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THE noise associated with motor vehicles has been receiving more and more
attention in recent years. This is due partly to the general public concern
about increases in all kinds of noise in every day life, such as that from home
appliances, office machines, jet planes and so on. It is also due to the tremen-
dous increase in the volume of automobile and truck noises which is a conse-
quence of both greater engine power and more vehicles.

As a result of these trends, the highway has become a serious source of
disturbing noise. Since 1944, the number of automobiles has increased 76 per-
cent, and trucks 109 percent. The average size of truck engines has also in-
creased - and 600-hp diesel truck engines are being advertised. These in-
creases have brought a corresponding increase in the number of complaints of
excessive noise. More and more people are saying that ""there ought to be a
law against excessive highway noise".

The prospects for the future all point to an intensification of this problem.
The number of automobiles and the number and size of trucks will doubtless
continue to increase. It is to be expected that heavy traffic will become more
and more channelized on freeways and that many of these freeways will pass
through districts where there may be vigorous objections to the roar of traffic.

These matters have been the subject of continuing investigation by the Insti-
tute of Transportation and Traffic Engineering at the University of California.
The present study is concerned with some of the characteristics of noise gen-
erated by traffic streams. Test sites were selected so as to be representative
of various operating conditions on facilities of the expressway type.

As a subject of mutual interest to the Institute of Transportation and Traffic
Engineering and the California Division of Highways, a part of this study was
undertaken as a joint project, conducted under an agreement between the Uni-
versity and the Division. The Institute is grateful to all those who assisted in
this study, and particularly to John L. Beaton, R. M. Gillis, Rudolph Hess,
and F. N. Hveem, all of the Division of Highways, and to W. A. Partridge,
J.A. Fogle, and C. W. LeRoy, of the Institute staff.

There are two main objectives in this study: (1) to determine the magnitudes
of the noises associated with various types of vehicles and highway facilities,
and (2) to attempt to evaluate the noises in terms of physical measurements
that correlate with subjective appraisals.

The problems of measurement and evaluation of vehicle noises are techni-
cally complicated and they have not been completely resolved. For example,
the California Vehicle Code refers to "unusual" or "excessive'" noises. There
is a need for a definition of "excessive noise' and a practical, convenient me-
thod of measurement that may be supported by jury appraisal. This standard
should account for the annoyance of the noise as well as its loudness. Annoy-
ance usually increases with loudness, but not always. For instance, inter-
mittent noises are usually considered more annoying than continuous ones,
and noises containing high-frequency components are more objectionable than
those of the same intensity which are composed of low-frequency components.
Probably some of the most bothersome noises from vehicles on the highway
occur when the vehicles are operated at high engine speeds during acceleration
and just prior to shifting gears. This condition gives rise to a combination of
high-frequency components and an intermittent noise pattern, as well as high
intensity.

The time-pattern factor for intermittent noises has at least two components.
The first involves the length of time the noise remains at an annoying level;
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most people feel that a noise is less annoying if its duration is short. In the
case of highway noise, this is determined mainly by the time the vehicle re-
mains within a certain distance of the person or persons who hear it. The sec-
ond component involves the length of time between passing vehicles which are
responsible for the noise; noises that occur periodically are generally consid-
ered less annoying than those whichoccur at irregular intervals.

Annoyance is a subjective quality, so a precise, quantitative expression of
it probably cannot be found. Also loudness, by physical definition, is subjec-
tive. The techniques of measurement that have been used in this study permit
comparisons to be made on either an annoyance, loudness, or intensity basis
if the correlations that are shown between the meter readings and the subjec-
tive quantities are considered adequate.

Scope

The material presented in this paper is in two parts corresponding to the
objectives already mentioned. Part I covers the data obtained on noise levels
adjacent to expressway-type highways under conditions that are typical of many
such areas in the United States. Part II covers the project of analyzing the
noise spectrum from various types of vehicles as observed on the road and as
measured on a test dynamometer. Jury appraisals of the latter noise spectra
were also obtained and correlations determined between jury ratings and meas-
urements.

Part 1
Noise Measurements on Expressway-Type Facilities

@ The objective of the investigation was to obtain data on noise levels adjacent to free-
ways under conditions that are typical of many areas in the United States. Data were
collected at 15 test locations in California, scattered from Vallejo in the central part of
the State, to Los Angeles in the south. The locations were of five types, as follows:

1. Inclined. A rural freeway with a long steep grade. The extended incline created
a condition where maximum noise could be determined for representative traffic under
full-load, steady-state operation.

2. Intersection. An intersection on a freeway in an area having high traffic volumes.
This permitted noise measurements both for continuous traffic movement and for vehi-
cles accelerating from a stop.

3. Level. A level, high-traffic-volume freeway. Here traffic could be observed
when operating near maximum permitted speeds.

4, Elevated. An elevated section of freeway. This served to indicate the effect of
having the noise source above the surrounding terrain.

5. Cut. A freeway section in a cut. Here the effect of absorbing or reflecting sur-
faces could be evaluated.

TEST LOCATIONS

The following descriptions of each type of test location indicate the characteristics
of the actual freeway sections investigated.

1. Inclined Type

American Canyon Highway, US 40, north of Vallejo, Calif. (Figure 1). A 4-lane
divided highway with a positive grade for northbound traffic and a negative grade for
southbound traffic. Division of northbound and southbound traffic by means of a raised
island approximately 6 ft. wide and bounded by an 8-in. curb on each side. The pave-
ment surface is asphalt. Surround: to the west, a steep negative slope; to the east,
fairly level for 22 ft., then low rolling hills; no obstructions or reflecting surfaces of
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Figure 1.

any significance within 100 ft. of any test site. Test sites were located on the east side
of the highway.

2. Intersection Type

~ Washington Blvd. and Telegraph Rd., Los Angeles, Calif. (Figure 2). An intersec-
tion of two 4-lane highways. An elevated section of freeway, approximately 300 ft. a-
way, created a high noise level background. The east side of the intersection was
bounded by open flat land. On the west side of the intersection was a 10- to 15-ft. fill,
which has a section of the Santa Ana Freeway. Eastbound traffic on Washington Blvd.
approaches the intersection as it ascends from an underpass beneath the freeway. Re-
flections of sound from large buildings or the fill on the west side of the highway were
probably negligible, owing to their distance from the test sites and the high background
noise level due to direct transmission.

Road surfaces were asphalt. With the exception of the eastbound traffic lanes, all
approaches were level.

Traffic was controlled by a simple two-phase controller in conjunction with three-
color traffic signals. Traffic was handled in two movements, left turns being made si-
multaneously with the movement of through traffic.

The test sites for this location were at the usual distances of 50, 150, and 300 ft. ,
but were measured along a line approximately bisecting the angle of the corner.

Meter readings and tape recordings were made only of traffic moving on Washington
Blvd.

3. Level Type

East Shore Freeway near Oakland Airport, San Leandro, Calif. A 4-lane divided
highway section. The pavement was concrete or concrete with an asphalt surface. The

Figure 2.
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Figure 3.

surrounding terrain was level land with no obstructions or reflecting surfaces. Oppos-

ing traffic flows were separated by a concrete island which extended down the center of
the roadway. Highway was straight and level.

4. Elevated Type

Santa Ana Freeway at Soto St., Los Angeles, (Figure 3). A 6-lane divided highway.
The freeway section was on a bridge which was buttressed at each extremity by a fill.
Opposing traffic lanes were divided by a concrete island down the centerline upon which
was a steel railing. The bridge structure was concrete. The test sites ranged from 30
to 50 ft. below the level of the roadbed.

5. Cut Type

Hollywood Freeway: Cahuenga Pass near Barham Blvd., Los Angeles (Figure 4).
Six main center lanes, two secondary lanes on either side of the 6 center lanes, and
two turn lanes on the outside on each side making a total of 14 lanes. The six center
lanes pass through an underpass. All lanes have a slight grade, as can be seen in the
photograph. Pavement was concrete. The cut depth was 7 to 8 ft. , and the center 10
lanes were bounded by concrete walls. Opposing traffic lanes were divided by ten feet

Figure 4.
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of land. The overpass was approximately 75 feet northwest of the test location. Hills
extended along the boundary of the freeway, parallel to its path.

TEST PROCEDURE

At each location instruments were set up to measure the vehicle noises from 50,
150, and 300 ft. away from the centerline of the nearest traffic lane (except that no 300-
ft. readings were obtained at the one inclined-type location).

The sound level instruments were standard ASA type equipment and are described
in detail in Reference 1. Adequate calibration and checking procedures were used to
insure accurate readings.

The sampling of vehicles was random, but each situation was recorded both on mag-
netic tape and on data sheets so that the type of vehicle could be identified. The coding
system used for vehicle identification and a complete description of the test set-up is
given in Reference 2. An attempt was made to obtain at least 10 readings on a given
class and type of vehicle so that the measurements would have reasonable significance.
This was not possible at all locations because of the predominance of one or more types
of vehicles. The data are given on the summary data sheets in Reference 2.

Three meter readings were taken on each test vehicle, one meter being set on each
of the three (A, B, and C) meter scales, and three test distances from the highway were
utilized. Therefore, each tabulation of the results for a particular type of freeway sec-
tion has nine independent parts: one result for each of the three scale readings at each
of the three test distances. For this reason, it is impractical to attempt to present all
the results in the form of independent statements. Some of the more outstanding results
will be presented here, but it is suggested that reference be made to the tabular sum-
maries which may be found in Reference 2 for detail studies.

Several problems arose during the course of the work that could not be predicted in
advance. Lack of a stable portable power supply was one of the primary obstacles.
Since the tape recorder employed synchronous motors to drive the tape, a frequency-
stable power supply was essential. Several different portable generators were used as
a power supply but none was completely satisfactory in this respect. Owing to this dif-
ficulty, some of the magnetic tape was not acceptable for frequency analysis.

Increasing winds at the test locations presented additional problems, some of which
went unsolved. Screening the microphones with silk cloth reduced the erratic meter in-
dications due to wind by a significant amount, but the effect of the wind upon the indi-
cated sound level was sometimes indeterminate. The change in the effective distance
through which the sound had to travel due to the wind was calculable, provided the wind
was constant, but gustiness created effects which could only be estimated. It was not
feasible to estimate these effects or to calculate correction factors for every reading
taken. Thus the wind, when present, presented an uncontrollable source of error that
our technique could not accommodate.

The ASA type sound level meter has several advantages over other possible types of
equipment, some of which are: (1) high degree of portability, (2) rugged construction,
(3) rapid and continuous indication, (4) immediate availability of results, and (5) abso-
lute numerical evaluation, as opposed to arbitrary evaluation required by some methods.

TEST RESULTS AND DISCUSSION

Any large group of data such as collected in this study affords the possibility of a
great number of analyses. The analyses submitted herewith were limited to those con-
sidered to be most significant to the freeway problem. The complete data are tabulated
in Reference 2 for any additional studies that may be desired.

The measured levels of the noises of vehicles passing the test location depend to some
degree upon the background level, therefore, the background levels existing at the time
of the tests are considered first (see Table 1). By way of explanation, the background
level is that noise measured by the meters which exists becduse of the nature of the
surrounding area and the activity taking place therein. This includes traffic noise which
is not due to the vehicle or vehicles specifically under test. If the background level is
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TABLE 1

AVERAGE BACKGROUND NOISE LEVELS sufficiently high, the noise of a passing ve-
Test Distance el hicle may not increase the meter reading
S| cibels
Type of Location =" oy AScale BScale Cscale DY @ measurable amount.
50 %0 P P The background level also plays a large
L. Inchned 150 48 58 62 part in the relative annoyance of vehicles.
50 57 67 7 For example, if the background level is
2 Intersection ;gg gg 23 'ég relatively low, traffic noise may seem
50 48 56 o louder to the ear than it would seem if
3 Level 150 46 56 72 masked by a relatively high background
300 43 55 66 level. The background noises of Table 1
4. Elevated lgg gg gg ;§ are normal values for daytime conditions
L et 300 50 55 64 and are higher than would be measured in
50 59 65 7 the very early morning hours (3 A. M. ).
5 Cut 150 52 60 68
300 46 58 64
Automobile Noi
e - - - Noise
a7 Tocahions 300 48 58 66 Automobile traffic (exclusive of trucks

and commercial vehicles) is the most com-
mon source of noise on the highways, although it is not the loudest. The following out-
lines some important results of the study concerning automobile traffic alone.

The average noise level due to autos was computed separately for each test site at
each location. At every location and at all three distances from the highway, the av-
erage noise generated by autos was generally loudest during acceleration from a stop
(intersection). The loudest average auto noise, as recorded on the C scale was 84 db
at the 50-ft. test destance. At 300 ft. , the highest average was 73 db. It must be kept
in mind that the loudest average noise does not mean the loudest single reading obtained,
but rather, the loudest group of readings obtained at various test sites at the same dis-~
tance from the highway and same type of freeway section (i. e., cut, fill, intersection,
etc.). The loudest single reading would be considerably greater than the average.

For all types of freeway sections, the average auto noise ranged from 75 db at 50 ft.
to 69 db at 300 ft. , as measured on the C scale. B and A scale readings were on the
average, 9 and 15 db lower than the C scale readings, respectively. In the over-all
average for all distances at all locations, auto traffic noise was louder than the back-
ground level by 7 db on the A scale, and 5 db on the B and C scales.

At locations where the background level was high, many cases arose in which the
noise generated by light auto traffic was not discernable from the background level, ex-
cept at the 50 ft. distance (see Table 2). One incident arose in which the meter read-
ings on auto traffic were lower than the average background level. This was due to the
fact that background level measurements were taken at times when there was no traffic
in the immediate vicinity of the test location, but with the possibility of heavy traffic at
a distance. This condition occasionally caused higher meter readings than that due to
a few slow moving autos in the test area.

N : . TABLE 2
Such a condition may exist at an intersec- DIFFERENCE BETWEEN AUTO NOISE AND BACKGROUND

tion when traffic is traveling in platoons LEVEL
between signals. Heavy traffic may be Test Distance Average Decibels
approaching the intersection from some feet Type of Location A Scale B Scale C Scale
distance away, or may be stopped at the 1 Inclined 1 8 9
3 s ] 5 T 2 Intersection 5 8 6
intersection and there is traffic at a dis 50 3 Level (high speed) 11 10 7
tance. 4 Elevated 8 6 5
The tests showed that the difference 5 Cut 6 4 3
between auto noise and background levels L. Inclined 10 4 9
. . . 2, Intersection 7 ki 3
decreased with distance from the highway 150 3. Level (mgh speed) 8 6 2
(see Table 2). This pattern appeared on 4. Elevated 4 4 5
5. Cut 5 6 7
all meter scales. The differences al any 1 Inclined )
one type of freeway section were largest 2. Intersection 3 2 0
on the A scale, less on the B scale, and 300 3. Level (high speed) 6 2 1
. 4, Elevated 4 3 2
least on the C scale. This 1s to be ex- 5 Cut 9 1 5

pected because of the weighting networks



TABLE 3
NOISE LEVELS OF TRUCKS, AUTOS, AND BACKGROUND

Averages are given for each test distance and type of freeway section.

. . Distance Average Decibels
Section and Vehicle feet A Scale B Scale C Scale
1. Inclined
Trucks 50 73 79 86
Autos 50 61 67 78
Background 50 50 59 69
Trucks 150 66 76 80
Autos 150 54 61 67
Background 150 48 58 62
2. Intersection
Trucks 50 ™M 84 91
Autos 50 64 75 84
Background 50 57 67 76
Trucks 150 66 i 84
Autos 150 58 1 79
Background 150 52 64 73
Trucks 300 62 70 78
Autos 300 57 67 73
Background 300 52 63 69
3. Level
Trucks 50 69 79 83
Autos 50 59 66 72
Background 50 43 56 65
Trucks 150 65 72 (i
Autos 150 54 62 73
Background 150 46 56 72
Trucks 300 53 60 1
Autos 300 47 53 69
Background 300 43 55 66
4. Elevated
Trucks 50 60 70 80
Autos 50 55 59 66
Background 50 438 55 62
Trucks 150 58 66 72
Autos 150 54 58 67
Background 150 53 53 63
Trucks 300 55 60 70
Autos 300 54 58 66
Background 300 50 55 64
5. Cut
Trucks 50 69 72 m
Autos 50 65 69 75
Background 50 59 65 72
Trucks 150 58 65 74
Autos 150 55 61 70

Background 150 52 60 68
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TABLE 3 (Cont'd)

. . Distance Average Decibels
Section and Vehicle A Scale B Scale C Scale
5. Cut (cont'd)
Trucks 300 56 65 72
Autos 300 51 59 69
Background 300 46 58 64
50 M 84 91
(intersection) (intersection) (intersection)
Highest Average 150 66 M 84
Truck Noise (intersection) (intersection) (intersection)
300 62 70 78
(intersection) (intersection) (intersection)
50 90 97 102
Loudest Single (intersection) (intersection) (intersection)
Truck Noise 150 81 88 93
(inclined) (inclined (inclined
and intersection
intersection) and level)
300 M 84 87
(Elevated) (Elevated) (Elevated)
Over-all 50 70 ' 83
Average Truck 150 63 71 M
Noise 300 57 64 73
Over-all 50 61 67 75
Average Auto 150 55 63 1
Noise 300 52 59 69

used in the instruments and is further substantiation of the known fact that the high fre-
quencies are more rapidly attenuated than the lower frequencies. The largest differ-
ences occurred under conditions of (1) maximum power on an inclined freeway section,
(2) acceleration from a stop at an intersection, and (3) high speed on a level freeway
section.

Truck Noise

As was expected, trucks were found to be a more intense source of highway noise
than antos (see Tables 3, 4, and 5). On an over-all average, the truck noise level was
6 db above that for autos. This figure is small and is due to the grouping of all trucks
together, there being many more light trucks than heavy ones. The number of readings
on the various types of vehicles comprising the test samples were reasonably propor-
tional to the frequency with which each type of vehicle passed the test location. Since
there were greater numbers of two-axle trucks than other types, more meter readings
were taken on this type of truck. Due to the fact that the noise generated by these light
trucks is, on the average, not much greater than that of an auto, the average of all
trucks combined was reduced. |

Average readings on each type of truck at various test distances and on various types
of freeway sections may be found in Table 4. Average truck noise was found to exceed
that of autos in all locations and at all distances (see Table 5). The difference between
truck and auto noise at a single distance and location ranged from 1 to 13 db on the A
scale, 1 to 14 db on the B scale, and 1 to 11 db on the C scale. The greatest difference
occurred under the condition of maximum power on an inclined freeway section, where
the average truck noise exceeded that of autos by 11 db on the A scale, 14 db on the B
scale, and 10dbonthe C scale. The least difference was noted on elevatedfreeway sections.
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TABLE 4
NOISE LEVELS FOR VARIOUS TYPES OF TRUCKS

Averages for each distance and type of freeway section.

Test Distance C Scale - Decibels (average)

Type of Location feet Light Gasoline- Heavy Gasoline- Diesel
Powered Trucks Powered Trucks Trucks
1. Inclined 50 82 85 89
150 73 79 82
50 91 92 91
2. Intersection 150 82 82 86
300 76 79 81
50 78 85 89
3. Level 150 1 83 84
300 73 74 76
50 71 82 83
4, Elevated 150 70 76 79
300 69 74 76
50 79 81 81
5. Cut 150 72 7 74
300 71 71 73

The loudest single truck noise was noted during acceleration from a stop at an inter-
section. The maximum noise registered on each of the three scales was as follows: C
scale, 102 db; B scale, 97 db; A scale, 90 db. These readings were taken at a distance
of 50 ft.

The average truck noise was computed for all trucks at each individual test site (see
Table 3). The highest average was found to occur at an intersection under the condition
of acceleration. The averages for the other conditions may be found in Tables 3, 4, and 5.

TABLE 5
AMOUNT BY WHICH AVERAGE TRUCK NOISE EXCEEDED AVERAGE AUTO NOISE

Difference between the averages of truck noise and auto noise for each distance and type
of freeway section.

Test Distance Decibels

Type of Location feet A Scale B Scale C Scale

1. Inclined 50 13 12 8
150 11 14 10

50 13 11
2. Intersection 150 7 4
300 4 6

50
3. Level 150 1
300

50
4. Elevated 150
300

50
5. Cut 150
300

1

JWH =M TN O

N = DT WSRO
W W = O
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An analysis was made to determine the difference in decibel readings between the av-
erages of light gasoline-powered two and three axle trucks, heavy gasoline-powered
trucks, and diesel-powered trucks, at each distance and each location (see Table 5).
Only the C scale readings were used. In general, the results show that heavy gasoline-
powered trucks were noisier than light trucks. In some cases the heavy trucks were
several times as noisy. The difference between heavy gasoline-powered trucks and
diesel-powered trucks averaged about 2 db for all sites.

Part 2
Appraisal of Motor Vehicle Noise

Reference has been made in the introduction to the difficulties of measuring and e-
valuating motor vehicle noise due to the subjective nature of the phenomena. There
have been repeated attempts to define loudness, annoyance, speech interference, and
damage to hearing due to noise intensity. All of the definitions and degrees of objec-
tionableness are of necessity subject to a range of values because of the vagaries of hu-
man judgement. It is possible, however, to made measurements of a physical quantity
and corresponding judgements by observers which can then be compared by statistical
methods to obtain a measure of the correlation between the quantities. Such a prece-
dure has been used on a portion of the data collected in Part I and on subsequent data
taken on vehicles operated on a chassis dynamometer. Before attempting to review the
test procedure and results it is advisable to consider briefly the quantities used to
measure sound.

The Decibel - What Is 1t?

There have been several references in the preceding material to the decibel, also
called by its abbreviation, "db". Most people think that the decibel is uniquely associ-
ated with noise measurements, but actually it is a term borrowed from electrical en-
gineering and represents a ratio of two quantities.

Since air-borne sound 1sa variation in atmospheric pressure, the pressure variations
are used as the measure of the noise. The reference pressure is usually taken as the
threshold of hearing for young ears and has been set at 0. 0002 microbar. This is "0"
decibels on the noise level scale.

Because of the great range of sound pressure and power, it is convenient in meas-
urements and calculations (either electrical or accoustical) to express the ratio between
any two amounts of power or pressure in units on a logarithmic scale. The decibel
(1/10 of a bel) on the base-10 scale, is in almost universal use for this purpose. The
number of decibels, Ndb, corresponding to the ratio between two amounts of power, P,
and Pz is

Ngp = 10 logm-g—:

When the sound-pressure is known instead of the sound power, the equation for deci-

bels become . .
S s Sound Pressure (in microbars)

Nap = 20 log ——5 75003

The equation using sound-pressure has the same form as the power equation, but the
multiplier changes from 10 to 20 because the power is proportional to the square of the
pressure.

Because of the logarithmic definition of the decibel it is not possible to add db's di-
rectly.

In order to combine two sounds it is necessary to know either the accoustic power or
the sound pressure with respect to a common reference. These quantities can then be
added and the resulting number of decibels computed. For example, if one sound has
twice the power of another, then

Ngb = 10 logio 3 = 10 x 0. 301 = 3.0 db

So if two sounds are equal when measured in terms of accoustic power (or db), their
sum will be 3. 0 db higher than either one. For example: Two trucks each produce 90
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DIFFERENCE IN DECIBELS BETWEEN TWO LEVELS
BEING ADDED

Truck No. 1 + Truck No. 2 =
Power ratio of 10° + 10°

Total db = 10 logio 2 x 10° = 90 + 10 log 2.0
=90 +3.0
=93 db

Instead of going through the calculations as indicated it is simpler to use a chart
giving the number of db to be added to the most intense sound when several sounds are
combined. The curve of Figure 5 gives the data for combining noise levels.

Figure 5. Chart for combining noise levels.

Loudness - Phons

The loudness of a sound or noise is a subjective quantity and relates to the individ-
ual's appraisal of the sound power. One generally accepted definition of a physical
method of specifying loudness is as follows: The loudness level of any pure tone is giv-
en by the intensity level of a 1000-cycle-per-second tone which sounds equally loud
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Figure 6. Equal loudness contours of pure tones (Fletcher-Munson
curves ).
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when compared by an average human ear. For complex tones the loudness level is e-

qual to the sum of the intensity levels of the 1000-cycle equivalents of all the components.

The addition is not the arithmetic sum but is obtained by combining the accoustic power
due to each component and evaluating the total power in decibels as explained in the
foregoing section. The intensity level of the reference tone is reported in phons. Fig-
ure 6 gives the data relating loudness level in phons to intensity level in decibels.

The subjective loudness, or the degree to which a complex sound affects a person, is
not the same as the loudness level defined above because the human ear adds the com-
ponents in a different manner. To obtain the subjective loudness, in phons, of a com-
plex sound it is necessary to compare it directly with a 1000-cycle tone. The compari-
son must be made many times by each of several observers and the results averaged.
This is evidently not a suitable method for measuring the noise of a passing truck.

/

100
Loudness - Sones

T { 1017
L1 1291

We do know and we frequently remark
that some sounds are louder than others.
How much louder? Well perhaps twice as B
loud or three times as loud, we may esti-
mate. This type of appraisal is entirely 10
subjective. This is the field of the psy-
chologist. Such judgment or sensation
evaluations defy measurement directly,
but the psychologists have found that when
people are asked to make judgments of the
loudness of noise (complex sounds) they
are quite consistent in stating when one
noise is twice, three times, or one-half
as loud as another. Thus a scale of loud-
ness which rank-orders sounds from "soft"
to "loud" has been devised. The units of
this scale are sones.

The physical quantity that has been o.l
measured simultaneously is the sound-
pressure level in decibels. As a refer-
ence, a sound-pressure level of 40 db (40
phons) relative to 0. 0002 microbar for a
1000-cycle tone is taken as 1 sone. A tone
that sounds twice as loud is 2 sones. A
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LOUDNESS IN SONES
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chart relating the sound-pressure level of ool

a 1000-cycle tone and the corresponding o 20 40 60 80 100
number of sones is given in Figure 7. Al- SOUND PRESSURE LEVEL -

so shown is the relation for a particular DECIBELS RE 0.0002 4 BAR
wide-band noise (sort of a hishing sound). Figure 7. Loudness versus sound-pressure

To get the combined loudness of two or
more noises in sones,-one can add directly
the value of sones for each noise.
and 30 sones is 63 sones.

Sound Level Meters and the Human Ear

level for wide-band random noise and a
pure tone.

Thus, the total loudness of three noises of 15, 18,

The sound level meter approved by the American Standards Association (ASA) for
measuring noise level does as good a job in measuring loudness as does any single com-
mercial instrument on the market, but it is not entirely adequate in itself. It contains
electrical networks which make its sensitivity for a pure tone of each frequency quite

similar to that of the average human ear at a given adaptation level.

The theory of this

sound level meter as a means of measuring loudness is based on two assumptions: (1)
The loudness of a pure tone is not affected by the presence of other tones, and (2) Tones
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of different frequency add in the same way as do tones of the same frequency.

The functioning of the human ear makes these assumptions invalid for certain types
of sound. The ear drum reacts to sound pressure in much the same way that a micro-
phone diaphragm does. A linkage of small bones conducts the motion to an inner dia-
phragm to which is attached the basilar membrane. This membrane runs down the cen-
ter of a tapered duct which is coiled like a snail. The endings of the auditory nerves
are distributed along the basilar membrane. The nerves at any particular position are
used to hear sounds of a particular frequency, but their frequency response is rather
broad. Each nerve ending therefore can detect sounds in a considerable range,of fre-
quencies. The electrical potentials produced by the nerves when the ear is stimulated
are proportional to the sound pressure up to a certain degree and thereafter show dis-
tortion of increasing degree. In addition to exciting some particular nerves more
strongly, a loud tone will excite the nerves in a longer section of the basilar membrane.
If one tone partly saturates the nerve response in a section of the basilar membrane the
ear will be less sensitive to other sounds which excite some of the nerves in this section.
The result is that two simultaneous tones loud enough to cause some saturation will not
be as loud if they are of almost the same frequency as they will be if they are far apart
on the frequency scale. This phenomenon is called masking, and it is something which
the ASA sound level meter does not take into account.

The fact that the ear distorts the sound before it reaches the auditory nerves also
has a considerable effect on our hearing of some kinds of sounds, for it results in the
introduction of subjective harmonics. If the external sound also contains harmonics
these may interfere either constructively or destructively with the subjective harmonics.
This again is something which a sound level meter cannot readily evaluate, especially
- since very little is known about this effect.

It seems then that the loudness of a tone is affected by the presence of other tones,

' that tones of different frequency do not add in the same way as do tones of the same fre-

quency, and that in fact we do not know just how the components of a complex sound are
added in the human ear.

Yet it is known that for many kinds of sound, whether simple or complex, the ASA

sound level meter readings can be converted to loudness values with a fair degree of
‘accuracy. The important question to consider here is whether or not this is true for
truck noises. The largest discrepancies between subjective loudness and meter read-
ings have been found in cases where there were important sound components below 300
cps and where the sounds were predominantly of a harmonic nature. Unfortunately,
truck sounds, as shown by our analyses, are largely harmonic and do have important
components below 300 cps.
| A recent study of the truck noise problem has been made by the Armour Institute in

Chicago (21) in which a technique of analysis using octave bands of frequencies has been
used. With this technique the total noise is first recorded on a magnetic tape, The
tape is then evaluated in terms of the sound-pressure level in each of eight bands.
These components are then converted into sones using the curves of Figure 8 and the
total loudness in sones is determined by adding the individual values for each band. It
is claimed that the results of this technique correlate well with jury ratings of the
noises.

Even after we have measured loudness we are faced with another problem: What is
the relationship between loudness and objectionableness or degree of annoyance? These
are highly subjective quantities which are difficult, if not impossible, to evaluate.

The important thing to know now is whether or not the correlation is close enough so
that we can be satisfied that a loudness reduction will bring the desired improvement in
human living conditions. We need to learn just what factors other than loudness contri-
bute to annoyance caused by noise.

It has been found that high frequencies are intrinsically more annoying than low and
that the least objectionable tones lie between 256 and 1040 cps. For high intensities the
change in annoyance with frequency is more pronounced than for low intensities.

Because of differences in design, there are large differences in the frequency com-
ponents present in the noises from different trucks. Since it takes a shorter chamber
to muffle a high frequency than it does a low one, it is possible for a conventional muf-
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fler to do a satisfactory job at frequencies above 300 cps but the same muffler may be
quite unsatisfactory for the lower frequencies. At the latest testing sessions of the Cal-
ifornia Motor Transport Associations, Inc. (6) most of the mufflers tested were very
effective at frequencies over 300 cps, though several were quite unsatisfactory.

Large variations of frequency also arise from the operation of the truck at various
speeds and with various gear ratios. Probably the most bothersome noises come from
trucks when the high engine speeds reached just before shifting create a noise of par-
ticularly high intensity and high frequency.

When a truck is accelerating and changing gears there are three factors greatly af-
fecting the annoyance: (1) greater sound intensities are generally reached under these
conditions than under other modes of operation, (2) the sounds are of higher frequency
than normal, and (3) there is great variation in the loudness level. This variation in
the loudness level may account for a considerable part of the annoyance value, for it is
known that intermittent sounds are more annoying than steady sounds of the same in-
tensity.

Since our basic aim is to reduce the annoyance caused by highway traffic the factors
which materially affect the amount of annoyance certainly need to be considered in any

broad view of the problem. But, except for loudness, these factors are all so variable

with persons and circumstances that it is difficult to see how they could have any place

~in legal definitions or law enforcement practices. While one person may prefer high-

pitched noise and another one low, and one person may prefer a steady noise and an-
other a varying noise, it is safe to assume that, for highway noise at least, the annoy-
ance increases with loudness, both in its effect on each person and in the number of
persons affected. If we assume a uniform distribution of population adjacent to a high-
way, noise twice as loud will be heard by four times as many people.

EVALUATION PROCEDURE
The tape recordings made during the field tests of Part I were reviewed. As noted

- previously, there were quite a number of runs in which either the calibration voltage

or frequency was not stable; therefore these were not used. Out of several hundred

tapes, a group of 23 were selected covering the complete range of automotive noises

including a quiet automobile, a very noisy truck, a truck with a straight pipe exhaust
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Figure 9. Calculated sone values versus average jury ratings.
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and a jet airplane.

Each tape was carefully analysed using the sone (octave band) analysis method, and
with the A and C scales of the ASA meter.

The individual tapes were assembled into a reel with an introductory statement and
an explanation of the appraisal system. The instructions given were as follows: "You
are asked to listen to the noise produced by trucks and passenger vehicles of various
kinds and operated with different engines, mufflers, speeds and loads and to evaluate
their noise on a relative scale. The scale runs from 1 to 10, where 1 is to be consid-
ered very inoffensive and 10 is to be considered very annoying to the extent of being
irritating or painful. A midscale value of 6 will be considered as the borderline be-
tween acceptable and unacceptable.

"The basis of rating is to objectionableness, rather than loudness. We are partic-
ularly interested in the annoyance aspect. You may find that some noises are more
annoying even though they are no louder than others.

"The rating is to be made from a point approximately 50 feet from the edge of the
roadway in the general area of the microphones. "

The reel of automotive noises has been run for a number of observers, including a
group of approximately 65 people participating in a public hearing of the motor vehicle
noise problem on November 10, 1954, at the Institute of Transportation and Traffic
Engineering, University of California, Berkeley, California. Each observer was re-
quested to rate the noises in accordance with the above instructions.

In addition to the reel of automotive noises recorded on the magnetic tape a series
of ""live tests were conducted during the November 10 public hearing. The noise tests
were conducted on the chassis dynamometer at the Engineering Field Station of the Uni-
versity of California at Richmond, California. Five types of vehicles were used, in-
cluding a passenger car, a pick-up truck, a gasoline powered city delivery truck, a
gasoline powered city bus and a diesel powered 200 hp heavy duty truck tractor. All
were operated at maximum power output at a road speed of 40-45 mph on the dyna-
mometer,

The truck tractor was operated with five different commercial mufflers and a
straight pipe.




31

The jury was assembled approximately 50 feet away from the vehicle on the dyna-
mometer. Except for a few muffler manufacturers in the jury, the people were not a-
ware of the details of the exhaust systems and were as unbiased and heterogeneous as
could be obtained in a group of 65 individuals.

APPRAISAL RESULTS

The results of the appraisals of the magnetic tape recordings and the live tests have
been analyzed statistically to determine the relationships, if any, between the jury
ratings and the meter readings. In order to compare several methods of measuring
the noise of motor vehicles, three sets of data are presented: (1) A plot of the average
jury ratings vs. the "sone rating" for both the tape recordings and the "live" tests; (2)
the jury ratings vs. the "A-scale ratings" for the same conditions; and (3) the jury

 ratings vs. the "C-scale ratings” for-the same conditions.

The average jury rating for each test condition is shown plotted on the scatter dia-
grams of Figures 9, 10, and 11. The regression line and the correlation coefficient
for each set of conditions are shown. In addition the correlation coefficient for the in-
dividual jury appraisals has also been computed and is shown on the corresponding
figure.

A correlation coefficient of 1. 0 would indicate complete and exact correspondence
between jury rating and meter rating. Similarly a coefficient of 0. 0 would indicate no
relationship. A value greater than 0.5 indicates better than a chance relationship and
begins to have significance. Since it is not possible ever to obtain a coefficient of 1.0
it will be necessary to select a value that will be reasonably acceptable. It would seem
that a correlation coefficient of 0. 80 would be satisfactory for establishing the relation-
ship between jury appraisals and motor vehicle noises.

The data on Figure 9 for the ""sone-rating method" show that the same regression
line fits both the data for the magnetic tape and the "live" tests. The correlation co-
efficient for the average jury appraisal vs. the ""sone-rating" is 0. 89 for the "live"
tests and 0. 68 for the magnetic tape data. If each individual rating i5 used instead of
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the average for the jury the correlation coefficient for the magnetic tape data drops to
0. 55.

The "A-scale rating method" data are shown in Figure 10. The regression lines for
the magnetic tape and "live" tests are not exactly the same, but have approximately
the same slope. The correlation coefficients are shown to be 0. 835 and 0. 825 for the
magnetic tape and "live" data respectively for the average jury ratings. The correla-
tion coefficient for the individual jury ratings is 0. 68.

The "C-scale rating method' data are given in Figure 11. These data show substan-
tially different regression lines and correlation coefficients for the average jury rat-
ings. The values are 0. 61 for the magnetic tape data and 0. 81 for the "live" data.

For the individual jury appraisals the correlatior coefficient is 0, 67,

DISCUSSION OF JURY APPRAISALS

The above data show that both the "sone-rating method" and the "A-scale rating
method" give correlation coefficients above 0. 80 for the average jury ratings. The
values are sufficiently high to be useful in measuring motor vehicle noises. The "C- '
scale" correlation is not high enough to be useful in evaluation techniques. This con- '
clusion is substantiated by other references given in the bibliography.

The correlations based upon the individual jury appraisals are lower in all cases |
than when the average jury ratings are used. This is to be expected because of the
wide range of subjective interpretations given to each noise by the various individuals.
Taken as a group of individuals the correlation has to consider a much broader range
of values to include each and every appraisal than when the weighted average of the ‘
group is used for each noise condition. Even if the individual readings are considered |
the correlation has statistical significance but not as much as when the average jury
rating is used.

For purposes of analysis the sone-rating method yields more information than the |

A-scale method because of the 8-band spectral breakdown. It is possible with the sone

method to determine in a broad sense the frequency distribution of the noise source.

On the other hand, the sone method is not readily portable and cannot be used for field

work except by making a tape recording and subsequently performing a laboratory anal-
ysis.
The A-scale method has distinct advantages as a field enforcement instrument and

the equipment is readily portable. It has been shown that it yields correlation coeffi- 1

cients comparable to the sone method and should therefore be equally acceptable as an |

over-all single reading instrument to use as a means for determining compliance with
an acceptance specification.
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