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PREFACE

The United States Environmental Protection Agency (EPA) was
charged by Congress in the Noise Control Act of 1972, as amended by
the Quiet Communities Act of 1978, to conduct or finance research
to investigate "...the psychological and physiological effects of noise
on humans and the effects of noise on domestic animals, wildlife, and
property, and the determination of dose/response relationships suitable
for use in decision making..." (Section 14(b}{(1)).

Pursuant to and as part of this mandate, EPA has undertaken investi-
gations to determine and quantify subjective reactions of individuals
and communities to different nofse environments and sources of noise. A
specific series of studies has been initiated to determine the best
methods for evaluating subjective magnitude and aversiveness to noise on
the basis of spectral and temporal properties, and to ascertain the impor-
tance of and means for including nonacoustical factors in the evajuation
of general aversion to noise. The overall purpose of this line of research
is to derive a more solid basis for assessing the aversiveness of noise and
the benefits of noise control.

The aim of the investigation described in this report was to perform
a detailed analysis of data pertaining to potential annoyance responses
that may be attributed te repetitive type impulsive noise. Specifically, a

program was undertaken {1} to review and evaluate the literature on

human subjective response to repetitive impulsive noise, and (2) to assess the
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need for and relative order of magnitude of a subjective impulse
adjustment factor that would better define effective level in terms of
annoyance reactions,

The report provides much useful information on the annoyance and
loudness of repetitive impulsive noise. Moreover, it is expected that
the results of the investigation will form the basis of future experi-
mental psychoacoustic work to derive, if appropriate, more precise correc-
tions factors or noise prediction metheds to effectively account for the
inherent annoyance associated with impulsive noise. EPA believes that
further research and evaluvation of data an the subjective effects of noise
will foster the development of technigues to demonstrate additional
benefits of noise control beyond that exhibited by currently used pro-
cedures, Fulfillment of this ohjective awaits further study within this
series. The results published in this report, however, do provide an
important step toward a more complete understanding of the phenomena of
human subjective response to noise.

The conclusions reached in this report regarding moderate level impulsive
noise are the authors' and do not necessarily reflect the opinions of the
individuals listed above. Moreover, the U. S. Environmental Protection Agency
does not endorse the findings of this investigation for use as a "correction
factor" applicable to impulsive type noise, nor have similar correction

factors been used by the Agency in past or current nofse impact analyses.
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ABSTRACT

This study was undertaken to evaluote subjective and objective ospects of moderate
levels of noise from impulsive sources. The study excluded evaluation of hearing damage
risk or annoyance from building vibration by high leve! impulsive noise, which were l
covered by recent recommendations of the National Research Council, Committee on
Hearing Bicacoustics and Biomechanics, Working Group 6%. While the study included
original investigations into some of the objective aspects of ;'mpulsive noise, a detailed
review of the literature on the subjective aspects was emphasized. Based on this available
literature, the annoyance and loudness from o wide variety of repetitive impulse noises
were evaluated  These results were applied to the evaluation of impulsive noise from
a number of specific noise sources. Based on the most pertinent literature, it s ten=
tatively concluded that a subjective impulse correction factor of +7 dB applied to the
A-weighted equivalent sound levels of these types of repetitive impulsive noise sources
would better define their effective level in terms of annoyance reactions. No additional
correction s identified at this time for crest level or repetition rate. Reseorch on sub-
jective correction factors for helicopter blade slap is also reviewed and potential
reasons for the smaller subjective correction factors {i.e., 0 to & dB) for annoyonce
response to this type of sound are discussed. 1t is recommended that refinements to this
subjective correction foctor be based on the use of standard loudness calculation methods
(Stevens Mark VIl or Zwicker) medified to include provision for a shorter time constant

to reflect subjective response to short duration impulsive sounds.

The study also included a brief experimental evaluation of the measurement of a
wide variety of simuloted repetitive impulsive~type signals varying in duty eycle, repeti-
tion rate, pulse frequency, and ratio of peak impulse signal level to continuous background
noise level. When repetitive impulses are measured using maximum values of A-weighted
(slow) readings on an Impulse Sound Level Meter, no objective correction is necessary in
order to measure, with an accuracy of £1.5 dB, the equivalent sound level (Leq) of the

wide variety of impulsive signals investigoted.
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1.0 INTRODUCTION

Under the mandate of the Neise Control Act of 1972, the Environmental
Protection Agency is charged with teking steps to abate sources of noise potentially,
detrimental to the public health and welfare, Implicit in this is the need to establish

the means for evaluating and monitoring the neise from impulsive noise sources.

This report excludes consideration of human response to’and measurement of
high level impulsive sounds such as sonic booms, weapons fire, or quarry blasts.  The
latter topic has been the subject of recent recommendations to the Federal Govern-
ment by Working Group 69 of the National Research Council, Committee on Hearing,
Bioacoustics and Biemechanics (CHABA). With this limitation in mind, a research
study was carried out to develop an interim method for the evaluation of moderate
levels of impulsive noise below hearing damage risk levels. The method was to be
compatible with the existing methodology currently in use by the Environmental
Pratection Agency (EPA) for evaluating community noise impact. The investigation

was divided into throe basic elements:

1. Selaction of a baseline metric for evaluating impulsive noise to

which subjective and objective correction factors* could be applied

as necessary.

2. Review and evaluation of the literature on subjective effects of
impulsive noise with emphasis on dato relating to annoyance,

naisiness, or loudness of repetitive types of Impulsive nolse,

*Throughout this report, the term "subjective correction factor" is used as a convenient
labe! for the diffarance batwean the subjectively effactive and objectively measured
value of loudness, noisiness or annoyance as dofined in the text. It is not intendsd
to imply that the values cited for these "correction" factors can be used without
careful consideration of their validity and applicability for practical evaluation of

real Impulsive sounds.
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3. Based on this review, the development of a suitable method te eccount
for subjective {annoyance) effects of impulsive noise utilizing suitable

measurement methods and currently available instrumentation.
This report presents the results of this investigation in the following sequence:

®  Section 2 discusses the selection of the baseline noise metric used
throughout the study.

&  Section 3, the heart of the report, reviews the literature in detail on
loudness, naoisiness, ond annoyance responses to impulsive sounds. Other

subjective effects are also briefly covered,

& Section 4 summarizes the overall findings in terms of the differential

subjective response between Tmpulsive and nonimpulsive sounds,
Three appendices are also included, covering:

¢ Appendix A - Objective factors invelved in the measurament of
impulsive noise. This includes presentation of results of a laboratory
test of various noise metrics obtained from a precision impulsive sound
level meter when applied to a wide range of artificinlly-generated

impulsive sounds,

s Appendix B = Summary of the results of an international Round Rabin
test on response to and measurement of impulsive sounds recently

conducted by the International Standards Organization.

8 Appendix C - Frequency spectra of repeated time bursts. This
appendix briefly illustrates the spectral content of various ideal

repetitive tone bursts which roughly opproximate some impulsive

sounds,
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2,0  SELECTION CF A BASELINE METRIC

2.1  Definition of Impulsive Noise

Sounds can be defined as impulsive when they exhibit some Form of rapid and
substantial variation in the envelope of the time history of the instantaneous peak
pressures. This envelope can be visualized as a line connecting the instantaneous
peaks of a noise signal as measured on a high-speed oscillograph. Examples of
envelopes of impulsive and nonimpulsive sounds, illustrating this qualitative definition,
are shown in Figure 1, Figure la shows the envelope of peak pressures for fairly
staady sounds from a stationary noise source such os an electric motor running at con-

stant speed. Figure 1b shows a noise with a noticeable fluctuation of the envelope. This

may simply be called an unsteady or fluctuating neise such as from a stream of highly

vatiable traffic.

The first step in defining a baseline metric for the impulsive sounds considered
in this report waos to classify all types of impulsive-like sounds into cotegories. As
illustrated in the figure, most types of impulsive sounds fit into two basic categories,
Figuwes 1¢c and 1d show envelopes of the time history for sounds in these two categories
that are clearly impulsive — Figure 1c illustrates a single impulse such as from a quarry

blast and Figure 1d shows a repetitive impulsive noise source such as from an unmuffled

rock drill or drop hammer. *

There are ¢learly other examples which fall somewhere in between the time
history characteristics shown hera. For example, the envelope representing the time
histery of an aircraft moy look quite similar to that of the single impulsive sound
except that the time scale is stratched out to many seconds instead of hundredths of
a second. However, in order to take advantage of any useful research that could be
related to impulsive noise, investigations on subjective reactions to all of the last
threa examplas illustrated in Figure 1 were grouped into three categories according to

the type of sound as follows:

*The latter is 0 wheelad vehicle aquipped with a hydraulically operated drop hammer
and 1s used for demo!Ttlon of rood surfaces.
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a) Steady Sound
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b} Unsteady. or Fluctuating Sound

}_IO ms _I

¢) Single Impulsive Sound

I

{00m

d) Repetitive Impulsive Sound

Figurs 1. Examples of Time History Envelopes of Nonimpulsive (ses a, b)
and Impulsive (see c, d} Sounds
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I — Repetitive Impulsive Sounds
II = Single Impulsive Sounds

11 = Unsteady Sounds

This review of impulsive noises is necessarily broad and potentially applicable to
a wide range of moderate to low level impulsive sounds. To illustrate the concepts pre~-
sented in this report pertaining fo loudness and annoyance of repetitive impulsive noises,
four particular sources were selected as typical of impulsive community noise. These ore:

¢  Truck-Mounted Garbage Compaciors

1 o Drop Hommers

¢  Two-Cycle Motorcycles

®  Rack Drills

Clearly, some of these sources can generate impulsive noise levels which may
represent a hearing damoge risk to the equipment operator or an immediately adjacent

bystander, However, hearing domage aspects of impulsive noise ara not considered

in any detail in this review. Under certain operating conditions or with suitable noise

control features, these noise sources may not emit what would be called impulsive
noise according to our qualitative definition {i.e., rapid and substantial variation
in the envelope of the peak pressure time history). However, according to our three

categories above, all four of these sources, when generating impulsive sound, will

fall into Category 1, i.e., sources of repetitive impulsive sounds.

Typical time histories of the instantaneous signals for each of the above sources
are illustrated in Figure 2.* For garbage compactors, ignoring the steady noise of the
power source used for its operation, the impulsive nature of compactor noise will
consist of random or irregular impacts of metal against metal so that the term “fepetitive"
must, in this case, be interpreted as including such on aperiodic or random repetition .
For the other three sources, however, one can expect that under any given operating
condition, the repetition rate will be fairly constant so that the envelope will exhibit
a definite periodicity. [t should be pointed out that repetition rates of concem in

this report will fall below the auditory range, that is, below about 20 Hz.

*The time histories shown in Figure 2 were obtained from a small sample within each source
category. They ore not necessarily representative of all equipment rl)ar fall within those
catagories,
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a) Commercial Garbage Truck with Compactor

Figure 2. Examples of Time Histories of the Instantaneous Pressure
from Impulsive Sources
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b) Drop Hommer

Figure 2 (Continued)




c) Twa=Stroke Motoreycle

Figure 2 (Confinued)
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d) Reck Drill

Figure 2 (Concluded)
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A typical train of impulsive sounds is illustrated in Figure 3. The five physical
paramelers impartant for describing impulsive sound are defined for purposes of this
report as follows;

® Crest Level - The difference in sound pressure level between the peak

and rms level of the noise. For a background noise with @ noarmal
(Gaussian) distribution of instantaneocus pressure, the peak pressure
may be considered as the valve at about three standard deviations
above the rms value. This peak, which ideally is exceeded only 1
percent of the time for Gaussian noise, will be about 10 dB higher
than the rms value. Thus, the crest level should normally exceed

about 10 dB before a noise is considered impulsive.

¢  Duration ~ The amount of time that the envelope of the instanmnecus

pressure exceeds the rms value.

o Period (if repetitive) = The time duration between two successive

impulses in a train of impulses.
® Spectrym ~ The frequency distribution of acoustic energy in the impulse.

® Rise Time - The time required for the impulse to rise from the back-

ground noise to the peak.

Crast Level

me

Rise Time —— D¢ Duration
P: Period

= p

Figure 3. Physical Parameters of a Typical Impulsive Sound
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Representative values for these impulsive noise parameters for the two-stroke motor-

cycle, the drop hammer, rock drill, and truck=mounted gorbage compactor are listed
in Table 1% For these sources of impulsive noise, the crest level lies between 13 and 30 dB,
the duration varies from several milliseconds to half & second, and the period varies from 10
milliseconds to 1-1/2 seconds. A frequency range of 200 Hz to 2 kHz covers most of the
ocoustic energy of the impulsive noise. This table provides a general indication of the
magnitude of the parometers which define the general physical characteristics of the impul-
sive noise sources considered in this report. However, this range of parameters, in fact,

N includes many other impulsive noises so that research into subjective response to all of these

con be cpplied, in part, to the evaluation of subjective response to the four particular

sources identified in Table 1.

Table 1
Typical Physical Parameters of Four Real Sources of Impulsive Noise
Peaks in
Impulsive Crest Pulse Repetitian Frequency Typical

Noise Level | Duration Period Spectrum Rise Times

Source db ms ms kHz ms
Two=5Stroke 13 2~20 30-100 0,30 -2 2
Motorcycle
Drop 30 300 1500 0,25 ~1 10
Hammer
Rack Drill 19 10 50 0.040 - 0.400 2
Truck~Mounted| 19 500 5000 0,200 -1 50
Garbage
Compaclor

*The values listed in Table 1 were measured from a small sample within each source
category, Although there is no reason to suspect that the values listed are atypicsl,
the reader should apply caution in generalizing the conclusions of this study as
necessarily representative of all equipment that fall within eoch source category.

**Although selected as a repetitive impulsive noise source for purposes of this analysis,
racent information as presented in EPA Report No. 550/9%-79-257, Regulatory Analysis
of the Noise Emission Regulation for Truck-Mounted Selid Waste Compactors, indicates
that this feature may not be necessarily characteristic of the majority of truck=-mounted

solid waste compaction units,

2-9
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2.2 Baseline Noise Melric

Some sort of baseline noise metric is necessary for evaluating these various
impulsive sounds. This baseline metric should be: (1) reasonably unambiguous, (2)
measurable with precision laboratory equipment, (3) measvrable with standard sound
level meters in the field with suitable correction factors, (4) compatible with the
day=night sound level (Ldn) ot the equivalent (energy average) sound level
(Leq) metric, and {5) able to provide a foundation for application of subjective
impulsive noise corrections to allow comparison of the subjective response to impulsive
and nonimpulsive sounds. The baseline metrics applicable to the Category I impulsive

sounds could take one of the following alternate forms.
¢ Sound Exposure Level ~ The time-integrated measure of the A-waighted

sound level s identified by the symbol Lg.
¢ FEguivalent Sound Level - The equivalent sound level is the energy-

average of the integrated A-weighted sound level over o specified

obsarvation time T and is identified by the symbol Leq.

¢ Pegk Sound Level - The maximum instantaneous A-weighted sound

prassure level during a given observation time is identified by the
symbol LApk'

¢  Peak Sound Pressure Level - The maximum instantaneous unwaighted
(Yinear) sound pressure level during a given observation tima is

identified by the symbol ka.

All of these metrics are essentially unambiguous quantities measurable in the
laberatery and potentially measurable by some of the advanced integrating sound level

meters, Measurement of the peok levels “‘Apk or ka) with sound level meters

squipped with a peak-hold position is stralghtforward, providing the rise~tme of




the signal is greater than 50 psecs. This corresponds to an upper frequancy limit of

20,000 Hz for significant energy in the spectrum of the impulsive sound.

Intentionally excluded from the candidate baseline metrics are the other
quantities measurable on a sound level meter. Those which will be considered later

for application to measurement of impulsive sounds include:

¢  SlowSound Level - The exponential-averaged A-weighted sound level
measured with o nominal effective (squared pressure} time constant of

| second, identified, for this report, by the symbol LAS'

®  Sound Level or Fast Sound Level - The exponential-averaged
A-weighted sound level measured with a nominal effective time

constant of 125 ms, identified, for this report, by the symhol LAF'

8  Impulse Sound Level = The exponential-averaged sound level measured
with o nominal effective time constant of 35 ms, identified by the

symbol L, ..

Other noise matrics could have been considered, such as measures
of statistical distribution, Lx' where x is the percent exceedence level, or noise
pollution level (LNP)which attempls to account for subjective reaction to fluctuation
of a noisa, These wera rejected as not being directly compatible with current EPA noise

metrics and are not readily measurable on standard sound level meters.

Returning to the four candidate baseline mairics, the last two measures of
peak lavel may be rejected at the outset as unsuitable because they fail to fit directly
into EPA's time integrated measures of noise, namely, day-night sound lavel Ldn
and equivalent level (Lo ). In order to make a final choice, it is necessary to consider
the general nature of the noise signatures that may be invelved. For example, the
typical noise exposure of an individual at any one place to garbage compactor noise
might consist of several minutes of exposure to a relatively random series of impulses
generated by the clanking together of garbage materials as they are compacted, super-

imposad over the rising and falling hum of noise from the engine which drives the compactor,
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The duration of the exposure can only be roughly estimated and will vary widely from
one site to ancther and from one day to the next, The sound exposure level of such
a varying noise exposure would also vary accordingly, making it difficult to utilize
for reallstic noise evaluation or certification unless one observation time were arbi~
trarily fixed. In this case, however, an equally useful measure would simply be the

equivalent {or energy average) sound level (Leq) during the measurement period.

In contrast, during o passby of a motorcycle, the only unambiguous energy-
related measure of the noise signature received by & nearby observer would be the
sound exposure level (LS). It would be possible to normalize the sound expo-
sure level by a standard duration of, say 10 seconds to provide what would
amount to the equivalent sound level over 10 secends {i.e., Leq {10 sec)) with the
same energy as the actual event. On the other hand, if noise certification tesks of
motorcycles were to be opplied to stationary vehicles, the equivalent sound level (Leq)

during the observation period would be o logical baseline metric.

For the drop hammer or rock drill, a typical noise signature could consist
of a relatively long period of exposure, on the order of an hour or more with many
periods of more or less continuous exposure to the repetitive impulsive sound. In this
case, again, the equivalent sound level (Leq) during the chservation period appears

suitable as the baseline metric.

Thus, with the one exception of noise exposure to single events, which are
conveniently defined by the sound exposure level, it appears that the equivalent sound
lavel (Leq) is the logical choice for a baseline meiric for the impulsive sources con-
sidered in this study.

The A-weighting inherently incorporated in this metric is expected to provide
a more accurate or a more consistent correlation with human response to low level
impulsive sounds than wauld be provided by a nonweighted (linear) sound prassure leval.
As will be discussed later, this observation is olso consistent with the observad loudness

or nolsiness of low level sonic boom sounds. These have been shown to correlate best






