONE-THIRD OCTAVE BAND SPECTRUM OF NOISE MEASURED IN

|_i.i THE TRAIN CORRESPONDING TO EXTERIOR MEASUREMENTS
_ ILLUSTRATED IN FIGS. A-I AND A-2.
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TUNNEL NOISE II - RUN 10 - ON TRAIN _ _ r , ,

g,oo T"

_-_-_-_- - _

, _, ,t-! J!! ! _"
40 2 _i_ _0 12_ 2 $ _ 0 IZSO 2000 3_0 500D 8000 12,_00 ZO_O0 }k,_O0 f-"

16 _ 40 6} _00 160 Z_O 400 6_0 I000 _6OO 2_c_ _000 K_'_ i0_0 _t_O _

L

FIG. A-6. ONE-THIRD OCTAVE SAND SPECTRUM OF NOISE MEASURED IN

THE TRAIN CORRESPONDING TO EXTERIOR MEASUREMENTS _"

ILLUSTRATED IN FIGS. A-4 AND A-5.
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