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HEARING PROTECTION DEYICES:

TIIEIR ATTENUATION IN REAL WORKING.SITUATIONS AND

SIMPLIFIED METHODS TO MEASURE THEIR EFFECTIVENESS

EXECUTTVE SI]MMARY

In occupational health seryices, there is an increasing need to determine the attenuation of a hearing

prctector wom by an individual worker at his workplace. If this attenuation is known it is possible to

decide whether the hearing protector in question, as wom by the individual worker, offers sufficient

protection. One of the aims of the project described in this report is to meet the observed need of

occupational health services by developing measuring methods by which the attenuation of hearing

protectors as wom by individual workers can be determined.

The other aim of the project is to determine the attenuation of hearing protectors, ils wom by workers

in the coal- and steelindustry in real working situations.

The project has been carried out within the scope of the fifttl EcKs-program for medical research, by

order of Hoogovens B.V. by the TNO Institute of Preventive Health Care in the period of May 1991

to April 1993, and has been canied out in a number of stages:

stage 1a experimental research, in which measuring methods are prepared to be used in the field

research of stage 2;

stage 1b collecting and analyzing noise spectra collected at workplaces at Hoogovens to determine a

number of spectra, representative for the noise situations in the coal- and steelindustry;

stage 2 field research with measurements of the frequency-dependent attenuation values of several

types of hearing protectors and analysis of data. Determination of a simplified method to test

the attenuation of hearing protectors;

stage 3 field research to apply the simplified test method;

stage 4 repetition of field research to determine the repmducibility of the simplified test method.

In the project, gradually two simplified test methods have been developed, based on the following

considerations:

- a method should be usable for (nearly) all workers, inespective of their noise induced hearing

impairment or other hearing deteoriations;



TNO rapport

PG 94.028

a method should be useful for all types of hearing protection devices. In advance, active hearing

protectors have been excluded;

a method should not be too expensive considering the purchase of equipment;

a method should be simple to apply and should give in a quick and reliable way a usefrrl result;

a method should be applicable close to the workplace of industrial and other workers.

It turned out to be necessary to consider two test methods: one method for devices wom in the ear

canal, insert type hearing protectors (foam and cotton wool ear plugs and individual pre-moulded

hearing protection devices) and another method for devices wom over the ear canal (ear muffs, safety

cap ear muffs, ear plugs connected by a headband). Both methods are comparable considering test

signals, test equipments and test circumstances. In the method to test insert type hearing protection

devices a special constructed 'deep' ear muff is used to ensure that the devices do not touch the ear

muff during testing. Small loudspeakers, such as usually used for audiometry, are mounted in the

muffs. The hearing threshold levels are measured twice: once with the hearing protection devices and

once without them. The difference is the atrenuation of the hearing protection device. Research in the

laboratory showed that there were no statistically significant differences at any frequency in the

atenuation, determined by this method compared with the standardised method (ISO 4869-2).

In the method to test hearing protectors which are wom over the ear canal, use was made of a

'rcference' ear muff with known attenuation values. The test signals arc presented by a loudspeaker

in the testroom. The hearing threshold levels are measured twice: once with the hearing protector and

once with the 'reference' ear muff. To determine the atrenuation of the hearing protector, comparisons

are made between these two hearing threshold levels, taking the average attenuation of the 'reference'

ear muff into account. Both methods can be carried out in a small audiometric booth within a mobile

audiometry-unit, which is suitable for conventional threshold audiometry in hearing conservation

programs.

The test signal in both methods is a narrow band noise with centre frequency 500 Hz. ln the method

in which the deep ear muff is used, also a pure tone of 500 Hz can be used. The choice of 500 Hz as

the only test frequency is a result of an analysis of the relations between the frequency-dependent

atrenuation of 236 hearing protectors, wom by 173 workers, and the sound pressure levels of 13

representative noise spectra. The measurements of the attenuation of the hearing protectors, wom by

workers of the coal- and steelindustry, have been carried out in stage 2. The 13 representative noise

spectra have been derived from 196 l/3-octave band spectra measured at workplaces in the coal- and

steelindustry. The 13 noise spectra have been splitted up into three categories. As criteria for the

u
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categories were taken the differences in C-weighted and A-weighted level (Lc-Le): for low-frequency

spectra more than 9 (3 out of 13 spectra), for high-frequency spectra less than 1 (4 spectra) and for

the middle-frequency spectra benveen I and 9 (6 spectra). In choosing 500 Hz as testfrequency, not

only the results of the analysis of the relations between the attenuation of hearing protectors and the

noise spectra have been taken into account, but also the reproducibility of the testresults at the various

frequencies. The reproducibility of the testresults has been the main object in the stages 3 and 4 of the

project. In that respect it was shown that the individual attenuation-values at 500 Hz of the hearing

prctectors wom over the ear canal have a standard deviation of 6 dB. This standard deviation is of

about the same magnitude as the standard deviation of the difference of two hearing threshold level

measurements at 500 Hz using conventional audiometric test techniques.

Therefore the following was concluded:

- the attenuation of hearing prctectors as wom over the ear canal (ear muffs, safety cap ear muffs,

ear plugs connected by a headband) by an individual worker does not show any substantial

variations from measurement to mquuremen[

- the measurements using the reference ear muff are an optimum, since more reliable results can not

be achieved considering the nature of the measurements.

The standard deviation of the individual attenuation-values at 500 Hz of hearing prctectors worn in

the ear canal tumed out to be 8 dB. Analysis of the data shows:

- the attenuation of hearing protectors wom in the ear canal (foam and cotton wool ear plugs and

individual pre-moulded hearing protection devices) as wom by an individual worker does show an

appreciable variation from measurement to measurement. This variation is represented by a standard

deviation of 6 dB;

- the measurements using the deep ear muff are an optimum, since more reliable results can not be

obtained, considering the nature of the measurements.

When the attenuation at 500 Hz is determined, using the simplified test methods, standard deviations

of 6 and 8 dB have to be taken into account for respectively the reference ear muff method and the

deep ear muff method.

Due to bone conduction. the simplified test methods do not give correct attenuation values in a (small)

category of workers. It concems partly those workers in which the hearing threshold level at 500 Hz,

determined while wearing the hearing protection, is over 55 dB. If a worker appears to have such a

hearing threshold level, then conventional air- and bone conduction audiometry is necessary to

ill
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determine whether the determination of attenuation is appropriate. The report describes the

measurement procedure.

To determine wether a hearing protector attenuates sufficiently noise at a workplace, the frequency-

weighting of noise according to the A-characteristic also plays an important role, since the harmftrl

effect of noise is determined by the A-weighted equivalent sound level over a workday (Lo*,rJ. In that

respect, the ultimate aim of using hearing protection is to attenuate noise at the workplace sufficiently

to prevent the worker foom noise-induced hearing loss. In the practical situation, when the equivalent

sound level is for instance 95 dB(A) at the workplace, the overall afienuation of the hearing protector

should be at least 15 dB(A) to limit the resulting noise exposure to less than 80 dB(A). The report

gives relations between the attenuation (D(500)) of a hearing protector at 500 Hz and the overall

aftenuation in dB(A) (D(A)). These relations depend upon the frequency composition of the relevant

noise:

D(A) = 4 + 0,75 D(500): low-frequency spectm;

D(A) = 7 + 0,75 D(500): middle-frequency spectra;

D(A) = 15 + 0,75 D(500): high-frequency spectra.

To prevent noise-induced hearing loss from exposure to noise at the workplace of 80 dB(A) or more,

the attenuation at 500 Hz of. a hearing prctector has to be at least 0 dB and has to fulfiIl the following

requirements:

D(500) > 413 .(Il,q..rn - 79): low-frequency spectra;

D(500) > 413 /I.rq,rn - 82): middle-frequency spectra;

D(5m) > 413 .(I.aq.rn - 90): high-frequency spectra.

In general, the attenuation values such as determined in the second stage of the project by the

extensive method, tumed out to be less than those given by the manufacturer of the hearing protection

devices. As an example, the a$enuation-characteristic used in the Netherlands (mean attenuation minus

one time the standard deviation) at 500 Hz trumed out to be less: for the two types of ear muffs 0 to

11 dB, for safety cap ear muffs 3 dB, for ear plugs connected by a headband 18 dB, for two types of

individual pre-moulded hearing protectors 8 and 17 dB and for foam ear plugs 16 dB. This elicits the

necessity of a method to determine the attenuation of hearing protectors wom by the individual worker.

lv
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I. INTRODUCTION

It is becoming incrcasingly obvious that in occupational health services there is a need for a way to

determine the attenuation of hearing protection devices worn by individuat workers in real-world

situations. If this atfenuation is known, it can be determined on the basis of noise measurements

whether in an individual case the hearing protector in question is providing satisfactory protection

against the actual noise at the workplace. One of the goals of the project described in this report was

to try to fulfil this identified need by developing a measuring method which could be used to deter-

mine the attenuation provided by hearing prctection devices wom by workers in practical situations.

The second goal of the project described was to determine the attenuation of the hearing protection

devices as worn by workers under actual working conditions.

The project was carried out during the period from May 1991 to April 1993 by TNO as part of the

fifttl EGKS @uropean Coal and Steel Community) pmgram for medical research under contract to

Hoogovens B.V. The measuring method which was developed is, in the first instance, intended for use

in determining the aftenuation of hearing protection devices specifically in the coal and steel industry.

The measuring method finally arrived at, has general applicability, however. The attenuation values

determined in the project are valid only for the situation dealt with in the project. ln other situations,

such as those involving different instructions of the workers on the wearing of hearing prctection

devices and different maintenance procedures of the hearing protectors, different attenuation values

may be appropriate.

The various parts of the project arc described in detail in four NIPC-TNO Reports 93.018, 93.019,

93.U2O, and 93.021. This report (TNO-PG 94.028, indicating a change in the name of the Institute) is

an English translation of NIPG-TNO Report 93.022 and it presents the broad outlines of the study and

describes the results obtained. The first draft translation of NIPG-TNO report 93.022 has been provided

by Cabot Safety Corporation, Indianapolis, USA.
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2. CONDITIONS FOR THE MEASURING METHOD TO BE DEVELOPED

To be usable within the framework of occupational health services, a method for determining the

attenuation provided by personal hearing protection should meet a number of practical conditions. At

the beginning of the project, our attention was focused on the following conditions:

- the method should be applicable to (almost) every worker who we:rs hearing protection. In this

regard, special attention must be grven to the requirement that the measuring method should also

be applicable without systematic eror to workers with (some) (noise-induced) hearing loss;

- the method should be applicable to (almost) every type of hearing protection device. In this respect

active hearing protectors, that is, hearing protectors with variable sound attenuation, have been

excluded from the project;

- it should be possible to apply the method without the need to purchase expensive equipment;

- the method should be easy to use ard lead quickly and reliably to a useful result;

- it should be possible to implement the method close to the workplace of the workers.

Wi& these five conditions as a basis, two measuring methods were developed gradually over the

course of the project. At the very beginning of the project, it appeared necessary to take into account

two methods, not just one: one for insert type of hearing protection devices, such as pre-moulded ear

plugs, glass fiber plugs, custom moulded plugs and foam plugs; and another method for hearing

protection devices which are wom over the ears or which block the entrance to the auditory canal such

as ear muffs, helmet muffs (ear muffs mounted on a safety helmet), and ear plugs attached to a

headband. It was tried to make the two measuring methods as compatible with each other as possible

with respea to, for example, test signals, test apparatus and test conditions.
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3. FROM THE LABORATORY TO THE REAL WORLD

A measuring method for determining the attenuation of hearing protection devices has been published

by the Intemational Organization for Standardization (ISO) as ISO 4869-2, entitled "Acoustics -
Measurement of Sound Attenuation of Hearing Protectors - Subjective Method". This method for

determining the attenuation of hearing protection devices consists in determining the hearing threshold

levels of a prescribed minimum number of test persons, once without wearing and once wearing

hearing protection. The difference between both measurement results is taken as the attenuation value.

The test signals arc presented to tlrc test subjects through loudspeakers, and the test is conducted

simultaneously in both ears. For the determination of the hearing threshold levels, the background

sound level in the testroom should meet strict requirements. However, in practice, such as in factories

and plants, such rooms are unlikely to be found. Then, the following two possibilities are available

in dealing with these strict requirements pertaining to the background level in the testroom:

1. the test signals can be presented to the test subjecs through loudspeakers, which are installed inside

deep muffs. This method is suitable only for insert type of hearing protectors. The deep muff should

fit over the entire hearing protector without touching it.

The use of a deep muffoffers the advantage that the background level in the testroom can be much

higher than would be acceptable for measurements without muffs, because the deep muffs are able

to reduce the background level to a certain extent at the ears of the test subject.

Applying the deep muff method, one measurement is made with the hearing protector inserted in

the auditory canal and one measurement is made without the protecto[ each ear is tested separately.

In the project the deep muff developed for this purpose and supplied in the Netherlands by

Veenhuis Medical Audio have been used. The headphones in the deep muffs were connected to a

Madsen clinical audiometer, model OB802;

2. to measurc the attenuation of ear muffs, etc., a "reference muff' with known attenuation

characteristics was used. The measurement of the hearing threshold levels without hearing

protection as prescribed in ISO 4869-2 is replaced by a measurement of the hearing threshold levels

while the reference muff is being wom. In conjunction with the known attenuation of the reference

muff, the difference between the hearing threshold levels measured with the reference muff and

those measured while the hearing protector in question is being wom gives the attenuation of the

hearing protector in question. As prescribed in ISO 4869-2, the test signals are presented

simultaneously to both ears of the test subject through a loudspeaker.
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In applying the reference muff method in the project, the Madsen OB802 audiometer mentioned

above and is accompanying output amplifier has been used.

Since it is very important in practice to be able to measure the attenuation of hearing protection

devices close to the workplace of the workers in question,it was checked whether use could be made

of a mobile van. Tte available mobile van has been described in Passchier-Verneer, 1988. A small

sound-insolated booth has been installed in this mobile van. The sound insolation of this "minicabin"

together with the sound insolation of the mobile van is sufficient to be able to carry out threshold

audiometry in the cabin, even if the mobile van is located in noisier surroundings. The use of the

mobile van thus prcsents no problems with respect to the background sound levels during the

measurement of the auenuation of hearing protectors by either the deep muff or the reference muff

method. The question was whether the sound field of the test signals, as they are being transmitted by

the loudspeaker in the minicabin for the reference muff method, satisfied the requirements of ISO

4869-2. When this was checked, it was found that 5 out of the 63 measurement values showed a

somewhat geater deviation than allowed by ISO 4869-2 (see Tab1e 3 of NIPG-TNO Report 93.018).

These deviations could be corrected to a sufficient extent by keeping the head of the test person more

or less steady by means of a head support and by applying niurow bands of noise as test signals

instead of pure tones. Forurnately, it could therefore be concluded that the minicabin was suitable in

principle for measurements with test signals produced by the loudspeaker.

In the first, experimental phase of the project, the following was determined:

- the agreement between the attenuation of an insert-type hearing protection device as measured in

accordance with ISO 4869-2 and the attenuation determined by means of the deep muff method.

To meet fully the requirements imposed by ISO 4869-2, these measurements were conducted in the

acoustic chamber of NIPG-TNO:

- the afienuation of the reference muff. This attenuation was also determined in accordance with ISO

4869-2 in the acoustic chamber of NIPG-TNO;

- the agreement between the hearing threshold levels of test subjects wearing the reference muff

during the measurement in the acoustic chamber of NIPG-TNO, for which all requirements

according to ISO 4869-2 were completely satisfied, and during the measurement in the mobile van.

The results of the experimental phase appeared to justify the use of the mobile van of NIPG-TNO to

measure the afienuation of hearing protectors by both the deep muff method and the reference muff
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method. For a detailed account, see NIFG-TNO Report 93.018. For the purposes of the present report,

the following four outcomes appear to be of importance:

l. The measurements with the deep muff were conducted both with pure tones and with

narrow-band noise as test signals. The measured hearing protectors were the foam plugs EAR.

The agreement between the mean attenuation measured with pure tones applied to the deep muff

and the mean afrenuation measured according to ISO 4869-2 appeared slightly better than that

between the mean attenuation determined with nanow-band noise and that according to ISO

4869-2 (see Tables 13 and 14 of NIPG-TNO Report 93.018). On this basis, measurement with

pure tones is slightly preferable in the deep muff method to measurement with narrow-band

noise. Nevertheless, preference is given to the latter altemative, because the sound field of pure

tones in the reference muff method does not at all ilfil the specifications of ISO 4869-2, and

therefore in the reference muff method narrow-band noise had to be used.

2. The reference muff used in the project was a "Viking" model (foam fllled muff cushions) from

Bilsom. The average attenuation of this muff as measured by NIPG-TNO was somewhat higher

at almost all frequencies than that supplied by the manufacturer. The standard deviations in the

a$enuation values appeared in general somewhat smaller in the measurements by NIPG-TNO

than in those of the manufacturer. The measurcments by NIPG-TNO therefore show somewhat

higher attenuation than the results supplied by the manufacturer.

3. Both in the mobile van and in the acoustic chamber, the hearing threshold levels were

determined at nine frequencies, while the reference muff was being worn. At two frequencies,

the results obtained at the two measurement sites appeared to be statistically significant different.

At 500 Hz, the hearing threshold levels in the acoustic room were, on average, higher (greater

hearing loss), and at 6000 Hz lower. In view of the fact that attenuation mquurements do not

involve absolute hearing threshold levels but rather only differences in hearing threshold levels,

the observed differences are of minor important in practical terms.

4. Even though the deep muff method is suitable for measuring differences in hearing threshold

levels, the deep muff is not suitable for determining absolute hearing threshold levels, since in

threshold audiometry, hearing threshold levels should be determined with respect to the

intemationally standardized zero-level of an audiometer (ISO 389). There is not such an

intemationally standardized zero-level for the deep muff nor a standardized calibration method.

An indication of the zero-level for the deep muff was obtained from the experimental phase of

the project. It tumed out that there was a difference between this zero-level and that of a

conventional audiometer (see Tables 15 and 16 of NIPG-TNO Report 93.018) and that this

difference appeared to be strongly dependent on fiequency. For pure tones, for example, this
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difference tumed out to be 31.5 dB at 1000 Hz and 14.4 dB at 2000 Hz. For nanow bands of

noise, different values are applicable. Therefore it strould be concluded that the deep muff is not

suitable for determining absolute values of hearing threshold levels.
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4. THE FTRST STEP FROM THE COMPREHENSIVE TBST METHOD TO THE

SIMPLIFIED TEST METHOD

According to ISO 4869-2, the attenuation of a hearing protector should be det€rmined at a minimum

of 9 frequencies in the range from 125 to 8000 Hz. To simplify the measuring method, it was

considered whether sufficient infonnation could be obtained from fewer frequencies.

In general, the attenuation of hearing protection devices is frequency-dependent, and the composition

of the noise at workplaces is also often a frequency-dependent phenomenon. This is shown by octave

and third-octave band sound spectra recorded at workplaces. To evaluate whether a hearing protector

provides sufficient attenuation of the noise prevailing at the workplace, the weighting of noise

according to the A-characteristic also plays a role. The harmfulness of a situation is defined by the

equivalent sound level in dB(A), and ultimately the purpose of a hearing protector is to attenuate sound

to such a degree that the resulting sound which manages to get through the hearing protector is not

harmful to the auditory organ. For instance, at a workplace with an equivalent sound level of 95

dB(A), ttre attenuation of hearing protectors should be at least 15 dB(A), in order to reduce the

resulting sound level to a value below the safe limit of 80 dB(A).

If the frequency-dependent attenuation of a hearing protector is known, it is possible to calculate the

afienuation D(A) of the hearing protector in dB(A) for each sound spectrum; the attenuation value in

dB(A) depends on the shape of the sound spectrum in question. Therefore, the first step in simplifying

the method was to examine the sound spectra which occur at workplaces. ln the project, which was

focused in particular on the coal and steel industry, use was made of the sound spectra recorded at a

large number of workplaces during the past years at Hoogovens (see NIPG-TNO Report 93.019). The

79 sound spectra which were available at the beginning of the project were each normalized to a value

of 80 dB in the octave band with center frequency of 1000 Hz without changing the shape of the

spectrum in any way. Then, the 79 normalized spectra were grouped into eleven clusters, so that,

within one cluster, the sound spectra had more or less the same shape. In this way, the number of

spectra could be reduced to eleven. These spectra were indicated as "standard" spectra. Figures 1 and

2 show these eleven standard spectra: in Figure I unweighed and in Figure 2 the A-weighting has been

applied. [n the course of the project, the eleven standard spectra were compared with more recent data

from 117 sound spectra. From this, it was found that situations with low-frequency sounds were

underrepresented in the standard spectra. To obtain a more representative picture of the noise situation

in the coal and steel industry, it was necessary to supplement the standard spectra with two
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low-frequency sound spectra (spectra 13 and 16 of Appendix 4 to Report 93.019). These spectra are

not shown in Figures L and 2 for the sake of clarity.

figte l. Octarc band sound Fessure lercb (unweighed) ol the elercn sEndard spectra.
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Fg.re 2. Ociave band sound pressure le\,€ls of lhe ele'ien standard sp€cfa.
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In addition to the establishment of the noise situations in the coal and steel industry, it was also

necessary for the problem at hand to know the frequency-dependent attenuation of the hearing

protection devices such as wom by the individual workers at Hoogovens Groep B.V. These

frequency-dependent attenuations were determined for 173 workers, wearing various types of hearing

protection devices, in the first field study of the project (see NIPG-TNO Report 93.020). The average

aftenuation values, the standard deviations of the attenuation values, and the assumed attenuation

(average attenuation minus one time the standard deviation) were determined for nine types and brands

of hearing protection devices (see Section 4 of NIPG-TNO Report 93.020). The results are listed in

Table I and in Figures 3-l I. The attenuation characteristics given by the manufacturers are also given

in the figures.
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Iade I Average atbnuation \alu6 (m.a.), shndard deviations (s.d.) and assumed atlenuation (a.a.)'. All values in dB. The numbers of hearing prol€ction

devbe tested (n) have also been presented.
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figrc 3. Average atbnuation and sEndard deviation lor the Pelbr H3 ear muff, as measured by NIPG-INO and as given by he manufacurer
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figte 4. Av€rege anenuation and shndad deviation {or the MSA Mark lV ear mufl, as measured by NIPG-TNO and as given by the manuhcturer.
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Filwe 5. Average atbnuation and sandard deviation lor the Bilsom Comfort mufl mounted on a salety helmet, as msasured I NIPG-TNO and as given

by lh€ manufacturor.
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50 lk
ftcquency ln Hz

3k /tk 6k 8k

Fgue 6. Avrrage attenuation and standard deviation for the Caboflex ear plugs with headbad, as measured by NIPG-INO and as given by lhe

manuhcturer.
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fiye 7. Average attenuation and shndard deviation br he Ehsa Hm custom moulded earflug, as measured by NIPG-TNO and as given by ihe

manuhclurer.

fiyreS. Average atbnuation and standard devialion br tre Vetifoon cusbm mould€d earplug, as measured by NIPG-TNO and as given by the

manuhcturer.
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FWre 9 Average atbnuation and sEndad devialion ftr E{R bam earplugs, as masured by NIPG-TNO and as given by the manufacturer.
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figre 10. Avsrags ethnuation and sundard devialion for Willson EP1O premoulded fiang+type earplugs, as measured by NIPG-TNO and as giwn

by he marulacturer.
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Filwe 11. Arrcrage atbnuation and standad devration lor Bilsom POP glass fiber earplugs, as measurcd by NIPG-TNO and as given by the manufaclurer.

5

dB0

10

15

20

6
o
35
q
.15

50

55

Broln FOP

3k* d(8k

For an analysis aiming at simplifying the method for measuring the attenuation of hearing protectors,

the attenuation values of 86 hearing protection devices which were determined according to the

reference muff method were available and those values of 150 hearing protection devices (wom by 75

persons in two ears each) which were determined according to the deep muff method. The total of 236

individually deterrrined attenuation characteristics were compared with the 13 spectra, mentioned

before. The following aspects were considered to be important in arriving at a selection of the test

frequencies to be used in the simplified measuring methods:

1. correlation between the individual values of the attenuation in dB(A) and the attenuation at a

certain frequency, for a given noise situation;

2 conespondence of the relations for the different noise situations between the attenuation in

dB(A) and the atrenuation at a certain frequency;

3 reproducibility.

Ad l. Per spectrum (noise situation), there is a spread in the individual measurement results when

D(A) is ploUed against the attenuation at a certain frequency (D(fr)). This is illustrated in Figures 12

and 13 for spectrum 3. ln Figure 12, the attenuation at 500 Hz measured by means of the reference

muff method for all hearing protectors in question is plotted against the attenuation in dB(A). Figure
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13 gives the results for all hearing protectors measured by means of the deep muff. The lines which

show the best fit were determined by the statistical method of least squares and are also shown in the

figures.

The correlation coefficient r was used to characterize the spread between D(A) and D(fr). This is

justified from a statistical point of view, since the relationship between D(A) and D(fr) is linear (see,

for example, Figures 12 and 13). The frequency at which the highest correlation coefficient between

D(A) and Xfr) occurs, supplies the best estimate of D(A) for a specific standard spectrum. The

calculated corrclation coefficients are given in Table 2.

Fqwe 12. The atbnuatbn, exprwed in dB{A), for spectrum 3 as a funclion of he atbnuation at 500 Hz lcrr all heanng protectors, as determined by the
nhmnce mufi mehod.
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Fgure 13. The athnutirn, expressed in dB(A), lor specfrum 3 as a lunction of lhe afienuatinn at 500 Hz for all hearing prohctors as determined 4l the
deep mull mahod.
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Ia* 2 Corelaton elficiens between D(fr) and D(A) for frequencies ol 125 till 8000 Ha for the combination of 250 and 500 Hz and of 500 and '1000

Hz. Cornlatim coeffidents br he sepanab spoclra t h 11 and h€spedra 13 and 16 and brtho high ftequency spectra (nr.4,8, 9 and 11), middle
frequency specta (nr. 1 , 3, 5, 6, 7 and 10) and low frequency speara (nr. 2, 1 3 and 16) logeh€r. Data lor lhe reference muff and tre deep mulf
melhods are given separatety.

rehrence mufi

18

80m 25G500 50G1k20m 30m 40m1000

0.83

0.78

0.85

0.79

5002125

0.87 0.n 0.85 0.69 0.n 0.90 0.91

0.83 0.75 0.87 0.78 0.86 0.81 0.83
0.92 0.78 0.80 0.5s 0.64 0.93 0.9.?

0.95 0.76 0.85 0.6S 0.75 0.79 0.82

4 0.56 0.@ 0.91

8 0.51 o.al 0.82

9 0.58 0.74 0.S
11 0.51 0.65 0.79

0.87

0.93

0.94

0.92

0.89

0.96

0.94

0.&) 0.76 0.860.76

0.74

0.76

0.73

0.73

0.76

0.75

0.81

0.76

0.n
0.75

0.79

0.74

0.74

0.81 0.&)awag€ 0.51 0.68 0.86

0.56 0.60 0.96

0.56 0.61 0.96

0.53 0.57 0.95

0.61 0.66 0.94

0.55 0.60 0.97

0.54 0.59 0.98

1 0.a 0.n 0.94 0.83 0.81

3 0.66 0.76 0.95 0.84 0.84

5 0.71 0.78 0.90 0.83 0.82

5 0.73 0.80 0.89 0.80 0.82

7 0.51 0.73 0.99 0.85 0.80

10 0.60 0.79 0.97 0.84 0.81

0.96 0.900.610.540.750.740.n 0.95 0.83 0.82avsage 0.66

0.73

0.68

0.83

0,n o.gi 0.81 0.79 0.72 0.73 0.59 0.56 0.95 0.91

0.91 0.90 0.78 0.78 0.71 0.71 0.50 0.55 0.98 0.91

0.79 0.87 0.76 0.73 0.67 0.@ 0.48 0.51 0.91 0.85

2

13

16

arerage 0.75 0.82 0.90 0.78 0.n 0.70 0.71 0.540.50 0.95 0.s)

deep mufl

8000 250+500 500+lk

0.78 0.97 0.94

0.85 0.94 0.91

0.75 0.97 0.94

0.83 0.79 0.82

0.84 0.80

0.87 0.87

0.82 0.78

0.86 0.88

2000

0.78

0.80

0.80

0.92

125 250 500

4 0.87 0.92 0.97

I 0.85 0.89 0.92

9 0.86 0.91 0.$
11 0.71 0.75 0.79

6000

0.76

0.82

0.74

0.82

30m 40m1000

0.81

0.80

0.81

0.n

0.92 0.900.80
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0.96
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0.96

arqag€ 0.&t

0.99 0.93

0.98 0.s4

0.98 0.92

0.98 0.91

0.99 0.95

0.99 0.94

0.96 0.79 0.72 0.79 0.75 0.71

0.97 0.80 0.74 0.80 0.75 0.71

0.95 0.79 0.73 0.79 0.74 0.70

0.94 0.78 0.72 0.78 0.74 0.71

0.99 0.80 0.71 0.79 0.7s 0.71

0.97 0.80 0.71 0.79 0.74 0.71

1 0.g2

3 0.91

5 0.92

6 o.cl
7 0.87

10 0.88

0.99 0.s

0.99 0.92

0.99 0.90

0.98 0.87

0.71

0.70

0.68

0.6s

0.s

0.95 0.79 0.71 0.78

0.93 0.n 0.68 0.76

0.9ii 0.n 0.70 0.n

2 0.93

13 0.89

16 0.95

0.72

0.71

0.70

0.70

0.75

0.74

0.72

0.72

0.79 0.72 0.790.95

0.96

0.99

0.96

avqag€ 0.91

aveftlge 0.92 0.97 0.93 0.78 0.70 0.n 0.73 0.69 0.70 0.99 0.90

To anticipate on what will be discussed later, in Table 2 the spectra are divided into three categories:

high-frequency, middle-frequency, and low-frequency. This division is based on the difference between
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the C-weighted and the A-weighted sound level (L" - Lo), according to the model of a version of

ISO/DIS 4869-2.2.If Lc - Lo is smaller than I dB, then a high-frequency spectrum is involved (spectra

4, 8, 9 and l l). If Lc - Lo is between 1 and 9 dB it concems a middle-frequency spectrum (spectra

1., 3, 5, 6,7, and 10) and if Lc - Lo exceeds 9 dB a low-frequency spectrum (spectra 2, 13, and 16).

ln Table 2, the correlation coefficients for each of the frequencies considered are averaged per

measuring method and per type of spectrum. It shows that, in the case of the deep muff method, the

highest average correlation coefficient is observed twice at 500 Hz and once at 250 Hz. In the case

of the reference muff method, the correlation for the low- and middle-frequency spectra is also the

greatest at 500 Hz; for the high-frequency spectra, it is the highest at 2000 Hz, followed in second

place by 5m Hz. To establish whether the correlation is higher when a combination of frequencies is

used, conelation coefficients have been calculated for the average afienuation at25O and 500 Hz and

also for the average attenuation at 500 and 1000 Hz. The results are listed in the last two columns of

Table 2. For the combination of 250 and 500 Hz, the correlation coefficient is only slightly higher in

almost all cases than for a single frequency, and for the combination of 500 and 1000 Hz it is almost

always somewhat lower.

All in all, it appears convincing that in using one frequency for all situations the highest correlation

between D(A) and D(fr) is obtained by the use of the frequency 500 Hz.

Ad2.lt is the aim of the simplified meazuring method to be able to use the measured attenuation at

one (or more) frequencies to arrive at an estimate of D(A), preferably independent of the sound

situation (in this case represented by the thirteen spectra) in which the hearing protection is worn. An

important aspect of the method is the agreement of the relationship between D(fr) and D(A) for the

different spectra. The quality of this agreement can be evaluated by examination of the regression lines,

determined by the method of least squarcs. Thus, best-fitting lines have been calculated for each

spectrum in the form of D(A) = Ayx + Byx D(fr). A fiequency is suitable as test frequency if the

various best-fitting lines (13 in all) do not diverge too much at this frequency. To illustrate this, the

thirteen best-fitting lines have been plotted in Figures 14 and 15 for the frequency of 500 Hz, both for

the deep muff and for the reference muff method. In particular, the Figures 14 and 15 demonstrate the

difference between the best-fitting lines at 500 Hz for the four high-frequency spectra and those for

the nine middle- and low-frequency spectra.

Figure 16 shows the six average regression lines for 500 Hz. Averaging took place after dividing the

individual regression lines by measuring method and by spectrum shape.

t9
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Figwe 14. The lines wih lhe best fit lor D(A) versus D(500) lor the lhirt€en specra, tho altenuation measursd by tre reference muff method. The solid

lins pnain to the six middl+frquenq sp€cra, hs broken lin€s to fie four high-frquency speclna, and the dotted lines to the hree
lo*frequercy spectra.

dB (A)

Fi1ure 15. Tte lines wih lhe best fit for D(A) veaus D(500) for he thin€en sp€cra,the atenuation measur€d by he deep mutf method. The solid lines

p€rhin b fie six middlelrequency specra, he broken lina o he bur high-frequsncy specira, and he dottsd lines to the three low-frequency

specl'a.
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Fgare 16. The arerrye ngresion lines lor D(A) on 0(500); averaging aooding lo he shape ol the specra. Formulas of ths regression lin€s are:
1. D(A) = 5.3 + 0.83 0(500); deep muff method, middb-frequency specra;
2. D(A) = 16.5 + 0.71 D(500); deep mutf mehod, high-froquency 6p€cta;
3. D(A) = 7.5 + 0.70 0(500); referenco mufl method, mitldblrequency spara;
1. D(A) ='134 + 0.073 D(500); reference mufl m€thod, higFfrequency specra;
5. D(A) = 2.3 + 0.82 0(500); deep muff method, low-fiequercy spectra;

6. D(A) = 6.7 + 0.50 D(500); rohr€'ncs mufi method, low-freqrcncy specra.

dB (A)

204/J
+ D(s00)

The spread of the regression lines at frequencies other than 500 Hz is not smaller than at 500 Hz,

Therefore, there is no reason to prefer other frequencies over 500 Hz as test frequency.

The regression lines given in Figure 16 show the attenuation of a hearing protector not to be

determined solely by the attenuation it produces at 500 Hz. For instance, if a hearins protector i

and D(500) is virtually zero, then, in the case of middle-frequency spectra, an attenuation of 5 to 7

dB(A) is obtained as a result of the attenuation at frequencies other than 500 Hz.

Ad 3. With respect to the applicability of a method in practice, it is important that its reproducibility

is high. Probably, the reproducibitity of the attenuation measurements is different from frequency to

frequency. It has been shown that 500 Hz should be given preference as test frequency, possibly in

2t
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combination with 250 Hz andlor 1000 Hz. Therefore, in the project, the measurements were repeated,

not only at 500 Hz but also at the two other frequencies mentioned.

22
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THE SECOND STEP TO A SIMPLIFIED TEST METHOD: REPEAT

MEAST]REMENTS

Apart from the repeat measurements of the atrenuation of the hearing protection devices, the sound

field of the test signals in the minicabin of the mobile van was also examined again. The results of

the measurements tumed out to be nearly identical to those of the earlier measurements during the

experimental phase (see Table 3 of Report 93.018 and Table 2 of Report 93.021).

Of the 173 workers from the first field study 150 participated in the second one. For various reasons

(see NIPG-TNO Report 93.021), the measurement results of only 134 of these 150 workers could be

compared with each other: 74 workers with hearing protection devices which were tested by the

reference muff method, and 60 workers with hearing protection devices which were tested by the deep

muff method. ln Table 3, the results are given for the 74 workers with their hearing protection tested

by the reference muff method.

Table 3 Comparison of attenuation values of the hearing protection devices, which were tested twice by the relerence muff
mehod. The average differences, he standard deviations of the differences and the results of the Student-t-test
(P=o.o25, two-sided tested). 74 measurements were included.

Frequency in hertz

2* 1000500

mean ditlerence in attenuation (in dB)
standard deviation (in dB)
t-value
satistical signifi cance

1,1

6,0
1,64
no

1,1

5,8
1,60
no

1,6
7,3
1,92
no

On average, the attenuation measured during the second test was 1 dB less in comparison with the first

test. These differences are not statistically significant at any of the three frequencies used.

The standard deviation in the differences between the attenuations in the first field study and those in

the second field study varied from 5.8 dB at 500 Hz, 6.0 dB at 250 Hz to 7.3 dB at 1000 Hz. These

standard deviations have approximately the same order of magnitude as those obtained for hearing

threshold level measurements by conventional audiometric test methods. For the measuring method

used in the project (manual audiometry at fixed frequencies), the standard deviation in the difference

between two hearing threshold levels (i.e. in the attenuation) is 4.2 dB at frequencies of 250-1000 Hz

[Passchier-Vermeer, 1988]. The standard deviation in the difference between two attenuation values

is {2 times as large as that in a single affenuation value. that is, 6.0 dB. With respect to the practical
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application of the method, this has the very important consequence that a possible variation in the

aftenuation produced by a hearing protection device is so slight that it contributes little or nothing to

the standard deviation in the attenuation differences. Taking into account the conventional measurement

error encountered in hearing threshold levels measurements, it can therefore be concluded that:

. the attenuation of the hearing protection devices measured by the reference muff method (ear muffs,

muffs mounted on a helmet, and plugs connected by a headband) will not differ much in the

individual worker from one measurement to the next; and

. the measurements with the reference muff are optimal with respect to the fact that no greater

measurement accuracy can be obtained in view of the nature of the measurements.

Since the standard deviations of the attenuation differences at 250 Hz and at 500 Hz ue slightly

smaller than those at 1000 Hz, the former frequencies deserve slight preference over 1000 Hz as test

frequency with respect to the reproducibility of the test method.

Table 4 shows the results of the measurements obtained in the second field study by the deep muff

method. At all three frequencies, the attenuation in the second measurement is, on average, statistically

significant smaller than that of the first measurements. ln addition, the standard deviations in the

differences of ttre attenuation values are greater than would be expected from conventional hearing

threshold levels measurements.

T*le 4 Comparison of tre diflerences in he anenuation values of the hearing protection devices tssted twice by th€ deep
muff mehod. The average differences, the standard deviations ol the dilferences and the results of the student t-test
are given (P=0.025, two-sided tested). lt concems 122 measurements.

24

Frequency in hertz

2* 5m 1000

average difference in attenuation (in dB)
standard deviation in attenuation (in dB)
t-value
stalistical signifi cance

2.1
8.6
2.70
yes

3.0
8.6
3.83
yes

3.0
9.2
3.63
yes

Table 5 shows the results obtained with the deep muff method, divided according to the type of

hearing protector. A comparison of the results obtained for the various hearing protectors included in

the study shows that the average differences and the standard deviations are smaller for the ELCEA

custom moulded plugs, except at 1000 Hz, and for the glass fiber ear plugs than they are for the

Varifoon custom moulded plugs and the foam ear plugs.
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TaUe 5 Comparisons ol lhe diflerenc€s in lhe athnuation values ol lhe hearing probction d€vi:€s bsl€d tvrice ry fte deep muff method.

Hff ing protection devirm Number of mesuremenB

25

250

Frequency in hera

500

Cusom moulded olu ELCEA

mean dilferen€ in stbntulion (in dB)

sundard devialion in attenuation (in dB)

t-value

slalbtical signifi cance

Custcm moulded pluo Variloon

mean difiercnce (in dB)

standad deviatior (in dB)

t-value

stalislical signifi cance

Foam ear olug EAR

mean diflerence (in dB)

standad deviation (in dB)

t-value

statislical signif cance

Glass liber pluo Bilsom Pop

mean difference (in dB)

standad dolation (in dB)

t-value

stalistical signifi cance

n
3.6

9.1

1.88

no

3.8

7.9

2.49

yes

6

1.8

6.1

1.39

mt

4.7
6.6

{.48
no

5.4

9.1

3.02
y€s

3.5

9.9

2.50
yes

3.9

6.8

2.43
y€6

1.2

9.'t

2.38
y06

4.1

8.9

3.27

y€8

1.9

6.7

1.8
no

50

18

1.9

8.3

1.62

no

0.6

6.6

0.35

no

In the third field study, the attenuation measurements by the deep muff method were rcpeated. Of the

61 workers tested in the second field study, 53 were tested again in the third field study. Of this

number, one worker with a different (brown) ELCEA custom moulded plugs and two with Willson

pre-moulded ear ptugs were not taken into account in the determination of the average attenuation. ln

addition, the results of one worker who wore the grey ELCEA custom moulded plugs were excluded

from the complete analyses (see Section 5 of NIPG-TNO Report 93.021). The results for the average

atenuation values arc thus based on 49 workers, i.e., 98 sets of attenuation measurements. These

results from the three field studies are listed in Table 6. The analysis of the individual attenuation

values is based on 5l workers, i.e., 102 sets of attenuation measurements.
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Table 6 Average attenuation values and strandard deviations, plus the number of att€nuation measurements per protoctor. All
values in dB.

Field model/brand number a\rgrage attgnuation
zfi s00 1@o zfiinvestigation

26

standard deviation
500 1000

1

2
3

1

2
3

1

2
3

1

2
3

Cusbm moulded plug 14

ELCEA grey

Cusbm moulded plug 22
Varitoon

Glass liber plug 16

46Foam plug
EAR

6.3 9.9
8.1 9.0
9.9 8.0

8.3
5.9
7.2

7.2
5.3
6.6

1 1.1

8.9
12.1

21.4
16.6
16.6

21.8
17.3
16.8

11.8
12.1

14.1

26.1
19.3
21.4

24.0
20.1
19.1

11.9
7.8
8.4

19.6
16.4
16.8

30.0
25.9
25.2

25.3
22.9
22.3

15.6
13.8
13.8

8.0
8.4

10.2

12.3
10.8
7.7

10.6
9.8
9.5

9.3
10.5
9.8

10.8
8.6
9.2

8.7
8.3
8.6

9.2
5.1
7.6

9.1
8.1
9.0

8.6
6.5
6.7

The results are shown graphica[y in Figures 17 to 20. The assumed attenuation is again the average

affenuation minus one time the standard deviation.

fiyre 17. Averag€ athnuation (ma), assumed atlenualion (aa), and sbndard devialions of he attenualion values from the thre€ field sUdies: ELCEA

grsy clrstom moulded plug.
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Fiyre 18. Average attenuation (ma), asumed anenualion (aa), and sbndad deviations ol the attenuation values from $e thrs€ lield studies: Varifoon

crctm moulded plug.
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Fiye 19. Av€rags attsnuation (ma), assumed attsnuation (aa), and standard devialions of lhs attenualion values from the lhree field studies: EAH loam

plus.
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Fiye N. Average anenuation (ma), assumed attenuation (aa), and stardard deviations ol the attenuation values from the hree field studies: glass fber
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In the top section of Table 7, the differences between average attenuation values and the standard

deviations in the attenuation values are given for all hearing prctectors tested three times. Apparently,

there are no statistical significant differences between the results of the second and the third field study

at all three frequencies. There are differences, however, between the fint field study and the last two

studies.

28
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Table 7 Average dilferences and standard deviations ol the differences in lhe individual attenuation values and in the
indiviriual hearing threshold levels in the various field investigations (all values in dB) and the results of fie Student-t
test; S=significant, NS=not significant. n = 102.

29

DIFFERENCES IN ATTENUATION :

250 Hz 500 Hz 10O0 Hz 2fiHz
t-test

500 Hz 1000 Hz

1-2

2-3

1-3

awrage
s.d.
awrage
s.d.
a\rBrage
s.d.

3.4
9.1

-0.5
7.7
2.8
9.0

3.8
9.1

-0.4

7.7
3.4
9.0

3.77
S

-o.70
NS

3.22
S

4.18
S

-0.51

NS
3.81

S

2.79
S

0.66
NS

3.40
S

2.4
8.6
0.5
7.4
2.8
8.5

HEARING THRESHOLD LEVELS WTHOUT HEARING PROTECTION
250 Hz 500 Hz 10OO Hz 250 Hz

ttest
500 Hz 't000 Hz

-o.2
4.5
0.3
4.4
0.1
4.6

1-2

2-3

1-3

a\retag€
s.d.
avBrage
s.d.
awrage
s.d.

.1.3

4.2
0.3
4.6

-1.0

5.1

.0.9

5.1

0.6
4.6

-0.3
5.6

-0.43
NS

0.67
NS

0.21
NS

-3.29
S

0.74
NS

-2.03
S

-1.73
NS

1.29
NS

-0.52
NS

HEARING THHESHOLD LEVELS WITH HEARING PROTECTION
25O Hz 500 Hz 1000 Hz 250 Hz

t-test
500 Hz '1000 Hz

1-2

2-3

1-3

awrage
s.d.
a\rerage
s.d.
a\rgrage
s.d.

3.2
8.9

-0.2

7.8
2.9
8.5

2.4
8.7

-0.0

8.1
2.4
9.5

1.5
7.7
't .1

7.2
2.5
8.0

3.63
S

-0.31

NS
3.53

s

2.82
S

-0.06
NS

2.52
S

1.96
NS

1.49
NS

3.24
S

To analyze more thorougtrly the differences found among the various field studies, the three hearing

threshold levels measurements carried out without hearing protection being wom, were compared with

each other and also the three hearing threshold levels mqsurements which were performed while

wearing hearing protection. The results are given in the last sections of Table 7. The table shows the

hearing threshold levels mquured during the second and third field snrdies, both with and without

hearing protection, not to be significantly different from each other. Conceming the measurements

without hearing protection, there are on average differences in the hearing threshold levels of only I

dB at most, while the standard deviations have values which should be expected on the basis of

conventional hearing threshold levels measurements. From this it follows that the reproducibility of

the hearing threshold levels measurements without hearing protection is approximately the same as that

of conventional hearing threshold levels measurements. The situation is different for the measurements

with hearing protection. The standard deviations in the hearing threshold levels with hearing protection
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are in the order of 8 to 9 dB, which is much higher than the values encountered in conjunction with

usual hearing threshold levels measurements.

If it is assumed that a hearing threshold levels measurement with a hearing protection device in the

auditory canal is just as accurate as the same measurement without a hearing protector (which is

acceptable on the basis of the rcsults from the experimental phase of the project), then the larger

standard deviation in the hearing threshold levels measurements with hearing protectors is the result

of the variation in the attenuation of the hearing protectoni. The measuring method used is thus not

to blame for the greater dispersion in the hearing threshold levels measured with hearing protectors.

The standard deviation which is the consequence of the variation in the attenuation of a hearing

protector is estimated to be approximately 6 dB (see NIPG-TNO Report 93.021for the calculations).

On the basis of the repeat mqfurements of the attenuation of insert type hearing prctectors, the

following conclusions can be drawn:

. the attenuation of the hearing protectors measured by the deep muff method ( custom moulded, pre-

moulded, foam and glass fiber ear plugs) differs in the individual worker from one measurement

to another, the standard deviation in the attenuation being approximately 6 dB;

. the measurements by the deep muff method are optimal, with respect to the fact that no greater

measurement accuracy can be obtained in view of the nanrre of the measurements.

With respect to the choice of the frequency or frequencies of the test signals for a simplified measuring

method, it was established in this section that, in the case of measurements with the reference muff,

the standard deviation in the attenuation values at250,500, and 1000 Hz are approximately the same.

The same applies to the measurements by the deep muff method. On the basis of these results, there

is no reason to prefer any one of these frequencies over the other two for the purpose of a simplified

measuring method.
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6. DISCUSSION

6.1 Determination of the test frequency for the simplified method

In Section 4, three aspects important for the selection of the test frequencies for a simplified test

method were considered. These aspects were the correlation between D(fr) and D(A), the agreement

between the regression lines of D(A) versus D(fr) for the various standard spectra, and the

reproducibility of D(fr). The results of Sections 4 and 5 show, with respect to the first trvo aspects,

the test frequency of 500 Hz to deserve preference and with respect to the ttrird aspect, the three test

frequencies 250, 500, and 1000 Hz to be approximately of equal value. All in all, therefore, preference

should be given to 500 Hz. if a single test frequency is to suffice. A combination of the test

frequencies 500 and 1000 Hz yields a lower correlation than the test frequency of 500 Hz alone. The

combination of these two frequencies is therefore not preferable. The other combination considered

was that of the test frequencies 250 and 500 Hz. With this combination, the correlation coefficient

increases by 0.01 in comparison with the coefficient when 500 Hz is the only test frequency. For nvo

other reasons, not discussed previously, it is not desirable to include 250 Hz as a test frequency for

use by occupational health services.

The first reason involves the possibility that high background levels in the audiometric test room would

mask a test signal at 250 Hz. Although no masking of the test signals at 250 Hz occuned in the

minicabin used by NIPG-TNO, the lowest frequency is the most critical one with respect to masking

and in the everyday practice of occupational health services this may lead to unexpected problems.

The other reason pertains to the physiological noise which may occur at 250 Hz, especially during

measurement of the atrenuation of hearing protectors wom in the auditory canal. By blocking off the

auditory canal with a hearing protector, the level of physiological noise close to the eardrum is

amplified. This amplification of physiological noise may mask the test sigual, with the result that the

measured value obtained for the hearing threshold levels is too high. Therefore, the resulting

calculation of the anenuation value yields a value which may also be too high. Berger [Berger, 1983a]

has shown that, as a result of physiological noise, the average attenuation at 250 Hz is measured 2 to

3 dB too higtr"
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At 500 Hz, this effect is almost completely absent. In summary, it can therefore be concluded that 500

Hz is the most desirable test frequency for use in a simplified method for determining the attenuation

of hearing protectors in practice.

Two other reasons of a more general nature suggest 500 Hz to be a good choice as test frequency.

These reasons pertain to the first two conditions which a simplified test method should fulfil: the

method stpuld be applicable to (almost) any worker, regardless of the state of his hearing, and the

method should be applicable to (almost) any type of hearing protector.

In an evaluation of the applicability of test signals to workers, the following two phenomena must be

taken into account:

. the possible conduction of test signals via the skull of the worker; and

. due to the bandwidth of the test signal, workers with highly frequency-dependent hearing losses

may hear some test signals not at the center frequency of the test signal in question but rather

at a lower or higher frequency.

With respect to the conduction of test signals via the skull, the following aspect is important. There

are in principle two parallel routes along which the test signal can be conducted to the inner ear,

namely, the route via the auditory canal and the middle ear and the route via the skull. The

afienuations which occur are shown schematically in Figure 21.

Figwe2l. Schematic diagrams ol the various ways in which tesl signals can bs attenuated. Left side: impedance witr hearing protector; right side:

impdance witrout heuing protector. Ds = skull atlenuation; Y = atlenuation ol lh€ middle ear; X = atlenuation ol the inner ear.

Dg

YX

If, when a hearing protector is being worn, the attenuation (D) of this device plus the bone conduction

loss (Y) in the middle ear is greater than the skull attenuation (Ds), then the test signal will be heard
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via the skull and the inner ear. If D is greater than Ds-Y, it is therefore impossible to determine D. The

attenuation of the skull is to some degree frequency-dependent and is in the range of 40 to 57 dB. The

aEenuation at high frequencies of some hearing protectors approaches these values. For the reference

muff used in the project, for example, the average difference between Ds and the atrenuation D at

2000-8000 Hz is only I to 7 dB, while at 1000 Hz the difference is 11 dB. Even if the bone

conduction loss Y is small, one must therefore take into account skull conduction at high frequencies

when this muff is wom. At 500 Hz, the difference between the atenuation of, for example, the

reference muff (28 dB) and the skull attenuation (57 dB) is nearly 30 dB, so that skull conduction

begns to play a role at this frequency once the conduction loss reaches 30 dB. For these reasons, it

is therefore possible to measure the attenuation of the hearing protection of many more workers at low

frequency, and thereforc 500 Hz deserves to be given preference as a test frequency over higher

frequencies.

With respect to the hearing of the narrow band of noise at a frequency other than the center frequency

in question, the following should be remarked. In the project" the narrow bands of noise were used,

which are normally used in audiometry and which have a decrease in level of 24 dBloctave. This

implies that, for a worker with a difference in his hearing threshold levels of 25 dB between two

fiequencies one octave apart, if the center frequency of the test signal corresponds with the frequency

at which the highest hearing threshold level of the worker occurs, the signal will not be heard at the

center frequency, but rather at the adjacent frequency with the lower hearing threshold level. In fact,

therefore, the hearing threshold level is not determined at the center frequency of the test signal, but

at other frequencies in the offered signal which the worker in question is more available to hear. If

It}-octave band intervals are used ( at the test fiequencies of 2000, 3000, 4000, 6000 Hz), the same

is applicable at a difference of only 12 dB between hearing threshold levels.

With respect to 500 Hz as the center frequency of the test signal, the following should be said: It can

be derived from Table 1 that, in practice, the average difference in the mean attenuation of the hearing

protectors at 500 Hz and at250 Hz is 3 dB; for the attenuations at 500 Hz and 1000 Hz, this average

difference is 4 dB. In practice this means that, if the hearing threshold level of a worker at 500 Hz

is 25 dB or more higher than at 250 Hz, the estimate of the attenuation of a hearing protector at 500

Hz from a measurement with a test signal with mid-frequency of 500 Hz, is on average 3 dB too low;

and, if the hearing threshold levels at 500 Hz is 25 dB or more higher than at 1000 Hz, the estimate

of the atrenuation is 4 dB too high. Thercfore, as a result of the bandwidth of the test signal, there may
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be a slight error in the estimated attenuation at 5m Hz. Fortunately, both phenomena hardly ever occur

in workers, so that this seems to be irrelevant for the practical situation.

6.2 Exclusion criteria

Unfortunately, it is not possible by means of the simplified methods described above to determine the

attenuation of hearing prctectors in every single worker. This possibility depends on the hearing of the

workers in question. The determination of the attenuation @) of a hearing protector in the case of a

worker with a bone conduction loss Y is possible only if D + Y < Ds (see figure 21). In the

determination of the hearing threshold levels with and without hearing protection, measurements were

conductedinwhichD+X+YorX+Yweredetermined;fromthesemeasurementsthereisno

information available on the separate component Y of the hearing threshold levels. To solve this, the

following procedure should be followed to conclude whether it is possible to determine the attenuation

of a hearing protector in the case of a specific worker. It is assumed that the skull attenuation at 500

Hz is 55 dB. Berger [Berger, 1983b] gives an average value of 57 dB at 500 Hz.

First, it is assumed that there is little difference between the hearing in the two ears of a worker. The

following two possibilities are then to be distinguished:

1. The meazured hearing threshold levels, when the hearing protection is wom, does not exceed 55

dB. Then skull conduction can be ignored and the attenuation of the hearing protector can be

determined from the difference between the hearing threshold levels with and without the hearing

prctector by the use of the deep muff method and from the difference between the hearing threshold

levels with the hearing protector and that with the reference muff by the use of the reference muff

method.

2. T\e measured hearing threshold level with hearing protection exceeds 55 dB. ln this case,

components X and Y of the hearing threshold levels are determined by comparison of the results

of bone conduction audiometry and air conduction audiometry. If it tums out that the measured

hearing threshold levels with hearing protection minus the air conduction loss X does not exceed

55 dB, then the attenuation can again be determined by the method described above. If this

difference in the measured hearing threshold level and X is greater than 55 dB, the attenuation

cannot be estimated from the measuring results. since during the determination of the hearing

threshold level in the presence of hearing protection conduction through the skull is measured,

becauseDs<D+Y.
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There is also the possibility that there is a considerable difference in the hearing threshold levels of

the two ears of a worker. Here, too, skull conduction sometimes plays an important role. In the case

of the reference muff method, the test signal is transmitted simultaneously to both ears. Therefore,

during the measurement of the two-sided hearing threshold level in the presence of hearing protection

and during the measurement when the reference muff is wom, it is the lowest of the two hearing

threshold levels of one ear which is determined in both c:lses. Possible skull conduction between the

two ears is thus irrelevant. It should be realized, however, that in fact only the attenuation of the

hearing protector at the better ear is determined. This is, after all, a defect from which any method

suffers in which the test signals are transmitted to both ears simultaneously.

In the case of the deep muff method, skull conduction during the measurement of the attenuation of

a hearing protector in the less acute ear can be of importance. That is, if the test signal is transmitted

to the less acute ear (ear 1), it will be heard at the other ear (ear 2) if Dr + Y, + X, is greater than D,

+ X2. In that case, it will be necessary again to use a procedure such as that described earlier to

determine whether the attenuation of the hearing protector can be determined in the less acute ear. If

the measured hearing threshold level with hearing protection is more than 55 dB in the less acute ear,

then by comparison of the results of bone- and air conduction audiometry, the components X1, Y,, &,
and Y2 of the hearing threshold levels can be determined. If the measured hearing threshold level with

hearing protection on the less acute ear is more than 55 dB plus the air-conduction loss X, of the better

ear, then the determination of the attenuation of the hearing protector for the less accute ear is not

possible.

The exclusion procedure can therefore be summarized as follows:

if any hearing threshold level at 500 Hz is measured which is higher than 55 dB, air- and bone-

conduction losses of the two ears are established by means of a comparison of results of air- and bone-

conduction audiometry. If the measured hearing threshold level with hearing protection minus the air-

conduction loss exceeds 55 dB, then it is not possible to determine the attenuation of the hearing

protector.ln the case of meazurement by the reference muff method this air-conduction loss concems

the smallest air-conduction loss of one of the two ears, and in the case of the measurement by the deep

muff method it concems - in the case of the estimation of the attenuation of the hearing protector on

the less acute ear - to the air-conduction loss of the better ear. [n that case, the attenuation of the

hearing protector at the better ear can be determined without any problem by using the deep muff

method.
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6.3 Application of the simplified test method

Figure 16 shows the lines with the best fit for D(A) versus D(500) in six possible cases. It can be seen

that the best-fitting lines are nearly independent of the method used and differ according to the shape

of the spectra, i.e., whether they contain high, middle, or low frequencies. The average lines for the

high-frequency, middle-frequency, and low-frequency spectra are:

D(A) = 4.5 + O.7l D(500): low-frequency spectrum;

D(A) = 6.4 + 0.77 D(500): middle-frequency spectrum;

D(A) = 15.0 + 0.72 D(500): high-frequency spectrun.

As a simple rule of thumb, it is possible to use:

D(A) = 4 + 035 D(500): Iow-frequency spectrum;

D(A) = 7 + 0.75 D(500): middle-frequency spectrum;

D(A) = 15 + 0.75 D(500): high-frequency spectrum.

In this way, the A-weighted attenuation of a hearing protector can be estimated from its attenuation

at 500 Hz. In the preceding, it has already been indicated that the standard deviation in the attenuation

at 500 Hz is 6 dB in the case of the reference muff method and 8 dB in the case of the deep muff

method. It follows from this according to the formulas given above that the standard deviations in

D(A) are 4.5 and 6 dB(A), respectively.

The attenuation of the hearing protectors in real working situations should at least be such that it

guarantees that there is no chance of the worker in question to acquire noise-induced hearing loss. This

implies that the equivalent sound level at the workplace in question minus the attenuation D(A) of the

hearing protector, should not exceed 80 dB(A). If also the standard deviation in D(A) of approximately

5 dB(A) is taken into account, then the difference between the equivalent sound level and D(A)

should not 75 dB(A). Written as a formula, this gives:

Lro,* - D(A) < 75 dB(A).

From the rules of thumb given above, it can be deduced that:

D(sm) > 4/3 (LEq,&, - 79): low-frequency noise;

D(5m) > 4/3 (LEq,e, - 82): middle-frequency noise;

D(5m) > 4/3 (LEq,&, - 90): high-frequency noise.

These formulas should in no way be interpreted to mean that, for example, in the case of

high-frequency sound with an equivalent sound level of less than 90 dB(A) no hearing protection is
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needed because D(500) does not need not to be larger than 0 dB. Even with an attenuation of 0 dB

at 500 Hz, the atenuation at higher frequencies is, in this case, such that the attenuation taken over

the entire spectrum is sufficient to prevent noise-induced hearing damage. The formula given above

are considered to be applicable only for D(500) values of at least 0 dB.
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7. CONCLUSION

This report gives an outline of how and on what basis the method for measuring the attenuation of

hearing protectom can be simplified for use in practical situations. The conclusions are based on

situations encountercd in the coal and steel industry. The noise sihration is characterized in the project

by eleven standard spectra and two additional spectra. Before the results can be applied to other

industrial situations, it would be necessary to determine whether the thirteen spectra also cover these

other industrial noise situations.

The simplified test methods have also been based on the individual, frequency-dependent attenuation

characteristics of hearing protectors as used by workers of a specific factory (Hoogovens). It is not

expected that this frequency dependence is different in other industrial circumstances. In addition, the

aftenuation values determined in the prcject lie within the ranges found in other practical situations.

The conclusion thus appears to be justified that the simplified test methods developed can be applied

in practice in all industrial situations.
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