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I. INTRODUCTION AND SUMMARY

The research described 1in this report was undertaken to
evaluate the potential contributicn to the overall annoy-
ance of heavy truck neise of the impulsive character of
exhaust noise created by englne compression-release braking
devices. Although growing numbers of truclks are likely to
be equipped with these safety devices in the future, current
metheds for assessing health and welfare effects of trarfic
noise on resldential peopulations make no specific provision
for annoyance assoclated with impulsilve noise sources.

The two major goals of the current research were 1) to
quantify the impulsive emissions generated by compression-
release engine brakes 1in the course of typical operaticn of
heavy vehicles so eguipped, and 2) to quantify the annoyance
assoclated with such emissions. A program of physicél field
measurements deslgned to meet the first goal 1s described

1n Section III cf this report. SubjJective Judgment experi-
mentaticen conducted under laboratory conditions to meet

the second goal 1s reported in Section IV.

The major findings included the following:
1) Compression-release engine brake use can {but does
not necessarily) increase the level of heavy vehlcle

nolse emissions, as measured by conventicnal nolse
metrics,

o £ N e e e B e IR A e e )
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2) Measures of vehicle nelse specifically intended to
characterlze impulse noilse rise by 2 dB at most during

preoperly muffled use of compression-release englne brakes,

3) Subjectively, noilse of heavy vehicles operating at
constant veloclty with compression-release englne brakes
can be as much as 5 dB nmore annoying than nolse emissions
of heavy vehicles operating without such brakes, simply
because noise emlsslions under such conditlions are corres-
pondingly higher in level. There is little reagson to

believe, however, that the character of the nolse emlssions

of a properly muflfled vehicle using a compresslon-release
engine brake significantly lncreases its annoyance.
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IT. BACKGROUND
A. Nature and Use of Compression-Release Engine Brakes

The primary use for which compression-release engine
brakes are designed and purchased is as an ald in maln-
taining a controllable veloclty on long, steep down
grades. Service brakes of heavily loaded vehicles can
gulekly overheat and fall on these grades unless velocity
is restricted to a value far below which a vehlcle with
greater braking horsepower would be safely controllable.

In this principal mode of use, the driver uses the
compression-release engine braking system to supply the
additlional brakling hofsepower which, when added to that
provided by reolling friction and air resistance, brings
into equilibrium the force of gravity (acting to accelerate
the vehicle downhill) and the retarding forces that act to
decelerate the vehlcle, The general relationships among
these forces may be seen in Figure 1, which shows approxl-
mate braking horsepower requirements of a typilcal heavy
truck as & function of reoad speed, for several grade

conditions.

The dashed llnes in the flgure show the braking horsepower
requirements (ordinate) to maintain a constant downhill
speed (abscissa) for several different grades. The thin
solid lines show the braking horsepower naturally afforded
by rolling friction (tire/pavement interaction) and by air
resistance., The solid heavy lline shows the sum of these
two retarding powers, plus an additional 20 horsepower for
englne accessoriles and minimal drive train losses.

-3
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The retarding horsepower needed from engine brakes, service
brakes, or a combination of the two, is the difference
between the solld line and dashed curves. For example,

110 horsepower of braking 1s required for an 80,000 pound
gross welght vehicle to malntailn 20 mph on a 4 percent

downgrade.

When the accelerating and decelerating forces are in
balance, the vehilcle will maintain a constant downhill
velocity. If the sum of the retarding forces exceeds the
accelerating force, the vehicle will eventually slow to a
stop. Il the accelerating force exceeds the sum of appliled
braking horsepower and other retarding forces, the vehicle's
veloeclty will contlnually increase. Eventually, a critical
veloclty wlll be reached beyond which the total braking
horsepower avallable from service brakes, compression-
release engine brakes, and all other retarding forces 1s
Insufficient to check further acceleraticn. At this

point, the wvehlcle 1s a runaway, literally unable to stop
for lack of sufficient braking horsepower.

On grades less than about 2%, normal engine compression,
unaided by the speclalized braking sysfems of present
Interest, ordinarilly provides sufficient braking horsepower
for even heavily loaded trucks and buses to maintain constant
downgrade velocity at posted or safely controllable limits.
Intermittent use of service brakes (to provide for cooling

to prevent or recover from brake fade) on grades up to about
3% can provide sufficilent additional braking horsepower

for long periods of time. On grades exceeding 4%, how-

ever, a heavily loaded truck or bus without a source of
braking horsepower other than the service brakes may not

be continuously safely operated at speeds anywhere near typilcal

posted limits.

T T ST
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The acceleration imparted to a truck on a downgrade 1is a
product of grade and lead. TFor constant avallable braking
horsepower, steep grades may be safely negotlated at high
speeds only If a vehlele 1s lightly loaded. Shallower grades
may be safely negotiated at high speeds at higher gross
welghts, The driver of a vehicle equipped with compressicn-
release englne brakes generally engages only as much braking
horsepewer as 1s necessary to malntaln a constant road

speed, often 1n the gear he deslires to use at the bottom

of the grade.

Thus, a driver at the top of & grade may with some models
engage two cylinders of compresslon-release braking to provide
for a gradual initial application of retarding force. There-
after, he may apply four or six cylinders of braking as neces-
sary to 1imit further speed lnereases. Englne speed 1is
commonly maintained close to maximum governed rpm {on the
order of 2000 rpm for many diesel engines) to aveld un-
necesgary shifting of gears at the bottom of the grade

when the driver conce again wishes to accelerate.

Although the primary use of compression-release engine
brakes 1s to maintain a constant long term downhill speed,
they are also ceccasionally used for shorter periods for
deceleration. In this mode of operation, the compression-
release brakes are used intermittently and for short dura-
tions only.

Owners and operators of heavy vehicles used in mountainous
terraln generally favor engine braking systems not only for
safety reasons, but also because in some applications

they permit shorter transit times, and reduce malntenance
costs. Much greater detall of the deslgn and use of com-
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Report No. 4550 Bolt Beranek and Newman Inc.
pression~release and other engine braking systems 1s avail-
able to the interested reader in the comprehensive study of
the costs and benefits of engine retarders of Fancher et
al. (1981). Some of the observations of Farncher et al.
about the manner of cperation and extent of use of com-
pression-release engine bhrakes are quoted or paraphrased

below.

According to Fancher et al., only two compression-release
engine brakes are marketed in the U.S. One of these ls
offered by Mack Truck as an option on some of thelr cnglncs,
while the other, manufactured by Jacobs Engineering, 1s
sold as an after-market item. Response times for both
manufacturers' brakes are shoert (on the order of several
tenths of a second). The engine brake retarder provides
a more-or-less constant torque resisting the rotation of
the flywheel. The greatest retarding force is developed
at the maximum rated engine speed, however. Thls occurs
when the gearing is the lowest that can be selected at a

given vehilcle speed.

Although performance of a compression-release retarder
depends on the design of its components, the torque
limitations are ultimately imposed by englne size and
compresslon ratlo. The absorbed-power limitation in
turn depends on both the torgue and the maximum rated
engine speed. Absorbed power capability ranges from
60~-100 percent of the power-producing engine specifica-
tlon, with the higher figure applicable to turbo-charged
engines with high rpm ratings. Since many other forces
act to retard a commerclal vehicle besides the engine,
the overall performance of an engline-brake retarder acting

-
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together with other frictional forces is generally comparable
to the englne acting as a power plant against the other fric-
tional forces. From the point of view of the truck driver,
thils means a given grade can be safely descended wilthout

use of the foundatlion brakes at the same speed and gearing
that 1t can be ascended.

The engine brake type of retarder offers a great deal of
flexibility, since the retarding level is greatly dependent
on the driver's choice of gears. Potential problems exlst,
however, as an inappropriate choice of gears can result In
overly high engine speed and resulting engine damage unless
the driver rescrts to the vehilcle foundatlion brakes. Should
the engine speed lncrease beyond the rated maximum, shift-
ing to a lower gear to obtaln more retarding torque is not
possible. An attempt to do so will leave the driver with
the transmission in neutral {(or a high gear with less
retarding torque) and completely dependent on the founda-
tion brakes of the vehicle.

Fancher et al. estimate that the current annual sales of
supplementary braking devlces in the United States 1s
33,000-46,000 units. fThe majority of the devices (about
50 percent) are installed on class-elght heavy-duty
trucks.,

The western United States 1s, by far, the area of greatest
market penetration. It is estimated that about B0 percent
of installations into class~elght trucks are found in this
area., The mountainous terrain makes supplementary braking
devices a necessary safety proftectlon on large trucks that
are heavlly loaded and operating over the steep grades.

-8~
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Heavy-duty trucks are also equipped wilth retarders 1in the
mountainous areas of the eastern United States for much the

same reason.

Transit vehieles use retarders because of the lower operating
costs due to increased brake life (this beneflt occurs regard-
less of terrain). Therefore, retarder installations on

this class of vehilcle are most directly related to the

transit wvehicle population. This explains the greater

number of retarder installatlons in the eastern United

States.

There are about 1.1 millicon trucks, class elght and larger
(over 33,000 1b GVW)}, Iin the United States. About 15 percent
of these vehlcles are 1n the eleven western states; how-
ever, the greatest penetration of retarders is found in

this area. About 40-70 percent are retarder equipped; the
heavier the vehicle, the greater the retarder share.

According to Fancher et al., isolated communitles, parti-
cularly in the Pacifle Northwest, rigidly enforce local
noise ordinances concerning retarder use. Operators
indlcate that in some of these communlties the use of

a retarder 1s interpreted by the local police officer as
being a de facto violatlon of the ordinance.

B. Noise Emissions of Compression-Release Engine Brakes

Compreséion-release engline brakes work by foreing the
momentum of the vehlcle to compress a fuelless cyllnder
charge, which 1s then exhausted near top dead center of
the piston stoke, rather than being retained (as in normal
englne operation} to return the piston to the bottom of

-9-
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its stoke. When engaged, compression-release englne brakes
generate repetitive impulsive nolse at pericdic rates
determined by engine speed and number of eylinders in

use. These factors depend in turn cn road speed, load,

and grade. The duration of each exhaust pulse is
typlcally on the order of 0.5 ms, with a rise time of

0.2 ms. The crest factor of the impulse is about 15 dB.
Repetltion rates Iin normal operation range from about

30 to 100 Hz.

The contribubion of the impulsive nolse to the levels
of normal exhaust emlssions depends heavlly on the
adequacy of the vehlcle's exhaust muffling. If a
heavy truck or bus is equipped with proper muffling,
the contribution of impuisiveness due to compression-
release engine brakes to overall exhaust noilse may be
negligible. If the muffler is in poor condition, or
has been altered or tampered with, use of compression-
release engine brakes can increase eéngine exhaust nolse
levels signifilcantly, and also greatly alter the character
of the exhaust noilse,

C. Annoyance of Impulsive Noise

Research on the annoyance of impulsive noise (e.g. that of
Leverton, 1972, Galloway, 1977, and others, as summarized
by Sutherland (19793)) suggests that people may find some
types of repetltive Ilmpulsive nolses as much as 6 4B more
annoying than non-impulsive noises of similar spectral
shape. Development of measurement schemes to account for
the annoyance of 1mpulsive nolse is a matter of inter-
national cencern. Much of thils concern 1s related to

~-10~-
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: economic interests in the airecraft industry. In addition

— to truck engine retarder noise, other sources of impulsive

| neise (blasting and artillery nolse, rall car coupling nclse,
industrial impact noise, sonic boom, ete.) have also received

r' attention in recent years.

i

rf A varlety of metrics has been proposed to account for the

b "excessive" annoyance (that is, greater than predicted by

— metrics such as EPNL and A~level) of impulslive nolse.

O The International Standards Organlzation has defined an
impulse coeffiecient known as CI. CI is the mean fourth

]

power divided by the mean square of the A-welpghted socund

pressure level. The impulse correction 1ls calculated from
o CI by 0.8x[10log(CI-1)-3], truncated between 0 and 5.5 dB.
(CI for a sine wave 1s 1.5, and for Gausslan noise is 3.0}.

o Available research findings do not demonstrate the clear
P superiliority of metries of impulsiveness based on any single
iﬁ; property of an Impulsive signal (crest factor, repetition
| - rate, rise time, etec.). It 1s also an empirical question
3', whether a "correction" for Iimpulsiveness is needed at all
§ ) for nolses containing various mixtures of steady state and
i P? impulsive components.

!

I = D. Regulatory Implications of Compression-Release Engine

; b Brake Noise

-

} Lf Becausegheavy trucks and buses generally produce higher

;_M peak nolse levels during acceleration than during decelera-
; Lj tion, existing regulatlcons that 1imit nolse emissions for

E heavy trucks and buses (e.g., Y0CFR205) apply only to

i
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noise levels produced during acceleratlon. If compression-
release engine brake nolse Inereased truck noise emisslons
during deceleratlon, or 1if 1ts Iimpulsilve nature were more
annoylng than the non-impulsive nolse produced during
acceleration, then there would be reascn to question the
continued efficacy of exlsting regulatlons.

If, on the other hand, 1t could be shown empirically that
compression-release engine brake noise did not appreciably
Inerease nolse emissions during deceleration over levels
produced during acceleratlon, and if the character of

nolse emlssions produced by the englne compressicn-release
brakes were not significantly more annoying than noise
produced during acceleration, then there would be little
reason to question the appllicabllity of existing regulations
to vehicles equipped with compression-release engine braking

systems.
E. Approach to Current Investigation

1. Characterization of Compression-Release Engine
Brake Noise

Although the general principles and mechanisms whereby
heavy vehlcles equipped with compression-release engine
brakes generate impulsive noilse are understood, there 1s
a paucity of detailed information about thelr noise
emisslons in regular operation. A series of acoustic
measurements of vehicles equipped with compression-
release engine brakes was therefore planned to collect
such data as described In Section III.

-12-




FEEIEE S W ol wledld -

|
i

|

}

1

L3 oy i

(]

1
3

(...

i}

Ferllt S T b

e L e e e e i AT

Report No. 4550 Bolt Beranek and Newman Inc.

Among the goals of these fleld measurements were 1)
recording of nolse emissions of a variety of vehlcles;
2) collectlon of compression-release engine brake
nolse emission information under a2 range of operating
conditions; and 3) collection of information about
noise emissions of the same vehlcles operating without
compression-release engine brales.

2. Characterization of Annoyance due to Compression-
Release Engine Brake Noise

The second part of the current investigation was an
emplrical study of the annoyance of compresslon-release
engine brake nolse. Psychoacoustle experimentation was
conducted during which people judged the relative annoy-
ance of recordings excerpted from the fleld measurements.
This testing was planned, as described in Section IV, (1)
to determine whether in fact the noise of heavy wvehicles
usling compression-release engine braking is more annoying
than the nolse of heavy vehicles accelerating, and 2) %o
investigate other teghnical 1sssues related to assessnent

of annoyance of impulsive noilses.

~13-
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111, FIELD MEASUREMENTS
A. Method

Noise emissions produced by three vehicles equipped with
engine brakes were recorded on three separate days at

twe test sites. The pgoal of making accustic measurements
at the first site was to characterize nolse emissions
from test vehicles maintaining various road speeds on a
downgrade by means of engine compression braking. The
goal of maklng acoustilic measurements cof test vehicles at
the second site was to characterlze nolse emissions pro-

duced by engine compression brakes during deceleratilon.

1. Test Sites

a. Acceleration and Deceleration Measurement

Measurements of engine brake noise emlsslions made durlng
deceleration, and of vehicle nolse durlng acceleration,
were made at two nearby sites conforming to the geometry
specified in SAE Standard J366B, "Exterior Sound Level for
Heavy Trucks and Buses",

b, Constant Velocity Measurements

411 measurements of engine brake nolse emlsslons produced
while maintaining a constant downgrade veloclty were made
at a single slte in Los Angeles County. Roadslde and
distant measurement positions were established along a
lightly travelled rural portion of a county road as shown
schematically in Flgure 2. The test section was bordered

-1l
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by sloping terrain to the west, and a canyon to thea
east. This portion of road included approximately one
mite of & constant 7.3% grade, comprised of two straight
sections (a lead-in sectlon about a quarter of a mile
long, and a test section almost a half mile long) con-
nected by a gentle curve, and a guarter-mile run-out
gection of gently curving roadway. The road surface
was 1n excellent conditlon from recent paving, and
regular through traffie by vehicles in excess of 14,000
pounds was prohibited. Ambient noilse levels in the
vielnlity of the site were typilcally 40 4B or more lower
than the nolse emissions of the test vehicles.

2. Test Vehicles

Nolse emissions procduced by one primary test vehlcle and
two secondary test vehicles were measured. The vehlcles
{(described in Table 1) were operated for most tests at

full gross vehicle welght ratings. Both the tanker truck/
traller and fire engine carried water (approximately 56,000
and 4,000 pounds, respectively), while the bus was loaded
wilth 12,000 pounds of sand. The primary test vehicle was
operated both with and without proper exhaust muffling.

The secondary test vehlcles were operated only wlth normal
exhaust mufflers.

3. Test Conditions

a. Acceleration and Deceleration Measurements
Procedures specifiled in SAE Standard J366b were followed
for all acceleration and deceleration measurements. De-~
celeration measurements were made both with and without

the use of the test vehleles' engine brakes. All vehicles
were properly muffled for these measurements.

-]




TABLE 1. DESCRIPTION OF TEST VENICLES

MARUFACTURER ENGINE AND EXHAUST JACOBS
VEHICLE TYPE' AND MODEL TRANSHISSION POSITICN ENGINE BRAKE

Primary 3 axle, 10 wheel Kenworth 1980 Cummins {California Right oide, behind Model 30E, 2/4/6
Test truck with hijoo Model W900A, mocdel) Turbocharged cab, 12 feet above cylinders selectable
Vehlcle gallon Aluminum manufactured NTCHOO B stroke, G road level (3 feet

tank: dVWR = in 1979 cylinder diesel rated when unmurlfled)

50,000 1bs. at W00 HP, governed at

Towed leoad = 2150 rpm; 13 apeed

30,000 1b. manual transmission

2 axle tanker

trailer
Secondary 3 axle, 10 wheel, MCI Model 8, Detrolt Diesel V-8B, Rear left gslde A1l 8 eylinders
Test 49 passenger manufactured 2 stroke dlesel rated belew chasals operatlon only
Vehicle intercity bus, late 1970's at 300 HP, poverned

GVWR = 36,000 at 1800 rpm; 6 speed

1bs. locking automatlc

tranamlsslen

Secondary 3 axle, 10 wheel, Crown Pumper, Cummins N-serlea ! Middle of vehlcle, All 6 cylinders
Test fire engine with manufactured in stroke, 6 cylinder right oide, below operation only
Vehicle 500 gallon water late 1960's diesel rated at 295 chrasis

tank; OVWR = P, governed at 2100

36,000 lbs. rpm; O speed automatice

transmlaslion unlockling
below 1300 rpm

——— v EFRT SN il
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2. Constant Velocity Measurements

Measurements of nolse emisslons produced by the test vehleles
were made at variocus roadspeeds, loads, gear ratios, modes
of engine brake use, wilth and without exhaust muffling,

and in both downhill and uphill directions, Table 2
summarizes these test conditions in terms of the

variables of interest: engine speed (rpm), roadspeed

(mph), and a number of cylinders of engine braking.
Simultaneous recordings were made at the readside and

distant microphones.
4. Instrumentation

Field recordings of vehlcular passbys were cbtained using
high quality, battery powered lnstrumentation. A typical
instrumentation package is shown in Figure 3. The
microphone consisted of either a Bruel & Kjaer (BiK) l-inch
(Model Y4145) or 1/2-inch (Model %4133) condenser microphone
powered hy a GenRad Meodel 1560~PY42 microphone preamplifier.
The l/2-inch microphone was used at the roadside measure-
ment (nominal 50' locatilon), whille the greater sensitivity
l-inch mlerophone was employed at the remecte (nominal

285') location. Microphones were mounted vertically on

a tripecd, 5' above ground level, With the microphone

in the vertical posltion, the sound source was at a grazing
(90°) angle of incldence to the source. Microphones were
fitted with open cellular foam (3" or 7" diameter) windscreens
to minimize wind nolse and protect the mlerophone from dust

and other particulate matter.

The output of the preamplifier was fed to a B&X Model 2203
preclision sound level meter which acted as a decading amplifier

18-
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— TABLE 2. SUMMARY OF TEST CONDITIONS UNDER
} WHICH AT LEAST ONE CONSTANT VELOCITY MEASUREMENT WAS MADE
r' PRIMARY TEST VEHICLE
DOWNGRADE ~ UPGRADE
prs Engine Road No. of With or Engline Road With or
t Speed Speed Cylinders Without Speed Speed Without
b (RPM) (MPH) Braking Muffler (RPM) (MPH) Muffler
r‘ 1650 25 0 W 1900 35 W
e 2000 33 0 W 2000 35 W
2000 24 2 W 2100 35 W
= 2000 20 2 WO 2000 32 WO
¥ 1650 21 4 W 2000 35 WO
' 2000 23 4 W 2100 20 WO
N 2000 24 b4 Wwo 2100 35 Wo
1400 22 6 W
] 1650 26 6 W
1950 30 6 W
P 1400 22 6 Wo
- 1650 26 6 wo
2000 24 6 o]
. 2000 32 6 WO
|
b
n SECONDARY TEST VEHICLES
o TRANSMISSION ROAD  NO. OF
: GEAR SPEED  CYLINDERS
¢ = (MPH) BRAKING
o 3 26 8 (NUMEROUS REPEATED RUNS)
Foa 3 27 8
; 3 28 8
4 I 48 8
3 20 6
s 4 30 6
e 5 45 6
fen
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Pistonphone Caiibrator
(Bruet & Kjaer 4220)

fo— = g Windscreen

. r (Bruel & Kjeer 0237)
§«————— 1/2" Condenser Microphone

(Bruel & Kjaer 4133)

&——.. Microphone Preamplifier

(Genera! Radio P-42)

Sound Level Meter & Tape Recorder

(Bruel &Kjaer 2203) § (Kudelski-Nagra IIf) j§

FIGURE 3, BLOCK DIAGRAM OF FIELD
MEASUREMENT EQUIPME NT
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Report No. 4550 Bolt Beranek and Newman Inc.
between the preamplifler and the magnetie tape recorder.
The sound level meter was always in the "linear", or
unweighted, position.

Either a Nagra III or a Nagra IV-SJ was used to record

the signal on magnetic tape. Both machines used direct
record (not FM) electroniecs, and operated at a speed of
15 inches/sec.

A B&K Model 4220 pistonphone calibrator was used te apply

a sinusoidal signal of known frequency and amplitude to

the microphone, and thls signal was recorded at the
beginning and end of each data tape. On playback, this
signal provided the necessary reference amplitude, as

well as serving as a continuing check on system performance.
Measured freguency response characteristics of the entire
measurement system, including the windscreen, were in-
corporated in the data analysis process and are reflected
in reported one-third octave band and A-weighted sound

levels.
B. Results

1. Acceleration and Deceleration Measurements

Tables 3, 4, and 5 show the results of the SAE J-336
acceleration and deceleration sound level measurements
for the tank truck, intercity bus, and fire pumper truck,
respecgively. Individual acceleration and deceleration
runs are tabulated in the order they were recorded on
magnetlc tape. Operatlonal parameters for each run
Include the transmission gear used, the side of the
vehicle facing the microphone, the distance from the

2] -




TABLE 3. TANK TRUCK ACCELERATION/DECELERATION MEASUREMENTS

oﬁleﬁu ACCEL ENGINE 130
FACTHG DIST OR BHAKE A-LEVEL PHL PNLT IMPULAE
RUN GEAR MICR (FT) DECEL (Y71} MAX HAX MAX CORR
2 5 n 50 A -- 79.9 93.9 96.0 0.0
3 5 L 62 A -- 76.% 90,6 92,7 0.0
b 5 il 50 A - 79.8 95.4 ar.7 0.0
5 5 L 62 A - 76.2 90.8 92.7 0.0
& 5 R 50 A - fo.0 95.0 96.9 g.0
7 5 L 62 ] Y 78.6 93.5 94,1 2.1
8 5 R 50 D Y B5.3 100.9 103.1 2.7
9 5 f 50 D ¥ 85.4 100,2 102.6 3.1
0 5 R 50 b Y 85,2 100.7 103.5 2.6
11 5 R 50 D n 77.4 91,0 92.6 0.0
12 5 R 50 D n T7.7 90,9 92.9 0.0
13 5 R 50 b N T7.2 91.0 93.2 0.0
14 5 L 50 A -- 78.6 92,6 94.6 0.0
15 5 L 50 A - 79.7 93.1 95.5 .0
16 5 L 50 D b 80.6 94,3 96,2 0.0
17 5 L 5Q D ¥ 8o.6 9h h 96.1 0.0
18 5 L 50 D i 78,0 91.0 92.7 0.0
19 5 L 50 n ) 7.7 50,9 02.5 0.0
kel N T i} — [N [ T N i Yoot I

[§

—r T P RASY AW LWl



TABLE 4. INTERCITY BUS ACCELERATION/DECELERATIOM MEASUREMENTS
SIDE
oF VEI ACCEL NG THE 150
FACTNG D14T nR HIRAKE A-LEVEL PHL PHLT IMPULSE
RUN GEAR MICH (FT) DECLL (¥/N) MAX MAX MAX CORR
1 1 n 50 A - 81.3 92.7 93.7 0.0
a 1 R 50 A - 8:1.8 93.4 94.3 0.0
3 1 It 50 A - 82.0 94,0 a5.6 0.0
4 1 R 50 A -- 81.7 923.5 ah.5 n.n
5 # " 50 n ke 81.4 93.7 oh.5 a.0
[ 2 R 50 n ¥ 41,7 gli.n 04,6 0.0
7 3 i 54 D ¥ 768.8 51.1 93.1 c.n
q z R 50 o ¥ fn.6 931.3 LTI 0.0
9 2 R a0 n b B1.5 93.7 an.5 0.0
10 1 L 50 [ -- 85.3 97.1 98.2 n.o
11 b L 50 A - 85,8 97.7 98.9 2.0
12 1 L 40 A - 85.5 96.9 58,0 n.a
13 2 L. 50 n ¥ 82,0 93.6 94.8 2,5
14 2 L 50 n Y 41,9 93.6 95,2 2.3
1% 2 L 50 I by 81.9 3.5 95,2 0,0
— — e -




TABLE 5. FIRE PUMPER TRUCK ACCELERATION/DECELERATION MEASUREMENTS

m”\::n ACCEL EITNT {19}
¥acinn nrsm OH HIAEE A-LEVEL FHL PRLT IMPUILSE
RUN GLAR MICH (T} DIECEL {v/n) MAX MAX MAX CORK
i -- H u0 A -- ar.n 96,5 a8 2.0
4 - 1 ity n -~ 16,4 40,1 ar.h 2.8
. - ] nn A -- #1.6 96,7 q8.3 0.0
f —- L 62 A -- 7h.B 50,13 a0 2.6
t -- H 50 n - 1.7 a6, 0 ‘ nB.3 2.0
i - 1 na A -- 6.0 4u.0 U 2.1
n “— It 50 I ¥ LA 99,1 1n0.1 2.3
in - L 4 I ¥ 78.6 91,4 52.8 0.0
bl -- n ] n 1} .0 a9y .6 3.1 0.0
1 - L 6 11 H 77.0 8.1 0.4 0.0
11 - R iy I\ Y An.s 98.9 99,9 3.0
,{, th - L nh2 [ i 78,7 91.7 92.8 0.0
_1._, 1 - R 50 n i 7.8 01.6 93.0 0.0
0 - la n2 i i T7.00 a9.n ) 90. 3 2.0
17 - n ki) A - 3u,1 96,2 1005 2.6
10 — L 50 A - 10.% 1.0 93.5 2.4
14 -- R 14 A - 47,9 99,0 10n.% a,0
a0 - L 5o A -- 78.5 92.0 73.% 0.0
"1 - R k3 A - LETS 09.3 100.0 6
a2 _— I 50 A -- 78.7 1.8 1. 3% 4,0
73 -— 7 kil 1 ¥ an, s 1o, n 101.% 2.3
e - Is on n Y an,q 41.8 Gh,7 0.0
e = 1} k1] 3] k] G6.9 1011 10,7 a,n
I Lt I it 41,3 au i o.n
o " ik & 'l T 93.4 4,1 0,0
R [ Hn I I T nn, % gE.n a.n
Ry 1 ki n I AN N . thn
' 1 G0 I d (2t an,y A o
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Report No. 4550 Bolt Beranek and Newman Inc.
vehilcle centerline to the microphone, whether the vehicle
was accelerating or decelerating, and whether the engine
brake was engaged during deceleration.

The sound levels were calculated by reproducling the data
tape through a Hewleti-Packard Real Time Audlo Spectrum
Analyzer (Model 80-4A) linked to a Digital Equipment
Corporation PDP-B computer. The andlyzer used "fast"
sound level averaging characteristies. The computer
read live complete one-third octave band scund level
spectra per second, and computed the A-weighted sound
level, perceived nolse level and tone corrected per-
celived nolse level for each spectrum. The table lists
the maximum values of these parameters for each passbhy.
Additlonal one-third octave band spectra for these
field recordings may be found 1n Appendix A.

Using different software, the proposed IS0 Impulsiveness
correction for helicopters was also computed per Draft
Addendum IS0 3891/DAD 1, "Acousties-Frocedure for des-
¢ribing aircraft noise heard on the ground. ADDENDUM 1:
Measurement of nolse from helicopters for certification
purposes.” Thils index of impulsiveness 1s by definition
computed every one-halfl second. The highest value of the
correction during the passby 1s reported in the tables.
For deceleration runs, the analysis was started approxi-
mately one-~-half second before the throttle was released.

2. Constant Velocity Measurements

Tables 6, 7, and 8 present results of analyses of con-
stant veloclty passbys. These passbys include both uphill
{(positive power) and downhill (negative power) conditions.

Operational parameters for the intercity bus (Table T7)

25—
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TABLE 6. TANK TRUCK 7% GRADE MEASUREMENTS
50 FEET PHOM HOADMAY 285 FEET FHOH ROADHAY
1n= TONE porae
. : TOHE  PULUE <3
oYL SEWV " SLEVEL  PH PHLT  COHN COHA
W/ us ENG  VEW ORADE  gng  OF  Bragg | ATMEVEL  PNL  PMLT  cOhk oy | A-REVEL WAX WAL #MAX “mar
TALER MUPLEN SPEED UPEED [UP/  RHAKE BHAK-  ASST nax MAX MAX A MAY HAX '(' Hax (HBAND) ‘:“
Aow 1oaE | (rAK) YW GEAR (RPN (ml) DOWH)  (Y/K) ko (e/W) | L)) U1 s sy cafy | D hoom
[ B IR H L N §«p 2000 a4 D ¥ & H 95,1 107.9  110.1 2.2 3.1 81,4 9.1 95.8 2.1 a.0
£100.9) €133.5) (115.4) (100) (0.2} | (BB.ay (100.7) {102.8) (200} 0,01
N 5 u 98,3 0BG 109.7 1.1 0.0 17.6 49.3 90.F 1.1 1.0
¥ t -0 (100,2]) (%13.6) (1187 (160 fo.0) | €B7.1) (99.1) (100.5) (2000} (0.%)
HIRF] ¥ ] L] 2a00 A b [ K 99,2 1H1.6  314,3 2.7 5.0 d2.8 93 36.2 2.8 0.0
i 29 (104.9) (117.8) ¢320.8} (lom)  (6.3) | {9n.5) (205.B) (10B,0) (100) {0.0)
LI V1% [ T N 1) 2100 20 M 95,1 10,5 13114} 2.6 0.0 11.1 89,4 91,9 2.3 1.6
" nend ding dilh diey @ [anhy @t aikd diy 2y
5 11541 ¥ N %-p 2000 FTO Y L] H 96,0 108,1 109,6 1.9 1.9 a3.0 o2 95,0 1,2 N0
(101,5) (31144} (116,0) {308) €2.2) | ¢e3.%)  (10%.2} (105.8) (200) 11.%)
4 L] ] 2100 u 11.1 9.9 92,2, 2.3 I
1N ! " ! “ 168.0)  €102.3) (102.4) (10B) (0.1)
11;58 b4 u 5B P H 2 ¥ 92,9 105.7  106.3 0.8 5. 0.0 0, 90,2 1.5 1.7
! : * gah dindh dind din A6 | B - aleh oflh w3
B 12116 ] [ 6-0 2000 32 o ¥ 1 H 96,9  109,1 111.1 2.0 N5 86.6 95.8 98,5 1.9
(302,3) (110,9) (M16.5) (100} {0.3) | (ov.1}  (20M.B} (10G.A} (100)
9 1z o L] 6-D 2000 13U 92,6 106, 109.5 2.7 2.4 6.7 10 90.7 2.1 1.2
(97.0) (rlo.8) (412.9) ({100) - (0.1} | (B6.6) £98,7) {190.6} (100) 0,1
10 12124 " N E-p 2000 32 D k4 fi H 99,5 112,  115.0 2.1 . (18} 94,4 96,7 2.1 3.2
(103.9) (116.9) (119.8) (100} (l.e) | (an.2)  {10s.1) {107.2) (lod) 0.3}
noona ] N 6-D 2000 kP 9840 lul.g 1.0 2.7 ©.0 75.1 1.4 89,5 2.5 2.5
197.6) (311,63 (110,1) (1000 (O.0) | (85,3) (96.8) (99.2) (100} 0.3)
121 n H 6-D 1650 26 D Y [ b 988 111.2  133.) 7,0 2.5 8z.4 93,1 94.9 #.0 2.6
flan.é) (331.6) (119.3) (160} (0.9} | {9).2) {10).9) (105.5) {16q) 0.2
13 1218 ] L] 6-0 2100 15 u 35.1  110.% 112, 2.4 2.2
{94.9) [113.6) 135.00 (100 (0.0}
JLE FIT 3 ] [ 6-0 1400 2 0 r 1 ¥ 92.5  105.2 106 1.1 a0 19.0 B4, % 90.5 1.1
(98.9) (I11.7) (112.4) (800) (2.a) | {BS.7) £96.5) (97.4) (200}
15 19 1] N 5=0 2049 2] [+ b 4 L] N Qb.1 168,1 109.4 1.3 5.0 0a.3 91,5 96,1 1.6 N7
’ (401,93 (130.5) {115.8) (300) (2.5} | (98.0) (1OAT) (106.8} (100) (3.2}
1T 138 N Y g-p 1950 3D L4 [ N 79.4 91.9  95.9 2.1 3.1 65.0 M6 19.5 1.9 2,2
(84,9} (99.8) {10).6) (100) (D.2) | (76.6) t!l.s) t51.0) {1000)  {C€,1)
1 1363 N L4 6=D u 82,4 gan9 gt 2.2 0.0 62,6 ™2 zs.n 2.0 0.0
(av.a) (90,7} 100.7} (100) (o.0) | (F2.4) (4%,5) {B6. ¥} (100} ©.0)
1 13158 N Y E~b 1650 % D ¥ [ L4 18.8 93,1 95.1 2.3 0.0 55.1 “l 79.1 2.2 0.0
(83.0) (97,%) (99.3} (igo0) {o0.8) | (7E.5) (ho.a)  (90.5) {looa)  {0.0)
20 1007 [ Y §-p 2100 s 19.2 903 95.5 2,2 ¢.0 61,4 zs.s 15.1 1.8 6.0
[£3.5) (98.7) (108.1) (1000 (0.0) | (72.0) (8N, 1) (BE.6) (oo} (¢.0)
I 1 L] Y 50 14GO 22 4 [ * 17.1 91,3 93.3 2.0 2.5 [Th: 36.2 78,6 2.4 2,8
(83,33 (97,7} (9%.61 (1ooe) (o.5) | {75.5) (87.1) 89,5 (loomy (0.3)
22 ] Y 6-p 1900 m»oou 19.9 g4, 96.0 1.8 0.0
{63.8) (98.2) (9%.9) {100} (0.9)
2) Mg N Y 6-p 2000 23 p ¥ [l Y 1.9 92.1 93.8 .1 .,2
(84.5) (98,9) (99.9) (1000) (0.7)
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TABLE 6. (Continued)

40 PEET FHOM HOADWAY 205 FEET PHOM ROADWAY
- 1=
eTL sERy THE  PLLuE TONE PULIE
W/ W/ EN VEH OMADE ENAQ  OF  LHAKE AcLEVEL. BN PHET CORR goky | A-LEVER PN PNLT  OORR conn,
TRLER MUFLER 3FPEED  SPEED (UP/  DHAKE [IRAK- AS5T Ml LEY AL [ LI} Max Max MAL RAL #mAX WAL
AUN  TINK (r/u)  {¥/W) CEAN  (MPM)  (MPH} POWN)  d¥/M) kWG (YeW) 11 1] {f) {HaND)  (4f) i1 i) £f)  (sand} (4f)
» [ 2000 1] Ba,7 95.0 96,6 1.6 0.0
L L i B (85:0) (33.3) (10D.8) (G0} {0.0)
24 6D 2000 2N 7] k4 2 4 16,2 §0.5 91,6 1.1 1.9
#oea oW W35 6. enn dih @D
FIY ] N r -0 1650 21 ;] Y L] 4 B4 §1,2 92. 1.5 L 2.1 2.2 5.6 1.h .6
" i dSh dih dih dide @b (G duh &S Ea d5
21 1M 6=D 2000 1 o A [} Y 113 4.6  Br.8 1.2+ 0.0 51.5 8.3 £9.4 1.1 0.0
ri\_, ! ™ " ' 3 (Tg.t) 91.9) (52,0} (loo} (O.0) | {86A.9) (797} {80.8) (250) {0,0)
-3
20 1850 Y 6-p 1850 5 p N 1} 4 8,7 4.8 823 0.5 0.0 5.5 63.2 6.7 0.5 0.0
| ¢ 5 " ’ (79.2) (¥8.5) (43,13 (200) (@.0) [ (65.0) {75.7} (76.4} (OO} to,0)
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TABLE 7. INTERCITY BUS 7% GRADE MEASUREMENTS

L0 FEET FHOM HOALWAY
. TONE INPULSE
£YL SENY i ,
VEH ThANG=  GHAGE  EWD or IRARE A-LLVEL raL PHLT SOlh Lol
SpPEEh  MIBAl1OM (upy BHAKE  DRAK=  ABSIST Ak HAX MAX MAY HAX
RUN  TINE (mEH) UEAR BOWN Y (Y/N) (L] 1 1f ¥ 3] §:TUT5] taf)
1 11242 30 3 v - -— - 74,0 B9.5 90,9 1.5 a.0
{41,u4) 9%.1) (96.6) (125) {o.0}
2 11:46 26 3 n ¥ a ] 17,4 H8.9 90,3 1.% 0,0
62,3 (93.9)  (95.0) (ro0) (o, 0}
1 L1:50 28 3 u —— —— -—— 18.H 0.9 91.9 1.0 a,0
{8y.0) {96.4) {97.5) (225} (0.0}
[ b1isH 20 1 o ¥ ] N 8.2 (L] 96,2 1.8 0.0
{45, 3} (96.1}  (99.8) t25a0) {0.0)
5 11:58 28 3 u wa- - - 1.9 9d.9 92.4 1.5 0.0
(4. 4) t96. 4y (A2} (12%) {0.a)
3 12;01 21 1 =} i 8 N 8,1 gh.4 96,2 1.8 0,0
(85.4) (98.31  {99.5} {2500} (u,0)
T 12:10 1] [ [+] ¥ 8 N 1.9 1] 95,0 0.9 2.1
(8, 1) (96,07 {97.1} (500} f0,3)
9 2336 L1 L] ] ¥ [ N 4.0 91.2 94,5 1.1 a.0
(Eh.2) (96,1) {91.2) {1250} {0.0)
0 12:%9 EL] ] u - - - 33.5 90.0 9t,% 1.% a,0
(82,40} (93.5}) 195.1) {12%5) (o.0)
1 12122 1] \ D ¥ ] N 0.8 95.1 96.0 0.9 0.0
(84.8) fsb.1)  (98.7) (500) fo,0)
13 12:31 i ] [} ¥ a N Ho,5 4.0 95.7 1.7 0.0
£85.0) f97.9)  (99.1) [2500) (0.0}
14 12139 ] 3 u -— - --= 1.1 fg.9 91.k 1.5 a.0
(83.8) {8%.9) {97.7) (125) (0.0}
15 12;38 28 3 ] 14 8 N E3n4 4 9.y 1.4 0.0
(B5.6) t97.2) (94,3} (1250) (0.0)
17 12:46 uf L] o Y 8 K 814 93.% 54 0.9 .0
(Bu,3) f96.5) (97.0) (r2%0}) (0.9)
18 12149 28 k] u . - .- 74,2 ag.,% 90,6 1. 0.0
(82.6) (94,0) {95.7}) {125) (0.0
19 12:52 1L} ] b ¥ [ H 83.) 87,4 gh.2 0.8 8.0
{8h.)) (96.3) (97,0} {500} (0.4}
20 1254 | k] v —— - - Th. B9, h 91.1 2.8 2.2
182,91 (9u.6)  {96.2) 1) {0.7)
21 12:58 28 k] 4] ¥ [ ] 80,2 93.4 .4 1.4 0.0
(du,u} (96.7)  (97.8) {2500) {D.0)
2 1mn 28 k] u -—— ne- -— gu.;’ 84,6 91,1 1.8
{83.3} (94,8}  {96.5) 1125)
21 Lok 28 3 p Y 8 L] 8n. ¥ 93,9 95.5 1.6 0.0
(B4, &) (57.3)  (98.M) {2500) {0,0)
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TABLE 8. FIRE PUMPER TRUCK 7% GRADE MEASUREMENTS
HO FEET PROM HUALWAY 265 FEET FHON HOADMAY
e ranE PUL3E
TONWE  PULSE
TRu- Vel anace  na 0P EAv A-LEVEL  PHL. PHLT  COMM  CoORN_ | A=LBVEL PHL  PHLT  CORR . COHR_
WMIASIoN  SPEED /s BIAKE ~ DHAKe HRAKE max MAX [TY ] ENAY HAX WAl BAL WA Lalad BAX
m Timg | aEsR [HPH} DOWH)  (Y/HY ING  ASSIST th (1 (f1  twawp  (af) [1]] i) €]y - ibann) 4f)
1 11:21 - - 4] . -- 79.9 94,5 39,9 1.4 0.¢ 514 76,1 1.1 1.2 f
{813.5) (g 1) (99,8} (12%)  (0.0) {72.1 ) {84.6 ) tgﬁ.S 1 (125) (0.0}
2 11:27] - - u - - 80,72 6.0 97.4 1.9 0.0
(85.0)  {300.7) (302,41 (102} {0,0)
3 41132 5 L D Y B H 18,9 93.% 94,9 1.4 0,0 61.3 (1Y 3 TG0 1.2 a.0
(8}.6) t97.1) {98,173 (125) (0.0} {69.7 } izz.l ) [83.2 ) (129) (0.0}
[} 11:16 -~ .- [} - - - 1.1 97.1  99.2 1.9 0.0 61,2 764 70,0 2.0 0.t
(85,7} (101.3) (103.3) (135) (0.0} {107} (87.3) (85.1) 025) (0.0)
& 1147 L] 30 4] ¥ [ N T9.4 9k, 2 55.4 0.8 0.0
{81.0) (4B.7) [99.0) {129} (0.0}
T 11151 .- - u - - - 80.% 96.7 98,3 1.7 0.9
{8%.1} (1p2.}3) (102,6) {125) (0.0}
] 11454 \ 30 D ¥ 4 [l 19.3 oN.0 95.) 1.1 t.0
183.8) (98.8) (99,4} {125 (0.0)
9 11:58 e - b — - -— 8o.4 97.4 58,4 1.5 0.0
t89.7) {10k .4) (M02,B} {12%) (0.0)
U 12:01 \ kU P ¥ [ L} 19.1 93.7 98,9 1.6 0.0
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and pumper truck (Table 8) include the vehicle speed, the
transmission gear used, whether the vehilcle was travellng
uphill (posltive power) or downhlll (negative power),
whether the engine brake was employed on a downhill run,
and 1f so, the number of cylinders engaged and whether
the service brake was used. Additicnal operational para-
meters for the tank truck (Table 6) .include whether the
truclt was pulling an additional 30,000 pound traller,
whether it was operating with or without a muffler,

and the englne speed.

Measured sound levels Included the A-welghted sound level,
the perceilved noise level (PNL), and the tene corrected
percelved nolse level (PNLT). Reported in the tables are
the maximum level durlng the run and the Integrated level
(in parentheses) over the upper 10 decibels of the signal,
normalized to a 1 second duration. Note that the sound
exposure level (SEL) may be determined by reading the
integrated A-~level, while the effective perceived noise
level (EPNL) may be determined by subtracting 10 decibels
from the integrated PNLT. Supplementary information
regarding the PNLT ls the magnitude of the tone correction
when PNLT reached a maximum and the one-third cctave band
center frequency, in Hertz (in parentheses), where the

tone was observed.

In addition to these standard analyses, the propesed IS0
impulsiveness correction (discussed earlier) was also
computed. Reported in the tables 1s the maximum value
of the correctlon at any time during the run, and an
estimate of how much the Integrated sound level would

be increased by addlng the impulse correction to one

of the standard measures such as A-level, PNL, or PNLT,

-30-
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Report No. 4550 Bolt Beranek and Newman Inc.
For 1llustrative purposes the impulse correction was
added te the A-weighted sound level and the difference
between this integrated Iimpulse corrected A-level and
the Integrated A-level alone is reported (in parentheses)
in the table.
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C. Discussion
1. Acceleration and Deceleration Measurements

Levels of noilse emisslons of praperly muffled heavy vehicles

can increase by 3 to 7 dB when compresslon-release englne brakes

are engaged during deceleration. The slde of the vehicle on
which the measurement ls made (that containing the exhaust
plpe or the side opposite the exhaust plpe) accounts for

the range of values.

It 1s alsco possible for the level of nolse emissions of some
heavy vehleles decelerating with compression-release englne
braking to exceed the levels produced during acceleration,

by as much as 5 dB. Not all test vehleles showed this
increase 1ln nolse emissions during deceleratlion, however,

and there was a strong dependence on the side of the vehlele
facing the microphone. For example, neoise levels measured on
the left slde of the intercity bus during deceleratiocn wlth
compression-release engine braking were 3.6 dB lower than
those produced durlng acceleratlon.

2. Constant Velocity Measurements

Figure 4 compares nolse measurements made of the primary
test vehlele at various engine speeds under different
operating conditions on a constant 7.3% downgrade. Note
first that even without englne braking {(open sguares), the
nolse emissions of the vehlele Increase slowly with englne
speed. The slope of the relationships 1s approximately 1 dB
per hundred rpm. The absolute levels, however, are not
greatly different from those of passenger vehlclesg operating
under the same condiltilions.
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The next nolsiest operating condition 1s use of properly
muffled compresslon-release engilne braking tc malntain constant
speed. The copen circles and trilangles show a similar relation-
shlp between levels of nolse emlssions and engine speed to
that observed when service brakes alone are used to maintain

speed.

Differences 1n nolse levels attributable to use of greater
numbers of cylinders in compression-release braking are
negligible, Unmuffled use of compression-release engine
braking is clearly the ncisiest operating condition, by

at least 15 dB at &all engine speeds.
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I¥. LABORATORY MEASUREMENTS OF AHMOYAMNCE

A. Method
1. Signal Presentation Conditions

The focus of concern of assessment of annoyance due to

heavy truck noilse exposure is the home. It follows that

acoustic conditions of the subJective Jjudgment testing

should resemble those prevalling in a residential setting.

Vehlcle nolse emissions were therefore filtered so that

their spectra resembled those of exterlor sounds heard

indoors. The levels at which test signals were heard were

appropriate for the home (on the order of 75 dBA for trucks),

rather than for roadside levels. Additilonally, ambient

noise similar in spectral shape to that of typical resi- }
dences was present throughout all testing. All annoy- i
ance judgments were made under free field listening

condltions by individual subjects seated in an anechoic

chamber .
2., Nature of Annoyance Judgment

A relatlve measure of annoyance 1s preferred to an
absolute measure because the relative Judgment is most
directly pertinent f£o the central i1ssue: a determination
of the degree tc which the nolse of trucks decelerating
with engine brakes may be more or less annoylng than
noise of the same level produced by acceleratling trucks.
For reasons of cost-effectiveness and preclsion of
measurement, a compubter based adaptive palred comparison
trial procedure was used. Test subjects were instructed
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to press a button to indicate which of a pair of sounds

heard in random order (one Invariant in level, cne variable
in level) was the more annoying. The computer then adjusted

the level of the varilable level slgnal 1in accordance with

the subject's preferences for subsequent Judgments. Appendix

B contains further information about signal presentation

condltions.
3. Signal Selection
a, Variable Level Signal

The annoyance of all test signals was Jjudged relative to
the annoyance of a slngle signal of varlable level, This
signal was a recording of the noilse of a properly muffled
truck maintaining a constant velocity while descending a

7% grade.
b. Invariant Level Signals

Six criteria were used to select signals from among the
160-0dd recordings made of three test vehleles operating
under many different condiltilons:

1) inclusion of recordings from all three
vehlecles;

2) dinclusion of recordings of both uphill
and downhlll constant veloclty emissions;

3) dinclusion of recordings of both accelera-
tion and deceleratlion conditions in the
BAE J366b procedure;

4) 4dinclusion of recordings made both wlth
and wlthout proper muffling;

5} inclusion of recordings of downhill
runs both with and without the use of

-36-
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the engine brake system; and,

6) d1nclusion of recordings of emissions pro-
duced by the engilne brake operating at a
range of impulse repetition rates.

Additionally, several realistic and synthetic signals were
prepared to permlt comparisons of the annoyance of gfruck
nolse and other noise sources. '

Table 9 ldentifies the thirty six signals presented in
counterbalanced order for annoyance Jjudgments. Spectra
for the above slgnals, as heard 1n the anecholc chamber,
are plotted in Appendix A, Unless otherwlse specifiled

in the table, the duration of all slgnals was gix seconds.
The peak signal level of the recorded truck drlvebys
ccecurred ln the middle of this interval.

Annoyance Jjudgments for six other signals (three truck
passbys of 12 seconds' duraticn, and an equal number of
truck passbys of three seconds' duration) were collected
under identical conditions at the same time, as part of
an 1lndependent study. Annoyance judgments made of' these
slgnals are reported here along with those from the main
study.

B, Results
1. Raw Data
Three male and twelve female subjects (average age = 25

years) were pald an hourly wage to adjust the level of
the variable signal to the polnt of subjective equalilty

-37-
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TABLE 9. SIGHAL IDENTIFICATION

Integrated A-wtd.
Presentation Level
dB

al
fhijr%rt:er Description*
A
Al Tank Truck, downhlll, 2 cylinders braking 1('!:1
AS Tank Truck, downhill, 4 eyllnders braking . 786
G Tank Truck, downhill, 4 cyllnders braklng, no muffler -
AT Tank Truck, downhill, & eyllnders braling 1.8
8 Tank Truck, downhill, 6 eyllinders braking . 79.14
AG Tank Truck, downhlll, 6 cyllnders braking, no muffler (3
ALlD Tank Truck, downhlll, service brake only 7“:6
All Tank Truck, accelerating 76.5
Al2 Tank Truck, decclerating, 6 cylinders braklng ?B:l
Al3 Intercity bus, uphill B0 2
ALl Intereity bus, downhill, 8 cylinders braking 786
AlS Interecity bus, downhill, B eyllinders braking 79-3
AlG Intereity bus, accelerating ?B"j
AT Tnterecity bus, decelerating, 8 eylinders braking 76,8
A18 Automobile, accelerating 72-2
AL9 Automobile, decelerating 81:2
A2 (Same as AB, but out-olC-doors}) 8il’ 9
A2R {same as All, but out-ol~doors) .
B3 Fire Pumper Truck, downhill, service brake only 76-1
B Fire Pumper Truck, downhill, & eylinders bralking 76.7
By Fire Pumper Truck, uphlll 73.5
B6 Mire Pumper Truck, accelerating 75.8
BT Fire Pumper Truek, deeelerating, 6 cylinders braking 78-"
B Dump Truck, downhlll, with englne brake 79.
B9 Motorcycle passby ;E.i
B10 Helicopter hover ?6’7
Bl Areeaft flyover 62-6
Bl2 Impulse Wave Train, 400 Hz sinusold, % Hz repetitlan rate ?1'6
- B13 Impulse Wave Traln, 400 Hz sinusold, #0 Hz repetitlion rate 3%
B34 Impulse Wave Train, 100 Hz sinusold, 100 Hz repetitlon rate T".’-’
B15 Gausslan nolse spectrally shaped to resembie truck B,?"j
Bl16 Octave Band white nolse, centered at 1 kliz B‘-_‘-H
BXY} Cctave Band pink neolse, centered at 1 Itz 7£‘0
cG Tank Truck, downhlll, service brake only (3 gec. duration) T'?'3
c7 Tank Truek, downhill, serviece brake only 78'0
ca Tank Truck, downhlll, service brake only (12 see, duration) 75~1
cy Tank Truek, downhi1ll, 2 cyl. braking, ne mufrfler (3 second duratlion) 77'3
£10 Tank Truck, downhill, 2 cyl. braklng, no rnuafller ?8'"
Ccl1 Tank Truck, downhill, 2 eyl. braking, no muffler {12 second dupatien) 7G'§
c1? Tank Truck, downhill, 6 eyl. hbraking, no muffler (3 second duration) 78.2
€113 Tank Truck, downhill, 6 cyl. braking, no mufTlov 79 3
c1d Tank Truck, downhlll, 6 eyl. braking, no murfler {12 sccond duration} :
*itnless otherwise specified, vehicles equipped with muffler and recorded siqnals
passed through frequency weighting filter approximating transmission loss of
typical residential construction.
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of annoyance with each of the U2 signals seen in Table

9, by means of the PEST procedure (Taylor and Creelman,
1967). The basic datum for each signal palr was the

mean level of the varilable signal when it was adjusted

to the point of subjectlve equallity of annoyance, averaged
over all 15 subjects' determinations. Each subject's
determination was 1ltself the mean of at least two PEST
runs, each comprised of multiple paired comparilisons.

These basic data may be seen in Tables 10, 11, 12, and 13,
reported in terms of eilghteen different physical measures

of signal levels. Each cell of the matrix contains the mean
level (for fiteen subjects) of the varilable signal &t the
point of subjective equality of annoyance. Peak and inte-
grated measures of the level of the varlable signal at the
point of subjective equality are presented in units of
A-yelghted level, Tone--Corrected Percelved Noise Level,
A-Tevel adJusted for the ISO-recommended 1lmpulse noise
correction, A-level adjusted for crest factor three
different ways (by subtracting constants of 11 and 12 4B,
and by multiplying the crest factor by 0.6), Tone-Corrected
Percelved Nolse level adjJusted by the ISO-recommended impulse
neise correction, and Tone~Corrected Fercelved Nolse Level
adjusted two ways for crest factor (by subtracting a con-
stant of 12 dB, and by multiplying the crest factor hy

0.6).

These various measures of signal levels represent a

gamut of indices that have been or could reasonably be

used to quantify the annoyance of impulsive nolses. The

IS0 procedure evelved from prolonged International technical
debate about ways to characterlize the impulslveness of
helicopter nolse emissions. The various crest factor

=-30-
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Level of Variable Signal - Fixed Signal at Point of Subjective Equality of Annoyance, in dB
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adjustments have been employed to quantify degrees of
impulsiveness with respect to Gaussian noise {which has
a crest factor of about 13 dB).

2. Validity, Reliability, and Variability of Judgments

All test subjects compared the annoyance of the six
second long varidable signal with itself six times during
the course of data collection. The average within-
subject difference 1n level observed for these Judgments

was 1.4 dB, a figure which justifies reascnable confidence

in the subjects' understanding of their instructions, the
meaningfulness of the test procedures, and the usefulness
of the data set.

A smaller number of comparilsons was also made of the
annoyance of the three and twelve second long variable
signals wilith themselves. The average differences in
levels observed across signals for these judgments were
0.9 and 2.7 dB, for the three and twelve second long
slgnals, respectively. Taken together, the data for the
3, 6, and 12 second duration signals show an inverse
relationship between signal duration and valldity of

Judgments.

The 15 subjects were required to repeat thelr Judgments
of the 42 signals at least once in all but 13 of the 630
cases. For these 617 test-retest cases, the absolute
value of the within-subjects mean difference in the
level of the variable signal at the point of subjective
equality was 0.86 dB. In other words, the annoyance
Jjudgments proved to be repeatable, on average, to
within one declhel.
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The average standard deviation among subjlects for the
annoyance judgments of the 42 test signals was 5.7 dB.
Ninety—five percent confldence intervals for these silgnals

were between 1.5 and 3 dB,

Thus, the valldlty and repeatabllity of annoyance judgments
wlthin subJecets, and the variabllity among subjects (i.e.,
standard error of measurement), were all roughly comparable
for the six second long signals. All things considered, the
resolution of annoyance judgments in the present data set is
thus on the order of 1.5 dB. Smaller differences are likely
t¢ have arlsen by chance alcone, ané are not likely to be

repeatable.

3. Relative Ability of Noise Measures to Predict Annoy-
ance Judgments

Une measure of the utllity of a noise metric 1s its abilitw

£o reduce the variability of a set of annoyance judgmenis.

The bottom lines of Tables 10-13 centain the standard devia-
tions of the differences between levels of the fixed and vari-
able signals when adjusted by the 15 subjects to the point

of subjective equality of annoyance. In principle, a "perfect"
nolse metric would reduce this standard deviation to zero,
since 1t would asslgn the same value to the levels of both
the fixed and varlahbhle signals. In practilce, even a perfect
noise metric would be unable to reduce the standard deviation
to a value smaller than the fundamental resolution of the
experimental method. In the present case; this residual
experimental error 1s {as discussed in the preceding

section) about one to one and a half decilbels.
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Examination of Tables 10-13 reveals a ratio between the
standard deviatlons of the noise metrics with the smallest
and greatest standard deviations of 1.65. This ratio is
unlikely to have arisen by chance alone (F,, ,, = 2.73,

p < .01), However, i1t is also apparent that many of the
18 noise metrics are about equally effective in reducing
the varlability of the set of annoyance Judgments. It
follows that no specilal merlt ¢an be clalimed in the present
data set for any particular adjustment made to A-weighted
or Perceived Nolse Level measurements for impulsiveness.

The reason for thils lack of Improvement in prediction of
annoyance from incorporation of impulse noise adjustments

is fairly clear: none of the many recordings of automotive
nolse emissions was suffleclently impulsive to merit a slze-
able adjustment, Many of the impulsive adjustments to A-Level
and Percelived Nolse Level resulted in changes of tenths of a
decibel or less for the automotive signals. Even when operated
without a muffler, the A-Level of the nolise emlssions of the
primary test vehicle were lIlncreased by only about 2 4B by
addlition of a term sensitive to the crest factor.

4. Effects of Mode of Operation of Test Vehicles

As ls apparent from Table 10, there 1is no evidence to suggest
that any improvement in accuracy of predliction of annoyance
conld be secured by use of different impulse nolse metrics
for different operating condltions of the test vehleles.

This point is further reinforced by the Jjudgmenis of the

annoyance of slx other automotive noise recordings of
vehleles other than those of whilch recordlngs were made

=45~
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speciflecally for present purposes. The central tendency
of these data (fthe rightmost points in Figures 5 and 6)
closely resembles that of the other data points. There
1s, however, reason to belleve that EPNL reduces the
variabllity of annoyance judgments to a greater degree
than does A-Level,

Figures 5 and € group the average annoyance judgments for
the recordings made while test vehlcles were accelerating.
decelerating, climbing, and descending with and without
engine braking. The only difference between the figures
is the noise metric: A-Level for Figure 5, EPNL for
Figure 6.

It is clear from both figures that for equivalent rioise
levels, there are no meaningful differences in the annoy-
ance of vehlecle noilse emisslons In the different operating

modes.

5. Effects of Spectral Shape on Annoyance of Compression-
Release Engine Brake Noise

Figure 7 compares the relative annoyance of the test
vehlcles' nolse emisslons as they would be heard Indoors

and outdoors. (8pectra for these signals are plotted in
Figure 8). Subjects rlound the two "outdoor" engine braking
noise recordings more annoying than the two "indoor!" record-
ings. The differences were slight, however, and of little

practical importance.
6. Effects of Duration of Observation Interval

Filgure 9 displays average Judgments of the annoyance of
the sanme three signals when heard for durations of 3, 6
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and 12 seconds. The lack of any systematic trend in these
data demonstrates that the duration of the signal did net
affect the subjects' mean annoyance Judgments. It 1s
intereéting to note 1n Table 13, however, that the variances
of the annoyance judgments for the shortest duration signals
were about 20% smaller than for the longer duration signals.

7. Annoyance Judgments for Impuilsive Signals

As may be seen in Table 11, noise metrics that take account
of' ecrest factor do a much better job than other nolse metrics
of reducing the variability of annoyance Judgments for highly
Impulsive signals, For example, the ranges of annoyance
Judgments in A-weipghted and EPNL units are 13 and 16 dB,
respectively, for the 1mpulsive signals in Table 11. The
ranges ror the IS0-corrected units are 11 and 13 dB, res-
pectively -~ a slight imprevement. However, units that

take into consideration the crest factors (peak:rms ratios)
of these Impulsive signals reduce the range of annoyance
Judgments to only about 3-7 dB.

Consldering the lesser complexilty of crest factor calcula-
tions, as well as the greater reduction in variability of
annoyance Judgments they provide, thls data set does not
support use of the IS0 impulse coeffleient to characterize
the annoyance of impulsive signals.
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¥, CONCLUSIONS

1. Use of compression-release englne braking during
deceleration can {but does not necessarily) modestly
Inecrease heavy vehlele nolse emissions over levels pro-
duced durldng acceleratilon.

2, Nolse emissions of properly muf'fled heavy vehlcles
maintaining constant veloclty on a downgrade are largely
independent of the number of cylinders of engine braking
engaged, over the range of typical englne speeds.

3. Nolse emisslons of properly muffled heavy vehlcles
using compression-release englne braking are not highly

Impuisive.

b, When heard at the same A-level, there are nc large
differences in the relatlve annoyance of noise emissions
produced by heavy vehicles when accelerating, and when
decelerating with the aild of compression-release englne

brakes.

5. Nolse emisslons produced by properly muffled vehlcles
maintaining constant veloccity on a downgrade with the ald
of compresslon-release engine brakes can be as much as
5 dB more annoylng than nolse emisslons produced under

the same conditlons without the use of compression-release

braking, by virtue of the higher noise levels produced by
the compression-release englne brakes.

6. Measurement of noise emissions of heavy vehicles in units
of maximum A-welghted sound pressure level 1s sufficlent for
purposes related to health and welfare analyses of effects

of compression-release englne braking nolse,.

-53~
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7. There is no need for an impulse correction to account
for the annoyance of nolse emissions preduced by heavy
vehicles using compresslon-release engine brakes, even
though a correction based on crest factor can greatly
reduce the varlability of annoyance judgments of highly
impulsive signals.

8. An adjustment based on crest factor is a much simpler

and more effective measure to account for the annoyance of

impulsive signals than the IS0 4impulse correction.

~5-

- - e i s e by B e e JUPRE—————r




=+ ¥ VYAV AUV Ao

A e e G FE T L T s il

23

21

Y

3

N -

[~

C L B

REFERENCES

Fancher, P., O'Day, J.,, Bunch, H., Sayers, M., Winkler,
C., "Retarders for Heavy Vehlicles: Evaluation of Per-
formance Characteristics and In-Service Costs", Volume 1:
Technical Report, DOT HS-805 808, February 1981.

Gallioway, W., "Subjective Response to Simulated and Actual
Helicopter Blade Slap Noilse." DBolt Beranek and Newman
Report MNo. 3573 for the National Aeronautics and Space
Administration, December 1977.

Leverton, J., "Helicopter Nolse - Are Existing Methods
Adequate for Ratlng Annoyance or Loudness?" J. American
Helicopter Soclety, 41-44, April 1974,

Sutherland, L., "Annoyance, Loudness, and Measurement of
Repetitive Type Impulsive Nolse Scurces", EPA 550/9-79-103,

November 1979.

Taylor, M., and Creelman, C., "PEST: Efficient Estimates
enn Probability Functions," J. Acoust. Scc. Amer. 41, 782-787

(1967).

~55.-

T i b e e il b A T b s e e e BT i




APPENDIX A
ONE-THIRD OCTAVE BAND SPECTRA
OF SELECTED FIELD RECORDINGS
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Tables A-1 through A-8 contain one-third octave band
spectra (at the time of occurrence of the maximum A-level)
of field recordings described in Tables 3 through 8 in
this report. Each run corresponds to one vehicular passby
and can be matched to the information 1n Tables 3 through
8 by the vehicle type and run number,
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Figure B-1 is a schematic representation of the laboratory

[amud
i equipment used to admlnister the adaptive palred comparison
Judgment tests. Flgures B-2 through B-33 are one-third octave

r‘ band spectra (at the time of oceurrence of the maximum A-level)
' of the signals presented for annoyance judgments. The subjects!

p= Instructions and additiconal detalls of the adaptive procedure

b are also included in this Appendix.
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Report No. 4550

INSTRUCTIONS

During this experiment, you will hear a series of pairs of sounds.

Bolt Beranek and Newman Inc.

Your job will always be the same: to declde which sound of a palr

is more annoying. The computer that presents the pairs of scunds

to you will vary their length and loudness from time to time, based

on which sounds you decide are more annoylng.

In order for the computer to keep track of your decislions about

which sound of a pair is more annoying, you will have to follow a
certain trial procedure. A trial will start when the button

marked "1" on your response box lights up. As leng as Button 1
is lighted, you willl be hearing the first sound of a palr.
while after the light in Button 1 goes out, Button 2 will light up.
As long as Button 2 is lighted, you will be hearing the second

sound of a pair. As soon as the light in Button 2 goes out, you
must press elther Button 1 or Butten 2 to indicate which sound

you felt was more annoying. A short while later, the next trial

will start.

The pairs of sounds you wlll hear will not be presented in any

systematic pattern, but will be randomized by the computer.

Since

there is no "right" or "wrong" answer for a pair of sounds, and
sinee there 1s no pattern to the order in which you will hear pairs
of sounds, no "plan" or "scheme" can be used to help you make up

your mind which sound of a pair is more annoying.

All we ever

want to know 1s which sound in the pailr you have just heard 1s

more annoying to you.
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Bolt Beranek and Newman Inc.

CONSENT FORM FOR TEST PARTICIPANTS

PART 1: BACKGROUND INFORMATION

This paper tells you about the conditions under which you may
choose to participate in a&n experiment on the relative anncyance
of various sounds. You will be asked to listen to many pairs ol
scunds, and to tell us which sound of each pair you think 1s
more annoylng., You will do this by pushing a& button after hear-
ing each peir of sounds, You will be seated iIn the anechoic
chamber while making these judgments.

An Institutional Review Board has determined that theyre are no
obJective risks in this process. However, i you feel uncom-
fortable now or at any time durlng the test and wish to step,
you are free to do so. You may withdraw from the experiment
at any time by so informing the person running the experiment
and signing a form withdrawing your consent. If you do with-
draw, you will receive payment for your participation up to
the time you declde to stop.

The study 1s being conducted for the Environmental Protection
Agency. As & participant, you wlll beneflt by belng paid a
wage of $4,00 per hour. A summary of the results of the study
will eventuaslly be avallable as a government publication.

Plense feel free to ask any questions you may have concerning
the test procedure.

PART 2: AGREEMENT TO PARTICIPATE IN EXPERIMENT

I have read the above description of the experiment in which
I willl take part and I have discussed the nature of the study
to my satisfaction, I have had the opportunity to ask, and
have had asnswered, any questions I had about the test, I
hereby consent to partilcipate in the test. I am at least
eighteen years cold, and I have no physical or mental con-
ditions that would render my participation more hazardous
than to persong without such conditions.

If you have any questions ceoncerning BBN's informed consent
procedure, please contact Mr, Kepneth Jackson, Secretary of
BBN's Institutional Review Bozrd, at 617 - 497-3560.

Particlpant Witness

Signature: Signature:

Print HName: Print Rame:

Date: Date:
B-20
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PEST PROCEDURE EMPLOYED FOR SUBJECTIVE JUDGMENT TESTS

Parameter Estimatlon by Sequential Testing (PEST) is an adaptive
paychophyslical procedure that administers an iterative form

of the standard palred comparlson task. PE3T is called an
adaptive procedure because the sequence of signals heard

by an observer is not fixed in advance, but rather is
determined by his ongeing responses. PEST preserves many

of’ the advantages of the paired comparison method, while
galning the speed and convenilence of an adjustment methed.

BBN's implementation of PEST is based on an interactive
conversation between the experimenter and the computer
software. The system acquires information needed for con-
duct of én experiment by inguiring of the experlmenter the
values of a seriles of parameters whlch determine the course
of' the PEST procedure. These Include slgnal identification
and the levels at whlch signals are initlially presented for

Judgments.

The experimenter can also specify a standard operating pro-
cedure consisting of predetermined values of a dozen parameters
such as the intersignal interval, intertrial interval, 1nitial
step size, maxlmum step size, degree of confidence in the
cbserver's responses, anticlpated direction of flrst step,

and region of Iinterest of the psychometric functlon.

In the current use, the program was set to determine the
point of subjectlve equallty, or the level at which cbservers

Judged each of the pair of sighals equally annoylng.

The trilal procedure is a two-interval forced cholce, in
which one signal 1s invarlant over trials, whille the other

L N P -OU S DU VIR ST RPN S R LT
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slgnal may change in level. Approximately one second after
START switch closure, the computer presents a pair of signals
and wailts for the observer to decide on his preference for
the signal of the first or second intervalil. Upon recelipt of
the observer's response, the computer calculates the level

at which the variable level slgnal will be presented on the
next trial. After another pause of approximately one

second, the computer inltiates the next trial by present-

ing a modified signal pailr.

PEST determines the increment in comparisen signal level as
Follews (Taylor and Creelman, 1967):

1l. On every reversal of step directlon, halve the
\step slze,

2. The second step in a glven direction, 1f called
for, 1s the same size as the first.

3. Whether a thilrd successive step In a glven
direction is the same as or double the second
depends on the sequence of steps leading to
thi: most recent reversal., If the step ilmmediately
preceding that reversal resulted from a doubling,
then the third step is not doubled; while 1f the
step leadlng to the most recent reversal was
not the result of a doubling, then this third
step is doubkle the second.

4. The fourth and subsequent steps 1in a given
direction are each double theilr predecessor
fexcept that large steps may be disturbing
to a human observer and an upper 1imit on
permissible step size of 16 dB is maintained).
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A run, compesed of a wvariable number of trials, is terminated
! when the system determines that suflficient inTormatilon has
been collected. The stopping eriterion for a run is normally
- an anticipated change 1in level of the variable signal of 1 dB.
L When a run terminates, a line printer documents the details of
the run (numbers of trials, several measures of signal levels,

the time, ete.).
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