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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 IgTB, 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 determinationof dose/responserelationshipssuitable

for use in de'cislonmaking..." (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 noise environments and sources of noise. A

specific series of studies has been initiated to determine the bes:

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 evaluation

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 to 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 methods to effectively account for the

inherent annoyance associated with impulsive noise. EPA believes that

further research and evaluation of data on the subjective effects of noise

will foster the development of techniques to demonstrate additional

benefits of noise control beyond that exhibited by currently used pro-

cedures, Fulfillment of this objective 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 noise impact analyses.

OFFICE OF THE SCIENTIFIC ASSISTANT
TO THE DEPUTY ASSISTANT ADMINISTRATOR

OFFICE OF NOISE ABATEMENT AND CONTROL
U. S, ENVIRONMENTAL PROTECTION AGENCY
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ABSTP_CT

This study was undertaken to evaluate subiecfive and objective aspects of maderate

levels oF no_se from impulsive sources. The study excluded evaluation af hearing damage

rlsk or annoyance from building vibration by high level impulsive noise, which were

covered by recent recommendations of the National Research Council, Committee on

Hearing Bioacoust_cs and B_omechanics, Working Group 69. While the study included

arlginal investigations _nta some of the objective aspects of impulsive noise, o detaTled

review of the llteroture on the subjective aspects was emphasized. Based an thls available

Hterature, the annayance and loudness from a wlde variety of repetitive impulse noises

were evaluated These results were applied to the evaluat_an of _mpulslve noise from

a number of specific noise sources. Based on the mast pertrnent literature, it _sten-

tofively cancluded that a subiectlve impulse correction factor of ÷7 dB applied to the

A-werghted equivalent sound levels of these types of repetitive impulsive noise sources

would better define their effective level _n terms of annoyance reactions. No addlt_onal

correction is identlfled at this time for crest level or repetrfion rote. Research an sub-

jectlve correction factors for hellcopter blade slap is also reviewed and potential

reasons for the smaller subjective correction factors (i.e., 0 to 6 dB) for annayance

response to this type of sound are discussed. It _s recommended that refinements to this

subiectlve correcfian factor be based an the use of standard loudness calculation methods

{Stevens Mark VII or Zwlcker) mcdffled to include provision for o shorter time constant

to reflect subjective response to short duration impulsive sounds.

The study also included a brief experimental evaluation of the measurement of o

wlde variety of simulated repetitive _mpulsive-type signals vorylng in duty cycle, repeti-

tion rate, pulse frequency_ and ratio of peak _mpulse signat level to continuous background

noise level. When repetitive impulses are measured using maximum values of A-weighted

(slaw) readings on an Impulse Sound Level Meter, no ob[ectlve 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 investigated.
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1.0 IN 11_ODUCTION

Under the mandateof the Noise Con_ol Act of 1972, the Environmental

Protection Agency is charged with taking steps to abate sourcesof noise potentially,

detrimental to the public health and welfare, implicit in this is the need to establish

the meansfor evaluating and monitoring the noise from impulsive noisesources.

Thisreport excludescons_deratlonof humanresponseto'and measurementof

hlgh level impulsivesoundssuch assonic booms, weaponsfire, or quarry blasts. The

latter topic hasbeen the subject of recent recommendationsto the Federal Govern-

ment by Working Group 69 of the National ResearchCouncil, CommitteeonHearing,

fiioacousticsand Biomechanics(CHABA). With this/imitation in mind, a research

study wascarried out to develop an interim methodfor the evaluation of moderate

levels of impulsive noisebelow hearingdamage risk levels. The methodwasto be

compatible with theexisting methodologycurrently in useby the Environmental

ProtectionAgency (EPA) for evaluating community noise impact. The investigation

wasdivided into threebasic elements:

1. Selection of a baselinemetric for evaluating impulsivenoise to

whichsubjective and objective correctionfactors* could be app/ied

as necessary.

2. Review andevaluation of the literature onsubjective effectsof

impulsivenoisewith emphasison date relating to annoyance,

noisiness, or loudnessof repetitive typesof impulsivenoise.

*'l_roughoutthis report, the term "subjective correction factor" is usedas a convenient
label for the difference between Ihe subjectively effective and objectively measured
value of Ioudness_noisinessor annoyanceas defined in the text. It is not intended
to imply that the velues cited Forthese "correction" foclorscan be used without
careful considerationof their validity and applicability Forpractical evaluation of
real Impulsivesounds.

1-I
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3. Basedon this review, the developmentof a suitable method to account

Forsubjective (annoyance)effects of impulsive noiseutilizing suitable

measurementmethodsandcurren!ly available instrumentation.

Thisreport presentsthe resultsof this investigationin the following sequence:

• Section 2 discussesthe selection of the baseline noisemetric used

throughoutthe study.

• Section 3, the heart of the report, reviews the literature in detail on

loudness,naislness,andannoyanceresponsesto impulsivesounds. Other

subjective effectsare alsobriefly covered.

• Section4 summarizesthe overall findings in termsof the differential

subjective responsebetweenimpulsiveand nonimpulslvesounds.

Threeappendicesare alsoincluded, covering:

• Appendix A - Objective factorsinvolved in the measurementef

impulsive noise. This includespresentationof resultsof a laboratory

testof variousnoisemetricsobtainedfroma precision impulsivesound

level meter whenapplied toa wide range of artiflcially-generated

impulsivesounds.

e AppendixB - Summeryof the resultsof on internationalRoundRobin

teston responseto and measurementof impulsivesoundsrecently

cenductedby the InternationalStandardsOrganization.

• AppendixC - Frequencyspectraof repeatedtime bursts. This

appendixbriefly illustratesthe spectral contentof various ideal

repetitive toneburstswhich roughlyapproximatesomeimpulsive
seunds.

1-2



2.0 SELECTIONOF A BASELINEMETRIC

2.1 Definition of Impulsive Noise

Soundscan be defined asimpulsive when they exhibit someform of rapid and

substantial variation _nthe envelope of the time history of the instantaneouspeak

pressures. Th_senvelope can be visualized as a llne connecting the instantaneous

peaksof a noisesignal as measuredon a h_gh-speedoscillograph. Examplesof

envelopesof impulsive and nonlmpulsivesounds,illustrallng thisqualitative definition,

are shownin Figure 1. Figure la showsthe envelope of peak pressuresfor Fairly

steadysoundsfrom a stationary no_sesourcesuchas an electric motor runningat con-

stant speed. Figure lb showsa noisewith a noticeable fluctuation of the envelope. This

may simply be called an unsteady or fluctuating noise suchas froma streamof highly
variable traffic.

The firststep in defining a baselinemetric for the impulsivesoundsconsidered

in this report was to classifyall typesof impulsive-like soundsinto categories. As

illustrated in the figure, mosttypesof impulsivesoundsfit intotwo basiccategories.

Figureslc and ld showenvelopesof the time history for soundsin thesetwo categories

that are clearly impulsive- Figure lc illustratesa single impulsesuchas froma quarry

blastand Figure ld showsa repetitive impulsivenoisesourcesuchas from an unmuffled

rock _,r[ll or drophammer._'

Thereare clearly other exampleswhich fall somewhereinbetweenthe time

historycharaoteristicsshownhere. Forexample, the enveloperepresentingthe time

historyof an aircraft may look quite slmilar to that of the single impulsivesound

except that the tlme scale is stretchedout to manysecondsinsteadof hundredthsof

a second. However, inorder to take advantageof any usefulresearchthatcould be

related to impulsive noise, investigationson subjective reactionsto all of the last

threeexamples illustrated in Figure 1 were groupedinto threecategoriesaccording to

the typeof soundas Follows:

*The lati_"r is a wheeledvehicle equippedwith a hydraulically operateddrophammer
and |s usedfor demolition of road surfaces.
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t r_ea.--t
a) Steady Sound

I I sec..._
b) Unsteady or Fluctuating Sound

I_.,0ms-I
c) Sfngle ImpulsiveSound

d) Repet_tlve Impulsive Sound

Figure I. Examplesof TimeHistory EnvelopesoFNonimpulsivo(seea, b)
and fmpulslva(seec, d) Sounds

2-2
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I - Repetitive ImpulsiveSounds

i! - Single ImpulsiveSounds

I!! - UnsteadySounds

Thisreview of impulsivenoisesis necessarilybroadand potentially applicob/e to

a wide rangeof moderateto low level impulsivesounds. To illustrate the conceptspre-

sented in thisreportpertainingto loudnessandannoyanceof repetitive _mpulsivenoises,

four particular sourceswereselectedas typical of impulsivecommunitynoise. Theseare:

• Truck-MountedGarbage Compactors

1 • DropHammers

• Two-Cycle Motorcycles

• RockDrills

Clearly, someof thesesourcescan generate impulsive noiselevels which may

representa hearingdamagerisk to the equipmentoperatoror an immediatelyadjacent

bystander. However, hearing damageas_cls of impulsivenoise are notconsidered

in any detail in thisreview. Undercertain operating conditionsor with suitablenoise

control features, thesenoisesourcesmay notemit what wouldbe called impulsive

noiseaccordingto ourqualitative definition (i.e., rapid and substantialvariation

in the envelopeof the peak pressuretime history). However, according to our three

categoriesabove, all fourof thesesources,when9eneratln_ impulsivesound,will

fall into Category!, i.e. s sourcesof repetitive impulsivesounds.

Typical time historiesof the instantaneoussignalsfor each of the abovesources

are illustrated in Figure2.* Forgarbagecompactors,ignoring the steadynoiseof the

power sourceusedfor itsoperation, the impulsTvenature of compactornoisewill

consistof randomor irregular impactsof metal againstmetal so that the term "repetitive"

must, in this case, be interpretedas including suchan aperiodic or randomrepetition.

For the other three sources,however, one can expect that underany given operating

condition, the repetition ratewill be fairly constantso that the envelopewill exhibit

a definite periodicity. It shouldhe pointedout that repetition ratesof concernin

this report will fall below the auditoryrange, that is, belowabout 20 Hz.

• The time historiesshownin Figure2 were obtained from a small samplewithin eaoh source
category. Theyare notnecessarilyrepresentativeof all equipmentt_at fall within those
categories. 2-3



-_ 200 ms I"

.t_°m_
a) CommercialGarbage Truckwith Compaclor

Figure2. Examplesof Time Historiesof the Instantaneouspressure
fromimpulsiveSources
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b) Drop Hammer

Figure2 (Continued)
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c) Two-Stroke Motorcycle

F_gure2 (Continued)

2-6

I__l ilrll



•f ,0msr"
d) Rock Drill

Figure 2 (Concluded)
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A typical train of impulsive soundsis illustrated in Figure 3. Theflve physical

parametersimportantFordescribingimpulsivesoundare defined Forpurposesof this

reportas Follows:

• Crest Level - The difference in soundpressurelevel betweenthepeak

and rmslevel c_fthe noise. For a backgroundnoisewith a normal

(Gaussian)dislrlbut_onof instantaneouspressure,the peak pressure

may be consideredas the value at about three standarddeviatlons

above the rmsvalue. Thispeak, which ideally is exceeded only 1

percentof the time ForGaussiannoisetwill be about 10dB higher

than the rmsvalue. Thus, the crest level shouldnormallyexceed

about 10dBbeforea noiseisconsideredimpulsive.

• Duration- Theamountof tlme that theenvelope of the instantaneous

pressureexceedsthe rmsvalue.

I Period (if repetitive) - The time durationbetween two successive

impulsesin a train of impulses.

• Spectrum- TheFrequencydistrlbutlonof acoustic energy in the impu]so.

• Rise Time - The time requiredfor the impulseto rise Fromthe back-

groundnoiseto the peQk.

-7-

Crest Level_ _ __

RiseTime -- D: Duration

P: Period

P

Figure 3. PhysicalParametersof a Typical ]mpu]slveSound
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Representativevalues for these impulsive noiseparameters for the two-stroke motor-

cycle, the drop hammer, rock drilJ, and truck-mounted garbage compactor are listed

in Table 1.* For thesesourcesof impulslve noise, the crest level lles between 13 and 30 dB,

the duration varies from several m_lllsecondsto half o 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

acoustic energy of the impufslve noise. This table provides a general indication of"the

magnitude of the parameterswhich define the general physical characteristics of the impul-

slve noise sourcesconsidered in this report. However, this range of parameters, in fact_

_ncludesmany other impulsiveno_sessothat research_ntosubiective responseto all of these

can be applied, in part, to the evaluation of subiectlve responseto the fourparticular

sourcesidentified _nTable I.

Table ]

Typical PhysicalParameterso Four Real Sourcesof Impulsive Noise

Peaks_n

impulsive Crest Pulse Repetltian Frequency Typical
Noise Level Duration Period Spectrum Rise Times
Source dB ms ms k Hz ms

Two-Stroke 13 2 - 20 30 - 100 0.30 - 2 2

Motorcycle

Drop 30 300 1500 0.25 - 1 10
Hammer

RockDrill 19 10 50 0.040 - 0.400 2

Truck-Mauntec 19 500 5000 0.200 - 1 50
Garbage
Compactor

*The values listed in Table 1were measuredfroma smallsamplewithin each source
category. Although there is no reasonto suspectthat the values listed are atypical,
the reader shouldapplycaution in generalizlng the conclusionsof th_ss'tudyas
necessarilyrepresentativeof all equipment that fall wHhlneach sourcecategory.

**Although selected asa repetitive impulslvenoisesourcefor purposesof thlsanalysis,
recent in_'ormatlonaspresentedin EPAReport No. 550/9-79-257, RegulatoryAnalysis
of the NoiseEmissionRegulatlonfor Truck-MountedSolid WasteCompactors, indlc:etes
that th_sfeature may notbe necessarilycharacteristic of the majority of truck-mounted
solid wastecompaotionunits.

2-9



2.2 BaselineNoise Metric

Somesortof baselinenoise metric is necessaryfar evaluating thesevarious

impulsivesounds. Thisbaseline metric shouldbe: (1) reasonablyunambiguous,(2)

measurablewith precisionlaboratory equipment, (3) measurablewith standardsound

level metersin the field with suitable correction factors, (4) compatiblewith the

day-night soundlevel (kdn) or the equivalent (energy average) soundlevel

(Leq) metric, and(5) able to provide a foundationfor application of subjective
impulsive noisecorrectionsto allow comparisonof thesubjective responseto impulsive

andnonlmpulsivesounds. Thebaselinemetricsapplicable to the Category ! impulsive

soundscould takeone of the following alternate Forms.

• SoundExposureLevel - The tlme-lntegrated measureof theA-welghted

soundlevel is identified by the symbolLS.

e Equivalent Sound Level - The equivalent soundlevel is the energy-

average of the integratedA-weighted soundlevel overa specified

observationtime Tand is identified by the symbolkeq.

• PeakSoundLevel - ThemaximuminstantaneousA-welghted sound

pressurelevel duringa given observationtime is identified by the

symbolLApk.

• PeakSoundPressureLevel - Themaximuminstantaneousunwelghted

(linear) soundpressurelevel duringa givenobservationtime is

identified by the symbolLpk.

All of thesemetricsare essentially unambiguousquantities measurablein the

laboratoryand potentlally measurableby someof the advancedintegratingsoundlevel

meters. Measurementof the peak levels (LApk or Lpk)with soundlevel meters
equippedwith a peak-hold posltionis straightforward,providingthe rise-time of

2-10



the signal _sgreater than 50/_secs. Th_scorrespondsto an upper Frequencylimit of

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

]ntenfionally excluded Fromthe candidatebaseline metricsare the other

quantities measurableon a soundlevel meter. Thosewhich will be consideredlater

for application to measurementof impulsivesoundsinclude:

• SlowSoundLevel - Theexponentlal-averagedA-weighted soundlevel

measuredwith a nominaleffective (squaredpressure)tlme constantof

1second, identified, for this report, by the symbolLAS.

• SoundLevelor FastSoundLevel - Theexponential-averaged

A-weighted sound level measuredwith a nominal effective time

constantof 125 ms, identified, Forthis report, by thesymbol LAp"

e ImpulseSoundLevel - Theexponentlal-averaged soundlevel measured

with o nominaleffective time constantof 35 ms,. identified by the

symbolLAI.

Other noisemetricscould have been considered, such as measures

of statistical distribution, L , where x is the percent exceedencelevel, or noisex

pollution level (LNp)which attemptstoaccount for subjective reaction to fluctuation

of a noise. Thesewere rejected as not being directly compatiblewith current EPAnoise

metricsand are not readily measurableonstandard soundlevel meters.

Returningto the Fourcandidatebasellne metrics, the lasttwo measuresof

peak level maybe rejected at the outsetas unsuitable becausethey Fall to fit directly

; into EPA'stime integratedmeasuresot'nolse, namely, day-nightsoundlevel Ldn

a,3dequivalent level (Leq). In order to makea final choice, it isnece_ary to consider
the generalnature of the noisesignaturesthat may be Tnvolved. For example, the

typical no_seexposureof an individualat any one place to garbagecompactornoise

might consistof severalminutes of exposureto a relatively randomseriesof impulses

generatedby the clankingtogetherof garbagematerialsas they are compacted, super-

imposedover the risingand falling humof noise Fromthe enginewhich drives the compactor.

2-11



The duration oFthe exposurecan only be roughly estimatedand will vary w_delyfrom

one site to anotherand Fromone day to the next. The soundexposure level of such

a varying noiseexposurewould also vary accordlngly, making it difficult to utilize

for realistic noise evaluation or certification unlessone observation time were arbi-

trarily fixed. In this case, however, an equally useful measurewould simply be the

equivalent (or energy average) soundlevel (Leq) during the measurementperiod.

]n contrast, duringa passbyof a motorcycle, theonly unambiguou=energy-

related measureof the no_sesignaturereceived by a nearbyobserverwould be the

soundexposurelevel (Ls). It wouldbe possTh[eto normalizethe soundexpo-
sure level by a standarddurationof, say 10 secondsto provide what would

amountto theequivalent soundlevel over I0 seconds(i.e., Leq(10 sec))with the
sameenergyasthe actuat event. On the other hand, if noisecertification testsof

motorcycleswere to be applied to stationaryvehicles, the equivalent soundlevel (Leq)
during the observationperiod wouldbe a logical baselinemetric.

For the drop hammeror rock drill, a typical nolse s_gnaturecould consist

of a relatively long period of exposure, on the order of an hour or marewith many

periodsof moreor lesscontinuousexposureto the repetitive impulsive sound. In this

case, agaln, theequivalent soundlevel (Leq) during the observation periodappears
suitable as the baseline metric.

Thus,with the one exception of noiseexposureto single events, which are

conveniently defined by the soundexposure level, it appearsthat the equivalent sound

level (L ) is the logical choice fora baselinemetric for the impulsivesourcescon-
eq

sideredin thisstudy.

The A-weighting inherently incorporatedin this metric isexpected to provide

a moreaccurate or a moreconsistentcorrelation with humanresponseto low level

impulsivesoundsthanwouldbe providedby a nonwelghted(linear) soundpressurelevel.

As will be discussedlater, this observationis alsoconsistentwith the observedloudness

or noisinessof low level sonicboomsounds. Thesehavebeen shownto correlate best
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