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APPENDI X |

HEARING PROTECTOR SELECTION PROCEDURES

Introduction

Hearing protectors are worn to reduce the risk of
occupational deafness. The reduction in risk is achieved
by reducing the sound level at the ears whilst the hearing
protectors are worn.

Hearing protectors do not attenuate sound by the same
amount at all frequencies; neither do they provide the same
attenuation on each occasion that they are worn. The
attenuvation provided by any hearing protector is a function
of both the frequencies of the noise in which it is worn and
the fit of the hearing protector on the wearer's head.

Within the audible frequency range, sound reaches the
occluded ear by:

(i) transmission through leaks around the protector

(ii) wvibration of the protector on the compliance
provided by the skin and tissue layers that
support the protector and the air that the
protector encloses

(iii) deformation of the materials of the protector

(iv) transmission via the bone structure of the head.

Three of these mechanisms are dependent on the positioning
of the protector on the head and on the anatomical dimensions

of the head on which the protector is worn.

Procedures for the selection of hearing protectors have



evolved in parallel with the criteria for limiting unpro-
tected exposure to noise. All of the selection procedures
have attempted to take into account the frequency dependence
of attenuation and many selection procedures have also
attempted to take into account variations in attenuation with
fit.

This appendix describes and explores the assumptions that

are made in the selection of hearing protectors.

Selection Procedures Applied at Individual Octave Bands

Prior to the appearance of single figure frequency-
weighted hygiene standards, most methods of estimating the
risk of occupational deafness were based on noise measure-
ments expressed in octave bands.

In 1954 the report of the Royal Air Force Flying
Personnel Research Committee (Dickson et al., 1954) recom-
mended that unprotected ears should not be exposed to sound
levels greater than 85dB per critical band. This recommendation
was based on Kryter's work (1950)*. The method developed by
Dickson and his colleagues for the selection of protectors
is illustrated in Table I-1|.

As can be seen from Table I-1, the maximum permitted
sound level per critical band was adjusted to take into
account the difference between the widths of the critical

bands and the corresponding octave bands. The adjustments

* quoted by Dickson et al.
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provided octave band sound levels beyond which unprotected
ears should not be exposed. These were denoted as the
'tolerable sound pressure levels' for each octave band.
(Strictly, these should have been denoted "tolerable sound
levels".) The estimates of the attenuation provided by the
hearing protector were added to the corresponding 'tolerable
sound pressure levels' to provide octave band sound levels
above which the protector was not considered adequate
protection. On the basis of this method, Dickson and his
colleagues considered the RAF Mark VI earmuff adequate
protection against any noise for which the octave band
sound levels did not exceed the values given in the last
column of Table (-1I.

The attenuation data that were used in the selection
procedure were obtained by Dickson and his colleagues by
binaural free field threshold measurements at single fre-
quencies - one mid-band frequency per octave. These were
considered to be adequate predictors of the attenuation
provided for all other frequencies within the corresponding
octave bands. The stated aim of the selection procedure was
the protection of 98 percent of wearers of the hearing pro-
tectors; to this end, the attenuation estimate used for each
octave band was the mean of twenty threshold measurements

(one per subject) minus twice the standard deviation of the



the measurements at that frequency.

Piesse, Rose and Murray (1962) based their selection
procedure on the noise exposure limits recommended by the
American Standards Association (1954)*. They aimed to ensure
that persons were not exposed to noise levels in excess of
85dB in any of the octaves: 300-600Hz, 600-1200Hz, 1200-2400Hz
and 2400-4800Hz. Piesse's selection procedure consisted of
subtracting the attenuation estimate for the protector from
the corresponding octave band and then comparing the result
with 85dB.

The attenuation estimates that Piesse used were the mean
of measurements made by a binaural free field threshold test
at each octave mid-band frequency within the range 250Hz to
4000Hz. The attenuation was tested on ten subjects, each
subject being tested once at each mid-band frequency.

Piesse did not comment on the percentage of wearers who
would be protected; neither did he take account of individual
variations from the mean attenuation. However, in a later
report (Piesse, 1962) he stated that 50 percent of people
using the hearing protectors chosen in the above manner
might not be adequately protected.

Michael (1965) and Coles (1969) both used selection pro-
cedures based on octave bands. Michael did not mention any

correction to take account of variation in attenuation with

* quoted by Piesse (1962)




fit but Coles recommended using attenuation estimates
derived by subtracting one or two standard deviations from
the means of the attenuation data ot each octave mid-band

frequency.

Selection Procedures Based on A-Weighted Sound Levels

Robinson (1968) showed that frequency-weighted sound
energy is an appropriate parameter for the prediction of
injury to hearing resulting from habitual exposure to contin-
uous noise. The fundamental consideration is the A-weighted
sound energy received cumulatively by the ears of the people
who are exposed.

The energy rule has formed the basis of standards
produced by: the British Occupational Hygiene Society (1971);
the International Organisation for Standardisation (1971):
and the Department of Employment's Code of Practice (1972).

The British Occupational Hygiene Society Standard does
not provide a system for selecting hearing protectors.

However, the Department of Employment and the International
Organisation for Standardisation recommendations provide
similar procedures for estimating the A-weighted sound level
at the ears when hearing protectors are worn.

The calculation effectively reduces to:
(L, -W_ -A
X X

)

X

8000

10
Ly = 10 1log = 10
x=63 Fquation |-




where LA is the estimated A-weighted sound level at the
occluded ears; Ly is the ambient octave band sound level for
the octave centred at x hertz; Wy is A-weighting correction
at x hertz; and A is the attenuation estimate for the octave
band centred at x hertz.

The recommendation from the International Organisation
for Standardisation does not define the attenuation estimate
that should be used in the calculation but the Department of
Employment's Code advocates the use of either the lower
quartile attenuation, or the mean attenuation minus one
standard deviation. The Code states that these attenuation
estimates should have been obtained by threshold tests and
that hearing protectors should normally be selected so that
the sound level at the user's ears is always effectively
reduced to 90dB(A) or less. However, no indication is made
in the Code, of the proportion of a population for whom this
aim would be achieved if the recommendations were followed.
The Code does not comment on the |6 percent or 25 percent of
occasions on which the hearing protectors might be worn without
reducing the sound level at the user's ears to 90dB(A) or
less if the Code's advice was followed.

The Draft Australian Code of Practice (Australian
Standards Association, 1972) also recommends the use of a

selection procedure for which Equation |-1 is relevant. The




Australian Code recommends the use of the mean attenuation
minus one and a half standard deviations. [t states that
the use of these attenuation estimates will ensure that 90
percent of the wearers will obtain at least the calculated
amount of protection.

Table 1-2 illustrates the application of the Department
of Employment's selection procedure for the simple case where
the noise level is constant and the exposure duration is eight
hours per day. The example is also illustrated graphically
in Figure I-1I.

The noise spectrum used in the example was produced by an
electric motor. The attenuation estimates that have been
used are mean minus one standard deviation data for earmuffs.
The reduction in noise level provided by the earmuffs in this
example is 20dB(A). Where either the noise level is not
constant, or the duration of exposure is not for eight hours
per day, equivalent-continuous octave band sound levels must
be used in Equation I-1.

The implications of Equation |-l for the selection of
hearing protectors for a particular application are often not
recognised by those who select hearing protectors in industry.
They may instead seek a universal figure for the A-weighted
reduction provided by a particular hearing protector.

The necessity of applying Equation I-1 is clearly
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demonstrated by Figure 1-2, which shows the vast variations

in A-weighted reductions provided by glass down earplugs in
industrial noise spectra. Lower quartile attenuation data

for glass down earplugs, from attenuation tests described in
Appendix ||, have been applied individually to 2640 industrial
noise spectra (Appendix V) and the resu]ting>A—w;ighted
reductions displayed as a cumulative distribution.

For 50 percent of the noise spectra the estimated
reduction in sound level provided by the earplugs was greater
than 10dB(A). However, less than 6dB(A) reduction was found
with at least 5 percent of the spectra, whilst greater than
17dB(A) reduction occurred with another 5 percent of the
spectra.

Clearly, a universal estimate of the A-weighted reduction
provided by a hearing protector cannot be given - they might
be worn in the high frequency noise produced by the sawing of
aluminium and reduce the level by 17dB(A); or beside the
intake to a compressor and reduce the level by only 5dB(A).

Assumptions Used in Selection Procedures Based on A-Weighted
Sound Energy

The selection procedures attempt to estimate the
A-weighted sound level at the ears of people wearing hearing
protectors. As has been shown previously, the first step in

the procedure consists of obtaining estimates of the A-weighted



FIGURE 1-2

Cumulative Distribution of the Reduction in

A-Weighted Sound Level Afforded by Glass Down

Earplugs in 2640 Industrial Noise Spectra;
based on Lower Quartile Attenuation Data
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octave band sound levels from measured octave band sound
levels; these are obtained by subtracting single frequency
A-weighting corfections at the corresponding mid-band fre-
quencies. Clearly, the A-weighting corrections are single
frequency corrections, whilst the octave band sound levels
are octave band measurements. This would not produce errors
if both the éound level and the appropriate corrections are
constant for all frequencies within any octave band; neither
would errors result if the gradient of the sound level-
frequency spectrum is identical in magnitude and sign to the
gradient of the A-weighting correction curve within the
corresponding octave band. |f, however, the gradients of the
sound level spectrum and the A—weighting curve are not identical,
then calculations of the A-weighted octave band sound levels
will introduce errors.

The second step in the selection procedure consists of
obtaining estimates of the A-weighted octave band sound levels
at the ears when hearing protectors are worn; these are
obtained by subtracting the attenuation measured at the
corresponding octave mid-band frequencies. The attenuation
estimate may have been obtained from attenuation tests with
pure-tones, or third octaves of random noise. |f the gradients
of the A-weighted sound level spectrum and the attenuation

spectrum are not identical in magnitude and sign within the



corresponding octave errors are likely to be introduced.

The third step in the selection procedure is the addition
of the A-weighted octave band sound levels in order to obtain
an estimate of the overall A-weighted sound level at the ears
when hearing protectors are worn. The attenuation estimates
used in the calculations are the n centiles of the attenuation
data at each frequency. It is therefore assumed that the
calculated A-weighted sound level at the occluded ears will
only be exceeded on n percent of the occasions on which the
hearing protectors are worn.

The selection procedure therefore assumes that the
distributions at all frequencies are directly related; that
is, the upper tails of the distributiens at all frequencies
consist of measurements made on the same subjects on the. same
occasions. |f this is not true in practice, then the reduction
in sound level provided by the hearing protector on any
occasion will always be governed by those octave bands which
permit the passage of the most A-weighted sound energy.

The selection procedures based on A-weighted noise dose,
like those earlier procedures based on octave bands, assume
that: the attenuation distributions are normal; and that the
variance is produced by differences between the attenuation
provided to the different people who wear the hearing

protectors. The assumption of negligible within~-subject



variance has greater significance in these selection methods
based on A-weighted dose. |f on some occasions a person
wearing hearing protectors receives high attenuation but on
other occasions he receives low attenuation, the long-term
result will be that the person will receive less protection
than calculoted by the selection procedures.

Since the A-weighted sound level at the ears is calculated
from the octave bands 63Hz to 8000Hz only, the selection
procedures assume that sound energy from frequencies above
I1313Hz and below 44Hz does not contribute significantly to the
A-weighted sound level at the ears when hearing protectors are
worn.

The assumptions can be summarised briefly:

l. The attenuation measured at the octave mid-band

frequency is assumed to be an adequate estimator
of the attenuation provided for all other
frequencies within the corresponding octave band
and the A-weighting correction at the octave mid-
band frequency is assumed to be an adequate
estimator of the A-weighting corrections for all
frequencies within the corresponding octave band

2. The attenuation at each frequency is assumed to

follow a normal distribution

3. The major component of variance is assumed to be

produced by differences between the attenuation



provided to the different people who wear the
hearing proteclors

4. The attenuation distributions at each frequency are
assumed to be directly related to the distributions
at all other frequencies

5. The within-subject variance is assumed to have
negligible effect on the reduction in A-weighted
sound energy calculated by the procedure

6. Sound energy from frequencies above |1313Hz and
below 44Hz is assumed to make a neglible contri-
bution to the A-weighted sound level at the
occluded ears.

-

The Use of Octave Mid-Band Attenuation Values

The results of real-ear attenuation tests in which the
attenuation at all third octaves has been measured are not
available. However, Russell and May (1976) have published
the results of objective attenuation tests in which they
used an artificial head. Their results include attenuation
estimates for all third octaves. The results for one pair of
earmuffs are shown in Table 1-3.

As can be seen from Table |-3, differences of up to six
decibels exist between attenuation estimates within the same
octave band. Similar differences were recorded with other

earmuffs tested on the artificial head. Similar differences



18 -

-3

TABLE

"poay

D121} 134D

UD Y3} LM POINSDAW UOL}DNUS3ID 9ADID0-pLly} = (9/61) AD|J pPUD | |9SSNYy WOl} DIDQ

(v)ep9 6 = wni3oads Bul||D}

A<vmnN.mN = wni3oeds 3D} :]19A9| punos pojybBiLeam-y ulL SuOL3}DINPIL pPaIDWLIS]
44 Gz - L°8¢ 001 000701
1 44 S I 4 001 0008
T4 ['0 - 0°'vvy 001l 00¢€9
[X4 G'o + L9V 001 0009
9¢ oL + € 6y 001 000V
Ll A R 0°2¢ 001 0G1l¢g
Ll 15 . L°YS 001 006¢
¢t /A B €4S 001 000¢
£ o°t + 0°09 001 0091
L€ 9'0 + L9 001 0621
0¢€ o - £°G69 001 0001
8¢ 8°0 -~ 0°89 001l 008

144 6°L - L0/ 001 0€9

Z¢ 2'e - 94 001 006

61 8'y - 09/ 001 00y

YA 9°9 -~ '8/ 001 GlLE

i 9°'8 -~ €18 00l 06¢

Ll 6°01 -~ 0°¥8 001 00¢

6 y'el - £°98 001 091

VA "9l ~ €768 001 A

9 L*61l ~ 0°C6 001 001

YA G°¢C ~ L°V6 001 08

8 2'9¢ ~ €26 001 €9

VA 20t ~ 001 001 0§

qp ap wni3da9dg buly||p4 wni3o9dg 30| A zij Aduenbaudy

UOL3DNUI3LD UO132844i0D gp LoA®| pubg-plLuw
x}jnwing Buriybrom-y puNOS pupg 39AD}D0-pLly] 9AD3}O0=-pL LYy}

puog oAD3}D() l1od S3USWSLINSDd) UOLIDNUII}Y SADIOQ-PLiy}l 9dly} wWoly

SojpWl3s] - S44nuWing AQ PapLAOld |@A®7] punog pajyblom=-y Ul uoL3dNpay




were also present in the data Russell and May obtained by
a semi-objective test in which microphones were embedded in
the earmuffs,

Russell and May's data have been used to calculate the
reductions in A-weighted level that could be expected from
the earmuffs in a flat spectrum of noise and a 'fast falling’
spectrum with a slope of eight decibels per octave. The
A-weighted reductions have been calculated using all third
octave attenuation estimates and also using only the third
octaves centred at the octave mid-bands (Tables 1-3 and 1-4).

In the examples that have been chosen the inclusion of
the other two third octaves in the calculation of A-weighted
reduction has only slight effect (less.than 0.5dB(A)).

However, the errors need not always be so small - the
magnitude of the error depends upon the particular combination
of noise spectrum and attenuation spectrum. Large errors
could result if minima in the attenuation spectrum coincided
with maxima in the noise spectrum.

Recent developments in semi-objective attenuation testing
techniques (Rood, 1976), in which small microphones are placed
inside earmuffs worn by subjects, may serve to quantify these
errors. |t may then be possible to measure the A-weighted
sound level inside hearing protectors when they are worn in

complex industrial noise spectra.
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-2 -

Attenuation Assumed to be Distributed Normally

Earplugs

In an experiment to determine the attenuation provided
by glass down earplugs | used a binaural free field threshold
technique (American Standards Association z.24.22, 1957).

The attenuation was measured at the seven octave mid-band
frequencies from 125 hertz to 8000 hertz. Each subject was
tested six times at each of the test frequencies. The
details of the experimental procedure and the results of the
tests are given in Appendix |I.

For the purpose of examining the shape of the distributions
of attenuation at each frequency the data have been displayed
in the form of cumulative distributionsg. The cumulative
distribution for each test frequency is displayed in
figures 1-3 to 1-9.

Also shown in figures [-3 to |-9 are the normal distributions
predicted from the means and the standard deviations at each
test frequency. At no frequency is there a significant
difference between the predicted and observed cumulative
distribution.

(Kolmogorov - Smirnov one-sample two-tailed test with

significance level of P = 0.05,)*

*Siegel (1956)
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Cumulative Distribution of Attenuation

Measurements for Glass Down Earplugs at

125Hz Compared with the Normal Distribution

Predicted from the Mean and Standard Deviation
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FIGURE -4

percentage of measurements less than or equal to

specified attenuation

Cumulative Distribution of Attenuation
Measurements for Class Down Earplugs at

250Hz Compared with the Normal Distribution
Predicted from the Mean and Standard Deviation
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FIGURE 1-6

Cumulative Distribution of Attenuation
Measurements for Glass Down Earplugs at

I0O00Hz Compared with the Normal Distribution
Predicted from the Mean and Standard Deviation
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FIGURE -7
Cumulative Distribution of Attenuation
Measurements for Glass Down Earplugs at
2000Hz Compared with the Normal Distribution
Predicted from the Mean and Standard Deviation
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FIGURE -8

Cumulative Distribution of Attenuation
Measurements for Glass Down Farplugs at

4000Hz Compared with the Normal Distribution
Predicted from the Mean and Standard Deviation
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Hanson and Blackstock (1958) investigated the
attenuvation provided by V51-R earplugs. They were of the
opinion that the data were distributed 'roughly normally'
but they did not provide statistical evidence to support
their opinions. In figure |-Dthe results of their five
measurements at 125Hz on each of twenty subjects are
displayed in the form of a cumulative distribution. The
normal distribution predicted from the data is also shown.

Hanson and Blackstock also measured the attenuation at
250Hz, 500Hz, 1000Hz, 2000Hz, 3000Hz, 4000Hz, 6000Hz and
8000Hz. Figure [-10 shows the cumulative distributions and
predicted normal distributions for the 2000Hz and 8000Hz data.
A1l distributions of attenuation mea;urements do not differ
significantly from normal distributions.

(Kolmogolov - Smirnov one-sample two-tailed tests with
significance level of P = 0.05.)

The attenuation measurements for the glass down earplugs
were obtained using a test procedure in which the subjects
fitted the earplugs themselves; this resulted in a large
variance in the resultant distributions (range 39.7dB2 to
88.4d82). The attenuation measurements on the V51-R earplugs

were obtained using a procedure in which the fitting of each

earplug was supervised by the experimenters; this resulted
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in distributions of attenuation having much smaller
variance (range 9.3dB2 to 46.6dB2). Although the spread
of the distributions for the two earplug experiments were
vastly different, | have not becen able to demonstrate a

significant departure from normality.

Earmuffs

Dickson and colleagues from their measurements with
earmuffs (Dickson et al., 1954) concluded that for some
earmuffs at low frequencies the distributions were skew.
They did not provide statistical evidence for this conclusion
but gave as an example results from measurements on the

Acoustics Laboratory Mk VI earmuff at 250Hz. They stated
that the lowest attenuation recorded f;r this device was
zero decibels, yet calculation of the mean minus twice the
standard deviation gave a negative value, from which they
concluded that the distribution at 250Hz was skew. However,
since the data for this attenuation frequency had a variance
of |6dB2 and a mean of 4dB, one would expect, on the basis
of a normal distribution, that 16 percent of the results
would take a value of zero decibels or less. In the sample
of measurements taken, 5 percent (one measurement) took this
value; the difference between the observed and the expected

percentages is not sufficient evidence to conclude that the

distribution is skew.
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(A Kolmogorov - Smirnov one-sample two-tailed test at a
significance level of 0.05 requires a maximum difference
between the distribution of al least 29 percent.)

Martin (private communication, 1973) used a binaural
threshold technique to measure the attenvation provided by
two different types of earmuff. He used\one—third octaves
of random noise as the test signals and presented these from
a tetrahedral array of loudspeakers. The results of the
tests at 250Hz, 2000Hz and 8000Hz are displayed in Figures
I-11 and 1-12 in the form of cumulative distributions and are
compared with the normal distributions predicted from the
test data.

(Kolmogorov - Smirnov one-sample two-tciled tests applied to
the distributions at the three frequencies have shown that
the distributions of attenuation do not differ significantly
from normal distributions.)

Attenuation data from tests with earplugs and earmuffs;
pure tones and random noise; and supervised fitting and
unsupervised fitting have been studied. | have found no

evidence to disprove the assumption that attenuation follows

a normal distribution.

The Between-Subject Variance in Attenuation Data

The attenuation provided by hearing protectors at any
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one frequency differs from occasion to occasion and from

person to person.
The total variance of the attenuation at any one fre-

quency can be considered 1o be a combination of:

(i) Between-subject variance - this will include
variance produced by differences in head sizes
and shapes; ear shapes and volumes; and skin

and flesh compliances

(ii) Within-subject variance - this will include
variance produced by the positioning of the
hearing protector and the added effects of
any adjustment inherent in the hearing

protector.

Dickson and colleagues (1954) measured the attenuation
provided by many different types of earmuffs using binaural
free field threshold tests. The technique that they employed
consisted of measuring the attenuation provided for 20
subjects on one occasion each. However, for two of the
earmuffs, they also measured the attenuation provided for one
subject on 20 separate occasions. The results obtained for
these two earmuffs by both test methods are shown in

Table 15,

The total variance for the tests involving twenty subjects
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must be composed of both between-subject and within-
subject variance, whilst the total variance of the tests
involving one subject cannot include any between-subject
variance.

Since the differences between the variances obtained
under the two test procedures only reach significance
(P = 0.05) at one frequency for each earmuff, it must be
concluded that the within-subject variance is a major
contributor to the total variance at most of the test fre-
quencies.

The results ot a similur comparative study with two
types of earplugs (Dickson et al., 1954) are shown in Table
1-6. .

From the results obtained with V51-R earplugs the
variances obtained under the two test methods were signifi-
cantly different (P = 0.05) at more than half of the test
frequencies.

From the results obtained with Mallock Armstrong earplugs
the variances obtained under the two test methods were
significantly different (P = 0.05) at only two of the test
frequencies.

However, the within-subject variance in these cases

could have accounted for a large proportion of the total

variance of the measurements made on the twenty subjects.
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Whilst at the other frequencies, it can be concluded that
the within-subject variance is a significant contributor
to the total variance.

The previous eslimates ol within-subject variance have
been obtaincd from repeal mecusurements on only one subject
in each case. A more comprechensive estimate of within-
subject variance can be achieved when repeat measurements
are made on each of a group of subjects; from which the
variance can be analysed using a one-way analysis of
variance using a variance components model.

Howell and Martin (19/3) applied a variance components
model to the attenuation data from attenuation tests on six
different hearing protectors: thre; types of earplug each
measured at two laboratories; two types of earmuff each
measured at one laboratory; and a helmet measured at one

laboratory. They used the analysis of variance to show

the presence of a significant between-subject variance at

all test frequencies. In their data within-subject variance

accounted for between 34 per cent and 50 per cent of the total

variance at all of the test frequencies.

The assumption implicit in the selection methods relates

the variability of attenuation measurement solely to

differences between subjects. However, in all of the studies
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that have been analysed there has been a significant
within-subject variance.

It would be more appropriate, therefore, to state that
the mean attenuation minus one standard deviation would be
exceeded on approximately 84 percent of the occasions on
which the hearing protectors ure worn, rather than to state
that attenuation exceeding this value is received by 84
percent of the wearers.

Correlation Between the Attenuation Distributions at
Different Frequencies

The nth centiles of the attenuation distributions at
each frequency are assumed to be composed of measurements
made on the same subject on the same occasion. The appli-
cation of the nth centil: attenuation values for each octave
mid-band frequency to a noise spectrum will then yield an
estimate of the A-weighted sound level at the ears for the
nth centile of a population of wearers (LAn)' Therefore,

from Equation I-1:

L, =W, -A

X X xn
8000 10
Lan = 10 1og S 10
x=63 Equation -2

~where A, is the lowest attenuation provided to the nth
percentile at frequency x hertz.

To test this assumption, it is necessary to apply many




individual attenuation spectra®* separately to a noise
spectrum. From each of the individual attenuation spectra
can be obtained an estimate of the amount by which the A-
weighted noise level from the noise spectrum would have been
reduced, if the hearing protector had been worn in that noise
on the occasion of the test.

| f the assumption is correct, then the distribution of
these reductions in A-weighted sound level should coincide

with that predicted from:

L, ~W, L, -W. -A,
8000 10 8000 10
R =10 log > 10 - 10 log > 10

x=63 x=63
- Equation

n

[-3

where n takes the values zero to one hundred and R is the
reduction in A-weighted sound level provided by the hearing
protector.

The sixty individual attenuation spectra obtained from
the measurements on glass down earplugs (Appendix |1) have
been applied to a flat spectrum of noise. The resultant
reductions in A-weighted sound level are displayed in the form
of a cumulative distribution in Figure 1-13. Also shown in

Figure I-13 is the cumulative distribution of A-weighted

reduction predicted by Equation -3 based on the assumption that

the attenuation distributions at each frequency are directly

*¥ the attenuation measured on one subject on one occasion
at each of the test frequencies.
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FIGURE 1-13
Cumulative Distributions of the Reduction in
A-Weighted Sound Level (R) Provided by Glass
Down Earplugs in a Flat Noise Spectrum
Individual Attenuation Spectra Applied to the
Noise Spectrum Compared with the Distribution
Predicted from Fquation 3
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related.

The observed cumulative distribution differs signifi-
cantly from that predicted by Equation 1-3.

(Kolmogorov - Smirnov one-sample two-tailed test at signifi-
cance level of P = 0.05.)

The distributions are seen to diverge by the greatest cmant
at the highest centiles. The very high A-weighted
reductions predicted by Equationl-3are not obtained in
practice.

fn Figure |44 the cumulative distribution of overall
attenuation obtained from the sixty individual attenuation
spectra applied to a fast rising spectrum (8dB/octave) is
compared with that predicted by Equation -3. The two
distributions diverge by the greatest amounts at the high
percentiles and the distributions differ significantly.
(Kolmogorov - Smirnov one-sample two-tailed test at a
significance level of P = 0.05.)

The cumulative distributions obtained with a fast
falling spectrum (8dB/octave) are shown in Figure k15, The
two distributions do not differ significantly.

(Kolmogorov ~ Smirnov one-sample two-tailed test at a
significance level of P = 0.05.)

Next it is necessary to examine whether the Equation [-3
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FIGURE I-14

Cumulative Distributions of the Reduction in
A-Weighted Sound Level (R) Provided by Glass
Down Earplugs in a Fast-rising Spectrum
(8dB/octave): Individual Attenuation Spectra
applied to the Noise Spectrum Compared with
the Distribution Predicted from
Equation 3
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FIGURE 1-~15

Cumulative Distributions of the Reduction in
A-Weighted Sound Level (R) Provided by Glass
Down Earplugs in a fast-falling Spectrum
£8d8/octove) : Individual Attenuation Spectra
Applied to the Noise Spectrum Compared with
the Distribution Predicted from
Equation 3
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and therefore the selection procedure describes accurately
the percentages of wearers receiving small A-weighted
reductions from the hearing protectors. The distribution
of A-weighted reductions for the fast rising spectrum

has been divided into a group containing the highest 30

reductions and a group containing the lowest 30 reductions.

These have been plotted as cumulative distributions in
Figure 1-16, and are compared with the cumulative distributions
predicted from Equation 1-3. As can be seen from Figure
I-16, the cumulative distributions for the 50 percent of
wearers receiving the higher A-weighted reductions differ

significantly.

.

(Kolmogorov - Smirnov one-sample two-tailed test at

significance level P = 0.05.)

However, the distributions for the 50 percent of wearers

receiving the lower reductions do not differ significantly.

(Kolmogorov=-Smirnov one-sample two-tailed test at

significance level P = 0.05.)

The A-weighted reductions obtained from analysis with
a fast falling spectrum have also been divided into higher
and lower 50 percent groups. These are shown in the form of

cumulative distribution in Figure I-17.
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FIGURE 1-16
Cumulative Distributions of the Reduction in
A-Weighted Sound Level (R) Provided by Glass
Down Earplugs in a Fast-Rising Noise Spectrum
(SdB/octave): Individual Attenuation Spectra
Applied to the Noise Spectrum Compared with
the Distribution Predicted from Equation 3
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I-17
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The distributions do not differ significantly from
the cumulative distributions predicted by Equation 1-3 for
either of the groups.

(Kolmogorov - Smirnov one sample two-tailed test at signifi-
cance level P = 0.05.)

Similar analysis on raw data provided by Hanson and
Blackstock (1958) on V51-=R earplugs and by Martin (1973) on
Peacekeeper moulded inserts has shown that the distributions
of A-weighted reductions and the distributions predicted by
Equation 3 do not differ significantly (0.05 significance
level) for the lower 50 centiles, irrespective of whether the
noise spectrum is flat, fast rising or fast falling. However,
the predicted distributions do differ significantly for the
upper 50 centiles when the noise spectrum is flat or fast
rising.

It appears, therefore, that for those persons receiving
high reductions of the flat or fast rising noise spectra the
distribution does not follow the assumption of closely
related attenuation distributions at all frequencies; the
A-weighted reduction is limited by those octave bands which
permit the passage sf most A-weighted sound energy.

However, for persons receiving Lhe low reductions in

A-weighted sound level for any noise spectrum the assumption
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of closely related attenuation distributions is adequate.

The Effect of Within-Subject Variance on the Reduction
in A-Weighted Sound Energy

If the protection (P) provided by a hearing protector
for any one wearer is defined as the reduction in A-weighted

equivalent-continuous sound level provided by the protector,

0o A

T ~7o
J‘ lf x 10 df dt
=0

t

expressed in decibels, then:

(V)
.
P =10 log u}‘ u{;fdf dt - 10 log
f=0 t=0

where If is the A-weighted sound intensity at frequency f and

.F

]
o

Equation 1-4

A is the attenuation provided by the hearing protector to
sound of frequency f at time t during t%e period of noise
exposure.
Since the functional relationship connecting A, f and t
is not known, the protection cannot be calculated precisely.,
However, if the reduction in A-weighted sound level! (R)
provided against a noise for one persén on a number of

occasions n, is known, then Equation !-4 can be approximated

by the relationship | = R

“ |
P =101og | -101og [ I - &+ 210 ]

n
I

Equation 1-5

where | is the A-weighted sound intensity.




In the glass down experiment previously mentioned
(Appendix I1), the attenuation was measured on each of ten
subjects on six occasions; six estimates of R can therefore
be made for each subject in any noise. In Table -7, the
results of applying Equation 1-5 to the individual attenvations
for each subject are shown. They have been calculated for
flat, fast rising and fast falling noise spectra and are
compared with the mean reduction in sound level provided to
each subject for each of the noises.

As can be seen from Table -7, the time-weighted estimates
of reduction in A-weighted sound energy are always less than
that predicted from the mean of the individual reductions in
sound level for each subject. The inclusion of the energy
consideration applied to within-subject variance always
results in less protection than would otherwise be expected.

The protection estimates from Table 1-7 are displayed in
Figures 1-18, 1-19 and 1-20 as cumulative distributions. They
are compared with the cumulative distributions predicted by
the selection procedure (ie. by Equation 1-3).

The inclusion of the energy consideration applied to
within-subject variance has resulted in even greater diver-
gence from the predicted distribution at high centiles. The

difference between the distributions is significant for both
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FI1GURE

I-18

Cumulative Distributions of the Reduction in

ECSL (Protection) Provided by Glass Down

Earplugs Against a Flat Spectrum of Noise

Energy-Weighted Estimates Compared with

Distribution Predicted from Equation 3
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Cumulative Distributions of the Reduction in
ECSL (Protection) Provided by Glass Down
Earplugs Against a Fast-Rising Spectrum of
Noise : Energy-Weighted Estimates compared
with Distribution Predicted from EFquation 3
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FIGURE 1-20

Cumulative Distribution of the Reduction in
ECSL (Protection) Provided by Glass Down
Earplugs Against a Fast-Falling Spectrum of
Noise : Energy-Weighted Estimates Compared

with the Distribution Predicted from Equation 3
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the flat and fast rising spectra but not for the fast
falling spectrum.

(Kolmogorov - Smirnov one-sample two-tailed test at
significance level P = 0.05.)

From Table 1-7, the lowest five protection values obtained
for the fast rising spectrum have been plotted as a cumulative
distribution in Figure 1-21. This is compared with the pre-
dicted distribution. There is no significant difference
between the d:.stributions,

(Kolmogorov - Smirnov one-sample two-tailed test with
significance level P = 0.05.)

but this is based on only five data points. However, when
the distribution of the upper five protection values is
compared with the predicted distribution (Figure 1-21) even
though there are only five data points, the difference is
significant.

(Ko1mogorov - Smirnov one-sample two-tailed test with
significance level P = 0.05.)

Similarly, protection values for the fast falling spectra
are displayed in Figure 1-22. There is not a significant
difference between the distribution of protection values and
predicted distributions for the lowest five data points, but

the distribution of the upper five data points does differ
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FIGURE 1-21

Cumulative Distributions of the Reduction in

ECSL (Protection) Provided by Glass Down Earplugs

Against a Fast-Rising Spectrum of Noise : Energy-

Weighted Estimates Compared with Distributions
Predicted from Equation 3
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FIGURE 1-22

Cumulative Distributions of the Reduction in

ECSL (Protection) Provided by Glass Down Earplugs

Against a Fast-Falling Noise Spectrum : Energy-

Weighted Estimates Compared with Distribution
Predicted from Equation 3
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significantly from the predicted distribution.

Analyses with the attenuation data provided by Hanson
and Blackstock (1958) and Martin (1973) have failed to show
a significant difference between the lowest 50 centiles of
the distributions of protection and the predicted reduction
in A-weighted sound level for the lowest 50 centiles.

The use of the selection procedure which neglects the
within-subject variance does result in over-estimation of the
amount by which hearing protectors reduce the noise energy
for the higher centiles. However, the selection procedure
does not significantly over-estimate the reduction afforded
to the lower centiles and it is unlikely that the selection
procedures would be applied on the basis of protecting less
than 50 percent of the wearers.

Contributions to the A-Weighted Sound Level at the Occluded
Ears from Frequencies Above |1313Hz and below 44Hz

I have not tested this assumption. For most industrial
noise spectra contributions to the A-weightgd sound level
at the occluded ears from frequencies outside the range
44Hz to 11.3kHz should be negligble. This is partly because
industrial noise spectra rarely have high levels in the
31.5Hz and the I|6kHz octave bands and partly because the

A-weighting corrections are large for these bands.



- 60 -

For the contribution from the 31.5Hz octave band or
the 16kHz octave band to add one decibel to the A-weighted
level beneath the hearing protectors, the following

conditions would be necessary:
Y Lx - wx - Ax
8000 10
L31.5 - 39.4 > 101log > 10

X:63

Equation |-6

OR
LX B wX - A,
8000 10
Li¢oog - 6.6 = 10 log = 10
X:63
Equation |-7
Summary

The early criteria for limiting noise exposure
recommended limits for individual octave bands. The pro-
cedures devised for selecting hearing protectors for pro-
tection against particular noises were therefore applied to
individual octave bands. Because the selection procedures
were applied to individua] octave bands, very few assumptions
had to be made.

The introduction of standards based on cumulative




A-weighted sound energy resulted in the formulation of
procedures for selecting hearing protectors based on A-
weighted sound levels. Because hearing protectors do not
attenuate all frequencies by the same amount the selection
procedures use octave band analyses and octave mid-band
attenuation data to estimate the A-weighted sound levels at
the ears when hearing protectors are worn. Estimates of the
occluded octave band levels have to be combined to estimate
the A-weighted sound level at the occluded ears.

Many more assumptions have to be made with these
selection procedures than with the previous procedures based
on octave band noise limits.

Hearing protector selection proc;dures use one attenuation
estimate per octave band. |f third octaves of random noise
have been used in the attenuation test, the attenuation will
not have been estimated over two-thirds of each octave.

Results from objective attenuation tests in which the
attenuvation had been measured in all third-octaves were
applied to flat and falling third-octave band spectra. The
reductions in A-weighted sound level calculated by this
method were within O;5dB(A) of the reductions calculated by
using only one-third octave attenuation measurement applied

to each octave band.
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The individual A-weighted octave bands have to be
combined in order to provide an estimate of the overall
A-weighted sound level at the ear. Because the selection
procedures attempt to estimate the minimum reduction in
A-weighted sound level provided to a specified proportion
of wearers, the assumption has to be made that attenuation
distributions at each freque&cy are directly related (i.e.
the subjects comprising the tail of the attenuation distri-
bution at one frequency also comprise the tail of the distri-
butions at all other frequencies).

Individual attenuation measurements have been applied to
complete noise spectra to obtain estimates of the A-weighted
reduction afforded by a hearing protector on each occasion.
The distributions of the A-weighted reductions were compared
with the distributions predicted by the selection procedures.
The selection procedures were shown to significantly over-
estimate the reduction provided to the upper centiles, but
they did not overestimate the reductions provided by the
hearing protector for the lower centiles.

The overestimating of the A-weighted reductions for the
upper centiles is consistent with the reality that the A-
weighted level inside the hearing protector will be primarily

set by the octave band which allows passage of the most sound
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energy -~ very high attenuations in other octave bands will

not significantly affect the reduction provided by the

hearing protector. A poor fit of the hearing protector to

the ear may result in low attenuation at a number of fre-
quencies and not with just one octave band - this may explain
why the reduction provided to the lower centiles was not over-
estimated by the selection procedures.

Since the selection procedures always aim to protect
greater than 75 percent of the wearers, the assumption of the
closely related attenuvation distributions may be valid.

| was not able to refute the assumption of normality of
attenuation distributions even though the distributions of
attenuation data that were analysed had vastly different
variances and were drawn from measurements on both earplugs
and earmuffs.

The assumption that there is negligible within-subject
variance was shown to be incorrect. Most attenuation data
for earmuffs and earplugs showed the presence of a significant
within-subject variance. The claims of the selection pro-
cedures to protect a specified proportion of wearers was
shown therefore not to be completely valid; this is because
any one wearer might receive high attenuation on most

occasions, but low attenuation on other occasions.
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However, the assumption that the variance in the
distributions is produced by differences between persons
has greater consequence. The presence of significant within-
subject variance implies thot persons wearing hearing pro-
tectors are on some occasions exposed to much higher sound
levels than on other occasions, even though the ambient noise
level is unchanged. Since the noise exposure criteria based
on A-weighted sound energy provide a trading relation between
noise level and exposure duration, the within-subject variance
will result in a lowering of the overall protection provided
by the hearing protectors.

To examine this assumption more closely, individual
measurements of attenuation were opplieé to noise spectra
and the results for each subject measured on a number of
separate occasions were combined to estimate the reduction 1in
equivalent-continuous sound level provided by the hearing
protector. Estimates for each subject were obtained for the
protection afforded by the hearing protector over the total
time that the hearing protector was worn.

It was shown that the energy-weighted protection
estimates for the upper centiles were significantly less than
the reductions predicted by the selection procedures.

However, the energy-weighted protection estimates for the
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lower centiles were not significantly different from the
reductions predicted by the selection procedures. This

could be explained if those persons receiving low attenuation
always receive low attenuation whenever they wear hearing
protectors, perhaps because they are a poor fit. Those

persons receiving high attenuation probably do not always
receive very high attenuation and therefore the long-term
reduction in A-weighted sound energy will be seriously degraded
by the occasions on which lower A-weighted reductions are
obtained.

The selection procedures based on A-weighted sound levels
assume that contributions to the total energy received by the
occluded ears from frequencies below 44Hz and above |1313Hz
are insignificant. This assumption is unlikely to introduce
many errors in practice.

The hearing protector selection procedures based on
A-weighted sound levels can be used to estimate the reduction
in A-weighted sound level provided by the protector, but it
must be remembered that the procedures are based on many
assumptions, many of which do not hold under all applications
of the selection procedures.

However, all of the assumptions of the selection pro-

cedures have been tested within the framework of one over-
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riding assumption that the hearing protector is worn for

the whole of the exposure duration.
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APPENDIX 11

MEASUREMENT OF THE ATTENUATION PROVIDED BY GLASS DOWN
EARPLUGS

A binaural free-field threshold technique was used to
measure the attenuation provided by earplugs made from glass
down. The measurements were made with pure-tones of
frequencies 125Hz, 250Hz, 500Hz, 1000Hz, 2000Hz, 4000Hz
and 8000Hz. An attempt was made to simulate the fitting
procedure that would be used in practice: the subjects were
given instruction in the method of fitting prior to the
experiments but during the experiments the subject fitted
the plugs without supervision. The experimental method was
basically that outlined in the American Standard method for
the measurement of real-ear attenuation of ear protectors at
threshold (ASA z24.22, 1957) but the attenuation was measured
six times on each of the ten subjects at each of the test

frequencies.

Equipment and Anechoic Chamber

The listening sessions were conducted in an anechoic

chamber; the ambient noise level inside the chamber satisfied

the requirements of ASA z24.22 (Martin, 1970). The experiments

were supervised from a separate control room.




- 68 -

An audiometer was used to ygyenerate pure-tone signals.
The output of the audiometer was fed via a power amplifier
into an electrostatic loudspeaker. A random noise generator
could be switched in place of the audiometer to provide a
background noise in which the fit of the earplugs could be
adjusted; random noise of cqual energy per octave was used.

An intercom system enabled experimenter and subject to
converse when necessary. [he pure-tone stimuli were
presented in pulses. The equipment did not produce audible
clicks and there was no noise audible from the amplifier-
speaker system when the audiometer and random noise generator

were switched off.

Subjects .

The ten subjects used in the experiment were university
staff between the ages of 20 and 30 years: eight were male
and two were female. All subjects had previously taken part
in other threshold hearing tests. Each subject had hearing
levels within the range =10dB of normal hearing (BS 2497, 1954)
at test frequencies 125Hz to 4000Hz and within the range -10dB

to +20dB of normal hearing at the 8000Hz test frequency.

Fitting
Eight of the subjects participated in the tests on three

consecutive days; for two subjects there was an interval of




three days between the second and third test sessions.

Before the first test session the subject was shown
how to fold the glass down into the earplugs. The glass down
had previously been cut into pieces 6 cms by 3 cms. A random
noise of 75dB(A) was provided so that the subject could adjust
the earplugs to give the maximum attenuvation without unreason-
able discomfort. The subject repeated the folding and fifting
procedure until his performance was considered to be adequate
by the experimenter. Throughout the remainder of the experi-
ments there was no further supervision of fitting. On each
occasion that the subject fitted the earplugs he was asked to
adjust them in the random noise. The subject was then asked
to raise and lower the jaw vigorously ten times as described
in ASA z24.22. The subject was then asked not to touch the
earplugs throughout the test; he was also asked to keep his

mouth closed during the tests.

Test Sessions

At each test session the subject had one determination of

threshold at each frequency with the ears open and two
determinations at each frequency with the ears occluded by
earplugs. The order of these three sets of determinations at
the seven test frequencies was randomised. A ngésy technique
was used for the threshold determinations; the subject was

asked to keep a button pressed down whilst the tone was

o f



audible and to release the button as soon as the tone was
inaudible. The threshold determinations were always made

in order of ascending frequency; the average of at least
six threshold crossings was taken at each test frequency. A
practice trial at 1000Hz was given before each set of deter-
minations at the seven test frequencics.

For the occluded threshold tests new earplugs were folded
and inserted before each set of determinations at the seven
test frequencies.

Each test session consisted of three sets of determin-
ations at the seven test frequencies; this took approximately

30 minutes.

Results
The attenuation provided by the glass down earplugs was
taken as the difference between the occluded threshold and

the open-ear threshold measured during the same session. The

attenuation data from the six measurements made at each test

frequency on each of the ten subjects are shown in Table |1-]
The mean and standard deviations of the data are also shown

in Table t1i=1.

Discussion

The aim of the experiment was to measure the attenuation
provided by glass down earplugs as fitted by the subjects.

Subjects experienced considerable difficulty in forming

.
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TABLE [~
Attenuation Provided by Glass Down Earplugs:
Six Measurements on each of Ten Subjects
Test frequency in hertz

Subject Trial 125 250 500 1000 2000 4000 8000
1 1 -5 5 10 15 17 38 35
2 10 8 13 16 38 38 28

3 0 11 13 17 27 38 20

4 -5 0 5 5 20 30 23

5 5 7 10 13 40 30 33

6 0 5 10 20 27 44 40

2 1 0 -5 0 18 13 10 0
2 10 12 14 16 28 28 29

3 -4 0 -4 5 13 25 20

4 -3 3 0 18 20 22 0

5 0 3 7 7 20 23 29

6 2 0 -4 -4 8 25 20

3 ] 9 8 13 20 30 33 28
2 5 15 15 18 30 28 40

3 0 5 10 14 20 23 15

4 6 7 5 18 28 48 32

5 -5 7 3 0 19 17 35

6 0 5 4 5 18 18 15

4 1 -10 -10 0 12 -4 34 42
2 10 2 5 13 33 26 13

3 7 16 19 16 23 28 14

4 ~-10 -5 8 16 10 33 30

5 10 9 0 0 33 29 11

6 3 8 5 18 20 26 20

5 1 19 10 12 21 32 24 17
2 0 14 23 17 28 31 26

3 15 13 17 27 40 34 20

4 16 10 15 24 27 28 12

5 0 5 16 10 25 18 23

6 3 6 12 12 35 26 23

cont'd




TABLE 11-1 (cont'd)
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Attenuation Provided by Glass Down Earplugs:

Six Measurements on each of Ten Subjects

Test frequency in hertz
Subject Trial 125 250 500 1000 2000 4000 8000
6 ] -4 5 5 10 19 28 30
2 2 -2 4 8 24 19 25
3 4 2 11 20 33 23 20
4 0 -2 5 5 15 20 30
5 15 18 15 15 19 27 23
6 4 4 8 14 33 33 15
7 ] 0 6 10 23 34 26 25
2 9 8 10 5 25 20 30
3 13 6 19 23 26 30 12
4 0 8 12 15 20 30 40
5 6 23 18 14 35 25 32
6 20 13 10 23 33 27 5
8 ] 22 24 23 34 43 32 30
2 10 7 13 10 30 28 22
3 10 9 13 17 23 35 10
4 15 19 12 -+ 11 28 27 25
5 0 4 6 12 25 20 20
6 17 12 20 20 23 32 20
9 ] 13 13 10 18 27 14 25
2 18 20 16 20 36 22 24
3 5 10 12 18 30 25 33
4 13 18 15 23 27 18 23
5 23 15 8 11 24 18 5
6 5 15 15 14 27 25 27
10 1 6 -5 5 8 22 34 20
2 15 10 15 13 31 45 38
3 18 13 17 17 22 28 23
4 6 -3 0] 8 12 28 20
5 15 13 17 13 28 42 30
6 11 11 13 17 22 31 29
Mean
Attenuation dB 6.3 8.1 10.2 14.4 25.2 27.8 22.7
Standard
Deviation dB 7.9 7.3 6.3 6.8 8.5 7.3 9.4




earplugs on the basis of the instructions provided by the
manufacturers. |t was necessary, therefore, for the subjects
to see earplugs being formed and inserted before they tried

to fit them. Probably more time was taken to ensure that the
subject could form and insert the earplugs than would be given
in practice. However, in practice the wearers would probably
have greater experience of folding and inserting the eorpTugs

because they would be doing it every day.
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APPENDIX 111

COMPUTER MODEL FOR ESTIMATING THE RESIDUAL RISK OF
OCCUPAT | ONAL DEAFNESS FOR HEARING PROTECTOR USERS

Hearing protectors are used to combat the risk of
occupational deafness for populations exposed to hazardous
noise. However, the use of hearing protectors may not
completely eliminate the risk of occupational deafness for
the users. A computer model has been developed to estimate
the residual risk of occupational deafness for users of any
particular type of hearing protector in any individual noise

spectrum. The estimates of residual risk are based on a

hearing level criterion of 25dBHL *.

0.512
The computer model can be used to compare the reductions
in risk afforded by high and low atténuation hearing protectors.
The computer model can also be used to estimate the effect
which protectors not being worn for part of the duration of

noise exposure is likely to have on the residual risk.

The Computer Model

The residual risk of exceeding a hearing level criterion

of 25dBHL is computed from the following data:

0.512

Noise exposure: Equivalent-continuous octave band sound
levels** for the octave bands with mid-band frequencies, 63Hz,

125Hz, 250Hz, 500Hz, 1000Hz, 2000Hz, 4000Hz and 8000Hz.

* The risk of exceeding a mean hearing level of 25 decibels
for the average of 500Hz, 1000Hz and 2000Hz.

** The octave band sound level which in eight hours would
deliver the same amount of unweighted sound energy within
the octave band as the actual exposure over the actual

workinh Hddv: ‘
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Hearing brotector: Attenuation data in the form of
estimates of mean and standard deviation for each octave
band.

The model is outlinedin Figure Il1l-1. The risk for
each centile of the population of hearing protector users is
calculated from the noise exposure and hearing protector
data and summed for all centiles Lo calculate the risk for
the population.

The centile estimates of attenuation for each of the
eight octave mid-band frequencies are calculated on the
assumption that attenuation is normally distributed at all
frequencies*. The equivalent continuous sound level (ECSL) 3
for the p th centile of hearing protector users is calculated

-

from Equation 9 from Chapter 2,

Lx-Wx-Axp
(1e9 SRR ((1og210 ™ 10 - log -]—8-9-) |
10 ©9700-v x ]
Legp= 10 log | 10 + 10
Equation 111-1

where Leqp is the ECSL for the pth centile of the
population of wearers; Lx is the equivalent continuous octave
band sound level for the octave band centred at x hertz; Wx is
the A-weighting correction at x hertz; and Axp is the
attenuvation provided by the hearing protector to sound of the
corresponding octave band for the pth centile of wearers. V u
is the percentage of the exposure duration for which the

hearing protectors are worn.

* The mean and standard deviation of attenuation of
cont'd

Y,
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FIGURE 111~1

FLOW DIAGRAM FOR THE COMPUTER MODEL
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data are used as population estimates; because the data
are usually the results of at least thirty determinations;

best-estimate population corrections have not been included
in the model.

Th isk of i -
e tisk of exceeding 25dBHL0.5|2

for each centile of
hearing protector users is calculated from a cubic approxi-
mation to the risk curve shown graphically in Figure

>

Chapter 2.

Fp=2910.1 - 92.128Leqp + O.948Leqp2 - O.OO3Leqp3

Equation |11=2

where Fp is the risk of exceeding 25dBHL for the

0.512
pth centile of hearing protector users who have been exposed
for forty-nine years, from the age of sixteen years, to an
ECSL of Leqp for five days per week and forty-eight weeks
per year.

The boundary conditions for Equation Il1-2 are that
Fp = 4 percent when Legp = 80dB(A) and Fp = 89 percent when
Legqp = 120dB(A). The risk derived from Equation 111-2 is
accurate to within one percent throughout the range 80dB(A)
to 120dB(A),

The residual risk (R) for the population of hearing

protector users is calculated from

100

R = z Fp

p=I Equation 111-3

An example of the program based on the model is shown

in Figure 111-2. An example of the output from the program




- 79 .

FIGURE |11-2

Computer Model for Estimating the Residual Risk of
Exceeding a Hearing Level Criterion for a Population
of Wearers of Hearing Protectors - Programme and
Sample Output using the Criterion of 25dB HL

0.512
for a Working Lifetime of 49 Years
'BEGIN'
"INTEGER® 1,J,K,L,N,M, IN;

"ARRAY'  WC,WA, AWT,CWT(1:8),LATEN(1:8, 1:100),0CCLEV,RESL,
RESR, Z(1:100); :

"REAL' OLDBC,OLDBA,SPAI, SIGARR,SRESL,SOCCLEV,TERM,T2,LNI0O;

"REAL' 'PROCEDURE' F(X);

'"COMMENT" CUBIC APPROXIMATION TO ROBINSON 25DBHL RISK
MINIMUM 1S4 MAXIMUM 1598;

"VALUE' X; 'REAL' X;

"BEGIN®

"REAL "DUMMY ;

DUMMY : =

2910.1-92.128%X+0.94806*X 2-0.0031303xX 3;

F:="IF' DUMMY 4'THEN'4'THEN'ELSE' ‘'IF'DUMMY 98 'THEN'98

"ELSE' DUMMY;

"END'

"PROCEDURE TEST'; )

"COMMENT SETS UP TABLES OF WEIGHTS AND REVERSE Z TABLE

FIRST SETS UP Z DISTRIBUTION FOR UPPER HALF OF DIST AT 1

PCT. POINTS, THEN 100p SETS UP LOWER HALF OF DIST IN Z(1)

TO Z(50),UPPER HALF IN Z(51) TO z(100) AT 1 PCTILES;

'"BEGIN'

CWT(7):=CWT(1):=1; CWT(2):=CWT(3):=CWT(4):=CWT(5):=CWT(6):=0;

CWT(8):=3;

AWT(1):=226;AWT(2);+16;AWT(3):=9;AWT(4) :=3;AWT(5):=0;

AWT(6) : =AWT(7):==1; AWT(8):=1;

2(51):=0.0;

7(52):=.0251; 2(53):=.0502; 7(54):=.0753; Z(55):=.1004;
2(56):=.1257; 7(57):=.1510; Z(58):=.1764; 7(59):=.2019;
72(60):=.2275; 72(61):=.2533; 2(62):=.2793; 72(63):=.3055;
7(64):=.3319; 7(65):=.3585; 7(66):=.3853; Z(67):=.4125;
7(68):=.4399; 7(69):=.4677; 1(70):=.4959; I(71):=.5244;
2(72):=.5534; 2(73):=.5828; 7(74):=.6128; 7(75):=.6433;
2(76):=.6745; 1(77):=.7063; 7(78):=.7388; 1(79):=7722;
2(80):=.8064; 2(81):=.8416; 2(82):=.8779; 7(83):=.9154;
7(84):=.9542; 2(85):=.9945; 7(86):=1.036; Z(87):=1.080;

7(88):=1.126; 2(89):=1.175; 2(90):=1.227; 2(91):=1.282
2(92):=1.341; 2(93):=1.405; 7Z(94):=1.476; 7(95):=1.555;
7(96):=1.645; 7(97):=1.751; 2(98):=1.881; Z(99):=2.054;
2(100):=2.326;
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Computer Model (cont'd)

K:=5O

"FOR' 1:=52 "STEP' 1 'UNTIL' 100 'DO' 'BEGIN®
Z(K):= -2(1); K:=K-1:

"END'

Z2(1):= -6;

LN10:=LN(10);

"END'

N:=1; M:=72;

"BEGIN'

"ARRAY' P(1:N,1:9),ATT,SDS(1:M,1:9);
TSET;

"FOR" 1:=1 'STEP' 1 'UNTIL" N 'DO"'
"FOR' J:=1 'STEP' 1'UNTIL® 9 'DO"
P(1,J):=88;

"FOR® |:=1 'STEP' 1 'UNTIL"' 36 'DO'
'"BEGIN'

"FOR J:=1 'STEP' 1 'UNTIL* 9 'DO"
ATT(1,J):=36.0-1;

"FOR* J:=1 'STEP' 1 'UNTIL' 9 'DO’
SDS(1,J):=5.0;

"END'

'"FOR' 1:=37 *STEP' 1 'UNTIL' 72 'DO°’
"BEGIN'

"FOR' J:=1 'STEP' 1 'UNTIL' 9 'DO"
ATT(1,Jd):=72-1;

"FOR' J:=1 *STEP' 1 'UNTIL' 9 'DO"’
SDS(1,J):=10.0;

'END

"FOR' K:=1'STEP' 1 'UNTIL" N 'DO'
"POR' f:=1 'STEP* 1 'UNTIL" M 'DO"'
'"BEGIN'

'"FOR' 1:=1 "STEP' 1 'UNTIL' 8 'DO"'
'BEGIN'

WC(1):=P(K, I)-CWT(1);
WA(1):=P(K, 1 )=AWT(1);

'END'

'FOR' 1:=1 'STEP' 1 'UNTIL"' 8 'DO’'
'POR' J:=1 'STEP' 1 'UNTIL' 100 'DO'
'BEGIN'

LATEN(1,J):=Z2(J)*sSDS(L, I )+ATT(L, I );

"IF' LATEN(I,J) =~10.0 'THEN' LATEN(!,J):=-10.0;
"END"

SPA]::SPAZ::O

"FOR' 1l:= 1 'STEP' 1 'UNTIL' 8 'DO’

cont'd



Computer Model (cont'd)

"BEGIN®
SPA1:=SPA1+10.0 (WC(1)/10.0);
SPA2:=SPA2+10.0 (WA(1)/10.0);

"END*

OLDBC:=10%N(SPA1)/LN10;
OLDBA:=10%L.N(SPA2)/LNI10;
SPA1:=5PA2:=0;

"FOR® |:=1 *STEP' 1 'UNTIL' 8 'DO*

'FOR® J:= 1 'STEP' 1 'UNTIL' 100 'DLO’
LATEN(I,J):=WA(1)-Laten(1l,J);

"FOR® f:=1 *STEP' 1 'UNTIL' 100 'DO"

"BEGIN®

"FOR' J:=1 'STEP' 1 'UNTIL' 8 'DO"
SPA1:=SPAT+10.0 (LATEN(J,1)/10.0);
OCCLEV(1):=10.0xLN(SPA1)/LN10;
SPA1:=0;

"END"

"FOR' 1:=1 *STEP' 1 'UNTIL' 100 'DO"
SPA1:=SPA1+10.0 (OCCLEV(1)/10.0);
SRESL:=10.0%«LN(SPA1)/LN10;
SOCCLEV:=SRESL-20.0;
WRITETEXT('("*("P")'P.%INDEX"' )" )PRINT(P(K.9),8,0);
WRITETEXT('(**(*C")"A.%INDEX");PRINT(ATT(L.9),8,0);
WRITETEXT(" ("' ('C")"OCT.%BANDZCENTRE ' (C"')'FREQ.%HZ.
1(185')'62.5 '('3S') * 125 "('5S') ' 250 '(6S') ' 500
'(*3S') ' 1000 '('5S') ' 2000 *('3S')' 4000 '('6S")’
8000 "('C')'OCT.%BAND%S. '('C')'LEVELS "('9S')'")');
'"FOR' 1:=1 'STEP' 1 'UNTIL' 8 'DO’
PRINT(P(K.1),3,1);
NEWLINE(1);
WRITETEXT (' ("MEDIANBATTEN.'('2S')'')"');

"FOR' 1:=1 'STEP' 1 'UNTIL' 8 'DO’
PRINT(ATT(L.1),3,1,);
WRITETEXT("(**('C") " STANDARDZDEVS.%"')");

"FOR' l:= 1 "STEP' 1 'UNTIL" 8 'DO’
PRINT(SDS(L.1),3,1);
WRITEXT(* (" ('C") "OVERALLZLEVELZDB(A)%=")");
PRINT(OLDBA,4,1);
WRITETEXT('(**('C") 'OVERALLALEVELZDIFF%DB=")");
PRINT(OLDBC-OLDBA,4.1);
WRITETEXT(* (" *(*2C") 'LOWERZQUART ILEZPROTECT IONZDB(A)=")");
); PRINT(OLDBA-OCCLEV(26),4,1);

WRITETEXT(*(**(*3C" 10S"')'PROTNZLEVELZDB(A)%%%PCTATOTAL
FRFSIDBRISK® (*C')'PCT%T IME "("C')'WORN'('10S")"

cont'd



Computer Model (cont'd)

L?%?%%% MED "(*7S')* PEOPLE '('5S')'TIME'('C')"

'"FOR' SPA1:=100.0,99.5,99.0, 97.0,95.0,09.0,75.0,50.0 'DO*
"BEGIN®

PRINT(SPA1,2,00); SPACE (4);

"IF' SPA1 = 100 'THEN' TERM := 150 'ELSE"
TERM=10%1N(100.0/(100-SPA1))/LN10;

"IF' SPAT = O 'THEN'" T2:_ 150 "[LSL':
T2:=10%LN(100.0/SPA1)/LLN10;

"FOR" J:= 1 'STEP' 1 'UNTIL" 100 'DO"

RESL(1):=10%LN(10.0 ((OLDBA-TERM)/10)+
10.0 ((OCCLEV(1)-T2)/10))/LN10;

PRINT(OLDBA-RESL(26),3,1);

PRINT(OLDBA-RESL(51),3,1);

SPA2: =O,'

"FOR" 1:=1 'STEP' 1 'UNTIL" 100 'DO"

"BEGIN'®

RESL(1):="1F" RESL(1) 'LE" 80

"THEN' 80 'ELSE' 'IF*' RESL(1) 'GE' 120

"THEN' 120 'ELSE"' RESL(1);

SPA2:=SPA2+F(RESL(1));

"END'

SPACE (5);

PRINT(SPA2/100,3,2);

NEWLINE (1);

"END' PAPERTHROW;

NEWLINE (1);

"END

SAMPLE OUTPUT

OCT. BAND CENTRE

FREQ. HZ 62.5 125 250 500 1000 2000 4000 8000
OCT. BAND S.

LEVELS 118.0 119.4 111.4107.4 103.4 98.4 91.4 84.
MEDIAN ATTEN. 0.0 6.3 8.1 10.2 14.4 25.2 27.8 22.
STANDARD DEVS. 0.0 7.9 7.3 6.3 6.7 8.5 7.2 9.

OVERALL LEVEL DB(A) = 110.0
OVERALL LEVEL DIFF DB = 12.0
LOWER QUARTILE PROTECTION DB(A) = 4.4

&~ N
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Sample output (cont'd)

PROTN LEVEL DB(A) PCT TOTAL RESID RISK

PCT TIME

WORN LQ MED PEOPLE
100 4.4 8.9 53.9
99.5 4.3 8.8 54.7
99 4.3 8.7 55.4
97 4.2 8.1 57.9
95 4.0 7.7 59.8
90 3.7 6.7 63.4
75 2.8 4.6 69.9
50 1.7 2.5 75.6
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is also shown in the figure. The computer program also
calculates the reduction in ECSL (ie. protection) provided
to the 25th centile and the 50th centile of the population

of hearing protector users.

Assumptions underlying the Model

The model assumes that attenuation is normally distributed
at each of the octave mid-band frequencies. Support for this
assumption was presented in Appendix |. The model also assumes
that all the variance in the attenuation data is produced
by between-subject differences. However, in Appendix | it
was shown that within-subject variance does contribute to
the total variance in attenuation data. The model also
assumes that the pth centile of the attenuation distributions
at each test frequency are composed of the same individual
hearing protector users. In Appendix | this assumption was
shown to be valid for the lower centiles, but invalid for
the higher centiles. This assumption was shown in Appendix |
to result in the under-estimation of ECSLs for the higher
centiles. The error in the higher centiles' attenuation
estimates was not important in the discussion of selection
procedures because the procedures use attenuation data
drawn from the lower tail of the distributions. In the
computer model, the whole distribution is utilised and
therefore the ECSLs for the higher centiles will be under-

estimated. Both of these assumptions lead to an under-
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estimation of the residual risk for the population of
wearers.,

In Appendix | the errors in the estimation of protection
which result from these assumptions were investigated. The
raw data from attenuation tests on glass down earplugs
(Appendix 11) were applied to three noise spectra: a flat
spectrum; a fast-rising spectrum (8dB/octave); and a fast-
falling spectrum (8dB/octave).

The greatest errors resulted from the application of
the data to the fast-rising spectrum. |In Figure 111-3, the
cumulative distribution of protection is shown, where
protection is defined as the reduction in ECSL provided by
the hearing protectors, predicted from the attenuation data
assuming that all variance in the data was produced by
differences between subjects and that the pth centiles of
the attenuation distribution at all frequencies were composed
of the same subjects. Also shown in Figure I11-3 is the
cumulative distribution of protection obtained by applying
each individual subject's attenuation test results to the
fast-rising spectrum separately.

The two distributions have been fitted with normal
distributions by a least-squares method; the best~fit normal
distributions are illustrated in Figure I11-3. The mean
protection values from the best-fit normal distributions are

16.3dB(A) and 20.5dB(A), and the standard deviations 4,5dB(A)
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FIGURE 111-3

Cumulative Distributions of the Protection Provided
by Glass Down Earplugs Against a Fast-Rising Spectrum
of Noise: Fnergy-Weighted Fstimates Compared with
Distribution Predicted from the Assumption that All
Variance produced by Differences Between Subjects
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and 7.5dB(A) respectively.

The computer model has been used to estimate the effect
of the differences between the two distributions of protection

on the residual risk of 25dBHL

0573 for the hearing protector
users. For this purpose, the following data have been applied
to flat noise spectra with ECSL's within the range 95dB(A)

to 120dB(A): -

(i) mean attenuation 16.3dB and standard deviation

4,5dB for each octave mid-band frequency

(ii) mean attenuation 20.5dB and standard deviation

7.5dB for each octave mid-band frequency

The results are displayed in Figure |l1-4,

Clearly, the assumption underlying the model can lead to
an under-estimation of the residual risks for hearing protector
users. The residual risk predicted by the model for glass
down earplug users in an ECSL of 120dB(A) from a fast-rising
spectrum is 47 percent, whereas when the assumptions are not
made, a risk estimate of 61 per cent is obtained. However, it
is unlikely that glass down earplugs would be chosen for such
a high ECSL application, and the model is seen from Figure 111-4
to under-estimate the risk less at lower ECSLs. For example,
it is unlikely that glass down earplugs which provided a
mean reduction in ECSL of 20.5dB(A) with a standard deviation
of 7.5dB(A) would be selected for ECSLs much above 103dB(A),

because the hearing protectors are usually chosen to reduce
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FIGURE 111-4

Percentage tisk 25dBHLO.5I2
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ECSLs to'90dB(A) on the basis of lower quartile or mean
minus one standard deviation attenuvation estimates. From
Figure I11-4, it can be seen that the model under-~estimates
the risk by less than two percent for ECSLs below 103dB(A).

The residual risk curves in Figure 111-4 have been
calculated on the assumption that the earplugs are worn for
the total duration of noise exposure. |f the earplugs were
worn for less than the total duration of exposure, the model
would estimate the risk with greater precision. For example,
in Figure I11-4, for an ECSL of 110dB(A) the assumptions
underlying clearly result in a seven percent under-estimate
of residual risk. However, if the comparison were made on the
assumption that the earplugs would only be worn for 95 percent
of the noise exposure, the model would under-estimate the
residual risk by only two percent.

Another potential source of error results from the use
of a normal distribution of attenuation in the computer model.
A 1imit has to be specified for the attenuation distribution.
The specifying of a limiting attenuation at the lower centiles
will result in at least one centile of the distribution always
taking the lowest possible attenuation. This may lead to
artificially high estimates of the risk, especially when
high attenuation hearing protectors are worn against high
ECSLs. Alternatively, it may result in artificial truncation

of the attenuation distributions of hearing protectors with
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low attenuation.

Theoretical hearing protectors with flat attenuation
spectra have been applied to flat noise spectra, to examine
the effect of artificially fixing the lowest percentile
attenuation to a specified limit. Attenuation spectra with
mean attenuation of 30dB per octave and 15dB per octave, both
with standard deviations of 5dB, have been applied to a noise
of 120dB(A) and a noise of 90dB(A). The effect of specifying
the lower limiting attenuation as -10dB, 0dB and +10dB was
investigated and it was found that the residual risk estimate
varied by less than one percent when lower limiting attenuations
of -10dB and 0dB were used. Truncating the attenuation
distributions at 10dB lowered the residual risk estimate by
as much as 4 percent compared with the estimate obtained with
a lower limiting attenuation of -10dB. The model has therefore
been used with the lower limiting attenuation set to -10dB

for all octave bands.

Summary

The model has been described with the assumptions that
underly it. It is primarily a tool for investigating the
trading relations between attenuation and the percentage of
time that a hearing protector is worn in terms of the residual
risk of hearing loss and the protection provided to a percentage

of the wearers when the protectors are worn in particular




noise spectra.

The accuracy of the estimates of residual risk provided
by the computer model cannot be quantified precisely. The
model is at the mercy of the errors inherent in the methods
used to test attenuation, as well as the errors associated
with the use of attenuaiion tesl data for estimating the
reduction in level afforded throughout a noise spectrum. If
the errors associated wilth the attenuation data and their
application to noise spectra become available, perhaps a
result of objective tests of noise levels under hearing
protectors, the errors in residual risk could be estimated

from Figure 3 and Figure 4 from Chapter 2.
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APPENDIX IV

SELECTION AND PROVISION OF HEARING PROTECTORS FOR
EMPLOYEES IN A FOUNDRY FETTLING SHOP

In 1972 a large steel foundry chose to develop a
general scheme fur providing hearing protectors for employees
exposed to noise levels exceeding the recommended limits
(Department of Employment, 1972). They initially organised
a pilot scheme to explore the problems involved. A small bay
in one of the fettling shops in the foundry was chosen for the
pilot scheme because the noise levels in the bay were among
the highest encountered anywhere in the foundry.

By restricting the pilot scheme to a small area in which
only twenty-three people were employed, it was hoped that a
high degree of supervision could be exercised and that
individual attention could be given to each of the men
provided with hearing protectors.

The fettling shop was one in which the usage of other
protective clothing such as respirators and eye protection
was very high - the shop was often used as a model for other
foundries on which to build their respiratory protection
schemes.

The numbers of men involved in the various processes in

the area covered by the pilot scheme are shown in Table IV-I




TABLE 1V~
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Foundry Employees Involved in the Pilot Study:

Processes und Associated Equivalent-Continuous

Sound Levels

No. involved

Equivalent-continuous noise

Process in pilot level (in dB(A))
scheme Lower Estimate Upper Estimate

Arc-Air

Gouging 5 112 115

Dressing 8 120 123

Welding 2 95 95

Burning 2 102 104

Service

Labouring 2 93 100

Automatic .

Shotblasting ] 96 97

Swing Frame

Grinding 3 102 110




Personal Interviews

Before any noise measurements were made in the shop,

each of the men was inlerviewed for about twenty minutes.

The intervicw was designed Lo explore topics such ass:
I. The working envirvonment
2. The operations involved in the job
3. The pattern of work with respect to time

4. The other protective clothing that had to be worn
for the job
5. The state of the man's hearing
6. The awareness of the man to the effects of noise
on hearing
7. The man's attitude towards hearing protectors.
The information gained from the interviews was of
considerable value when noise measurements were made and when
exposure durations were calculated. The interviews also

supplied information to be used in the selecting of hearing

protectors.

Determination of Noise Exposures

Measurements of A-weighted noise levels and octave band

analyses were made for cach of the work positions - these are

given in Table V-2 .The equivalent-continuous sound levels

(ECSLs) were derived from the exposure durations estimated by

the supervisors and the men themselves. The upper and lower
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bounds of their estimates have been used to produce upper

and lower ECSL estimates presented in Table V-],

Selection of Hearing Protectors

Glass down earplugs were chosen for the service
ltabourers, welders and shotblast operators. Lower quartile
attenuation data and octave band noise spectra were used to
calculate the reductions in noise level that would be provided
against the particular noises; for these jobs glass down was
calculated to reduce the ECSL below 90dB(A).

Analysis of the noise spectra for arc-air gouging,
burning, swing-frame grinding and dressing showed that ear-
muffs would be required to reduce the ECSLs of the operators
to 90dB(A). Six types of earmuff were chosen from the range
available commercially (opproximote]y thirty types were
considered). The six were chosen on the basis of:

I Ability to reduce the ECSLs to 90dB(A) calculated from
lower quartile attenuation data and octave band noise spectra
2, Compatibility with the other protective clothing that
had to be worn

3. Physical suitability of the hearing protectors for the
wearing environment

4. Ease of cleaning and availability of replacement parts.

A pair-comparison test’ was used with the six types of
earmuff to obtain a ranking of preferences. Fifteen of the

men from the pilot study were asked to adjust the muffs and
* Hays (1970)
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try them on in a high background level of random noise.

The men were told that the earmuffs had been chosen as
adequate for the noise levels in the shop - the background
noise was used so that the men could be sure that they were
fitting the protectors properly. The men were highly consis-
tent within their judgements; reasonably consistent agreement
was obtained between the judgements of different men.

The earmuffs that were ranked overall second, third and
fourth were chosen for distribution. The earmuffs ranked
first overall, which were the most inexpensive available
commercially, were not distributed because reports received
at a late stage showed that they would probably have a very

short Tife in a steel foundry environment.

Issue of Hearing Protectors

The glass down was supplied in boxes each containing two
ready-made earplugs. The boxes of earplugs were available
from the supervisor's office on request - the supply to each
man was not limited in any way. The men were initially issued
with glass down plugs during a personal interview. They were
informed of: the need to wear the plugs; how to insert them;
where to obtain them; and the importance of wearing them
for the full duration of their exposure to noise.

The earmuffs were also issued during personal interviews.
The men were given the opportunity to try on each of the

three pairs of carmuffs in turn and to choose one pair. The

e
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men were informed of:the need to wear the earmuffs; how
to adjust them to fit properly; and the importance of
wearing them for the whole of their exposure to noise. The
men could have their muffs cleaned at any time by taking them
to the respirator cleaning room. The men were allowed to

change to a different type of carmuff if they found the first

issue unsatisfactory.

Hearing Protector Usage Six Weeks after Issue

The co-operation from the men was extremely good. They
were interviewed within the first couple of days and again
within two weeks of being issued with the protectors to gather
their opinions of the protectors and the problems encountered
with them. They were also visited on- other occasions and
after six weeks they were asked about their usage of the
protectors.

Only one of the eight dressers said that he wore the
earmuffs for most of the time. Four of the dressers said they
wore the earmuffs when doing very noisy jobs* - three of
these men said that they wore glass down earplugs for the
rest of the time. Three of the dressers were no longer

wearing any hearing protectors.

A1l three of the swing frame grinders said that they wore

of large flat resonant castingswould

* Occasionally a batch
id that these made more

be dressed. All the dressers sa
noise than the usual work.
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the earmuffs most of the time, as did three of the five

arc-a1r operators. The other arc-air operators and the two

burners said they were no longer wearing any hearing
protectors. About half of the group that had been given

glass down earplugs said they were wcaring them but the other
half had given up wearing them.

The hearing protection scheme was based on a high degree
of individual attention and enthusiasm but the degree of
usage that was achieved differed little from that achieved
by Heijbel (1961), Sugden (1967) and Lob (1971).

The pilot scheme was the basis of the scheme later used
for providing hearing protectors to all persons with noisy

-

jobs in the steel foundry.
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APPENDIX V

SURVEY OF INDUSTRIAL NOISE SPECTRA

The attenuation provided by hearing protectors is a
function of the shape of the frequency spectra of the noise
in which they are worn. The accuracy of the hearing protector
selection methods is also affected by the shape of the
frequency spectra, as hos been discussed in Appendix |I.

Robinson (1968) reported surveys of more than 500
industrial noise spectra in the United Kingdom but the
individual noise spectra were not quoted in his report. The
gradients of the spectra were analysed by Robinson but the
data were presented in summary form which was of insufficient
detail to enable them to be used to calculate the attenuation
that would be provided to the wearers of hearing protectors.

Presse, Rose and Murray (1962) listed more than 200
noise spectra in their report on noise in Australian industries.
Unfortunately, the octave band analyses were not in the
preferred frequency bands which have been internationally
agreed (BS!, 1963). Therefore the data were not compatible
with current attenuation data.

A programme was therefore organised to compile a data

bank of industrial octave band noise spectra. The methods

used for data collection are summarised below. The raw data

have been utilised during the computer analyses described in
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Chapters 2 and 6. The raw data have not been included in
this appendix, although summaries of the spectra, which have

also been used in Appendix I, have been included.

Data Collection

Data collection took place during the period February
1973 to October 1973. Requests for assistance in compiling
the data bank were widely distributed. Letters were sent
to: -
(1) all industrial research and trade associations
in the United Kingdom
(2) all members of the British Occupational Hygiene
Society .
(3) all medical officers and safety officers in the
United Kingdom who were on the mailing list of
the Safety and Hygiene Group
Two articles were published in health and safety journals
to provide greater coverage and encourage interest in the
survey. More than 850 letters were sent and replies were
received to 44 percent of these. Many of the respondents were
not able to provide octave band analyses but most wanted to be
circulated with the results of the research. Data were

supplied by approximately 200 organisations.
Most of the data were supplied on coding sheets circulated

to respondents which were then indexed and input direct to
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the compﬁter operators. Some respondents, however, supplied
internal reports or published reports from which the data
were extracted.

One Targe group of engineering companies, which recorded
noise levels at all its factories, provided 800 octave band
analyses in the form of a computer magnetic tape.

A total of 2640 octave band spectra were collated and

stored in the data bank.

Summaries of Spectra in Data Bank

A-weighted sound levels

Interest in spectral distributions of industrial noises
in which hearing protectors might have to be worn was the
primary reason for collating the datu‘bank. Respondents were
therefore requested to provide only those spectra which would
have sound levels in excess of 85dB(A).

The organisation which provided 800 spectra on magnetic
tape had, for their own reasons, normalised the data to
approximately 85dB(A). These data have been extracted from
the survey and the cumulative distribution of A-weighted sound

levels for the remaining 1840 spectra displayed in Figure V-1I.

Spectrum gradient

No single-figure descriptor can fully summarise the shape

of an industrial noise spectrum because most industrial noise

spectra exhibit non-uniform gradients throughout the audible
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FIGURE V-

Cumulative Distribution of A-weighted Sound
Levels Calculated from the Survey of 1840
Octave-Band Analyses
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frequency range. However, a widely-used descriptor of
spectral gradient (S) has been developed by Robinson (1968):
S = 2(Las0 + Lsgp) - +(Laooo + Lagoo)

The octave band sound levels at 250Hz, 500Hz, 2000Hz
and 4000Hz were chosen by Robinson because the octave bands
above 5000Hz and below 250MHz rarely represented a significant
contribution to the overall level in his sample of over 500
spectra.

The cumulative distribution of S, for the 2640 noise
spectra, is illustrated in Figure V-2.

The "fasting falling" spectrum had a gradient of approx-
imately 26dB per octave (S = -79). The "fastest rising"
spectrum had a gradient of approximately 10dB per octave
(s = 29).

Seven percent of the spectra in the data bank had
steeper negative gradients than the "fastest falling" spectrum
from Robinson's survey (s = -13). Four percent of the spectra
had steeper positive gradients than the "fasting rising”

spectrum from Robinson's survey (s = 15).

Differences between sound levels of adjacent octave bands

For each spectrum, the difference in levels (gq) between

ad jacent octave bands was calculated:

dj L125 - Lé3

I

Loso - L125

]

do

cont'd
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FIGURE V-2
Cumulative Distribution of Spectrum
Descriptor S from the Survey of 2640
Octave-Band Analyses
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o
w
1

Lsoo - Laosg

dg = Ligoo - Lggo

d5 = L2oooo - Lygoo
d6 = 14000 = 2000
d7 = Lg000 - Y4000

The cumulative distributions of d values are shown in
Figures V-3,4,5 and 6.
The maximum and minimum values of d for the 2640 noise

spectra are also indicated on Figures V-3,4,5 and 6.
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FIGURE V-3

percentage of noise spectra
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FIGURE V-4
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Cumulative Distributions of Difference Between

Sound Levels of Adjacent Octave-Bands from the

Survey of 2640 Industrial Nojse Spectra: 250Hz -

Percentage of noise spectra
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FIGURE V-5

Cumulative Distributions of Difference Between

percentage of noise spectra

Sound Levels of Adjacent Octave-Bands from the

Survey of 2640 Industrial Noise Spectra: 1000Hz -

2000Hz and 2000Hz- 4000Hz.
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FIGURE V-6

percentage of noise spectrao

Cumulative Distributions of Difference Between
Sound Levels of Adjacent Octave-Bands from the
Survey of 2640 Industrial Noise Spectra; 4000Hz -

_8000Hz
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APPENDIX VI
DATA FROM THE 1 OCAL ISATION STUDIES AT A FOUNDRY
Table VI-I Hearing levels of fettlers who took part in

the localisation experiments

Table VI-2 Hearing levels of office employees who took
part in the localisation experiments

Table VI1-3 Angular response errors (degrees) made by
twenty-one fettlers with unoccluded ears

Table VI-4 Angular response errors (degrees) made by
twenty-one fettlers whilst wearing earplugs

Table VI-5 Angular response errors (degrees) made by
twenty-one fettlers whilst wearing earmuffs

Table VI-6 Angulur response errors (degrees) made by
eighteen office employees with unoccluded ears

Table VI-7 Angular response errors (degrees) made by
eighteen office employees whilst wearing earplugs

Table VI-8 Angular response errors (degrees) made by
eighteen office employees whilst wearing earmuffs

Table VI-9 Time taken to respond to the warning shout by
the twenty-one fettlers with unoccluded ears

Table VI-10 Time taken to respond to the warning shout by
the twenty-one fettlers whilst wearing earplugs

Table VI-1I Time taken to respond to the warning shout by
the twenty-one fettlers whilst wearing earmuffs

Table VI-12 Time taken to respond to the warning shout by
the eighteen office employees with unoccluded ears

pond to the warning shout by

T _ : taken to res .
able VI-13 Time take loyees whilst wearing

the eighteen office emp

earplugs
cont'd

P




Table VI-14 Time taken to respond to the warning shout by
the eighteen office employees whilst wearing
earmuffs
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APPENDIX VI

VISUAL CONTROL EXPERIMENT FOR FOUNDRY LOCALISAT|ON STUDIES

The response method used during the studies of localisation
of warning shouts at a foundry (Chapter 4) allowed the subject
a free choice of response direction, whereas previous studies
of localisation with hearing protectors presented subjects
with finite sets of discrete response directions from which
to choose.

During the foundry localisation studies, subjects
responded by marking the position from which they thought a
shout had originated;with a ballpoint pen on a response
diagram as in Figure Vil-l. Although the literature of
localisation experimentation contains.reports of many
varieties of response method, this type of response method
has not been described previously.

A visual control experiment was therefore incorporated
in the foundry experiments to explore the nature of errors
and bias inherent in the response method. However, it must be

remembered that there are distinct disadvantages in using

visual stimuli to explore the errors associated with the

response method used during the auditary localisation study.

The translation onto response diagrams of the positions

ascribed to the stimuli by the subjects might be accomplished

by fundamentally different processes for visual and auditary
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FIGURE VII-1

Response Diagram - The Subject Was Asked to
Mark the Circle at the Position from which
He Thought the Light had originated




stimuli.

However, the use of a visual stimulus which the subject
could see, and therefore respond to easily, did provide a

method of discovering more about the potential sources of bias

and errors associated with the response method.

Experiment

The visual control tests took place at the same
experimental sessions as the localisation of warning shout
tests. The visual control tests were completed by the
subject subsequent to the cumpletion of the localisation

tests described in Chapter 4.

Subjects:

Twenty-one fettlers ﬁnd seventeen office employees
completed the experiment. Demographic details for the subjects
have been described in Chapter 4; one office employee (02) who

“participated in the warning shout tests did not provide

results for the visual control tests.

Apparatus:

The subject was seated at a table at the centre of a

semi-anechoic chamber and surrounded by a black curtain at

a radius of 1.2 m. Opaque white screens (width 2 cm., height

5 cm.) were set into the black curtain at the same height as

‘g in Fi e VIN-2,
the subject's head at the positions shown in Figur



- 133 -

FIGURE VI1=2

Directions from Which Visual Stimuli
were Presented during the Visual Control

Experiment

|
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The small white screens could be illuminated from outside
the black curtain in any order.

A pad of response diagrams was clipped to the table in
front of the subject.

The only lighting in the semi-anechoic chamber during
the tests came from the 1lluminated opaque stimulus screen
and the pool of light directed from above the subject onto
the response diagrams. A white ribbon (4 cm. wide) pinned
vertically to the black curtain directly in front of the

subject was provided as a reference.

Procedure:

The experimental procedures and temporal pattern of

-«

the tests have been described in detail in Chapter 4 and
Figure 19, During the visual control tests, the subjects
were asked to mark the position of the nine sources on the
response diagram and then to turn to a new response diagram.
The order of presentation of the visual stimuli was

randomised separately for each subject.

The small opoque screens were illuminated until the

subject had responded and turned to a new response diagram.

The subject had to turn his head, or the upper part of

his body, to locate stimuli from positions 3,4,5 and 6 in

Figure VI1-2.

e i



Analysis of Results of Visval Control Experiment

The experiment followed a split-plot factorig] design¥*
with two factors (Subject group and stimulus direction) with
repeated measures of one factor (stimulus direction). The
experiment was designed to have equal numbers of subjects in
both office employee and fettler subject groups. Twenty-one
fettlers participated in the experiments but four of the
office employees were not able to take part. An unweighted-
means solution had to be incorporated into the analysis of
variance because the subject groups were of unequal size
(Kirk, 1968). Another problem encountered during the
analysis was that two subjects - one office employee and one
fettler - provided one response each which could not be coded
because they had marked the response diagram in two places.
A procedure, described by Kirk (1968), which is applicable
when only one response in a block is missing, was used to
estimate the two missing responses.

* In the nomenclature of Kirk (1968) the experiment

followed a SPF2.9 design.

Angular Response Error

The angular errors made by each subject when responding

. . _ h
to the visual stimuli are given 1D Table VII-I for the

fettlers and in Table VII-2 for the office employees. The
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TABLE V111

ANGULAR RESPONSE ERROR IN DEGREES MADE BY EACH OF THE FETTLERS
FOR_EACH OF THE NINE POSITIONS OF THE V1SUAL STIMULUS

Subject Stimulus position
0 1 2 3 4 5 6 7 8

F1 0 3f 1f 27 2f 5f 18r 57 8r
F2 Ir 0 0 9r  13f 13* 32r  9fF  Ir
F3 1r 11r 6f 4r 0 0 18+ 6Ff 3f
F4 0 1r 2f 2f 5f 10f 18r 16r 23r
F5 Tr 2f 2f 1f 4f 2f 2r 5r 3f
Fé Tr 8f Ir 6r 20f 2f 8r 4f 9r
F7 1r 13f 0 4f 1f 22r 17f 6f 0
F8 6r 9f 0 5r 4f 15r 14y 11r 10r
F9 3r 7f 3f 18f 0 25r 3r 8f 1r
F10 Tr /r 12f 161 39f 53f 17f 22f 3f
F11 0 0 0 14r 1f 8f 21f 10f /T
F12 2r 3r 22f 26f 7f 14f 3r /r 16f
F13 1r 12f 3f 0 2f 6f 1r 10f 4r
F14 0 9f 6f 3f 7f 6f 0 5 267
F15 2r 11f 22f  35f 6f. 13r 13r 22f 8r
F16 1r 11f 0 2f 18f 20r 1Mr 6f 5r
F17 0 13f 0 6r 8f 12r 9f 0 13r
F18 2r 7f 1f 10r 4f 0 /f 4f 4f
F19 3r 5r 8r 12r 10f 16f 5r 10r 5r
F20 2r 12r 2r 0 7f 12f 15r 13r 14r
F21 0 4f 2f 1f 5f 4f 24f 12f 5r

Mean

response

errzr 1.3 7.0 4.4 8.4 7.8 12.3 12,2 9.1 8.0

Variance 2.0 19.1 43.7 83.9 80.2 136.8 71.2 31.5 48.8

Mean

Response

Dirzction 1.3r 3.3f 3.4f 0.4f 7.8f 1.5f 5.4r 2.2f 6.8r

estimated value
= response forward of st1mu19$
= response to the rear of stimulus

PR L



TABLE VI1-2

ANGULAR RESPONSE ERROR IN DEGREES MADE BY EACH OF THE OFF|CE
EMPLOYEES FOR EACH OF THE NINE POSITIONS OF THE VISUAL STINGLUS

Subject Stimu]yus position
01 9r  8f  8f  5r  1f 24f 1+  7r 23
02 - - - - _ _ _ _ C
03 0 1r 2r 13r 3f 1f 8r 3r 2
04 0 1r 2f 13r 15 3f 9r 0 9y
05 1r r 5f Af 3f 1Mr 9f 2f 10r
06 0 6r 2f 0 7f 24f 1r 4f 5r
07 5r 9f r 5f 0 13f 4r 21f 1r
08 1r 4f 0 6r 0 3r 22r 9r  25r
09 0 1f 3r 1M1r 4f 3r 15f 22f Af
010 0 0 0 1f 1f 6f 3f 4f 13r
011 3r 8r 7f 3f 35f 28f 8r Mr 23r
012 0 14f 4f 1f 5f 7f 13f 5f 13r
013 1r 8f 5f 14r 20f 16r 33r 15r 1f
014 0 10f 8f 14f 6f 17f 4 10f 4f
015 1r 3r 1r 14f 6f 3r 3f 5¢f 15r
016 7r 0 9f 4y 3f 31f 12% 2r 16r
017 0 4f 18f 25¢f 3f 17r 24f 25f 6r
018 4v 12f 8f 2r 5¢f 13f 9r 22f 10r

Mean

response

error 1.9 5.3 4.9 9.2 6.9 12.9 11.0 9.8 10.6

Variance 7.7 19.8 20.6 40.1 79.4 91.6 71.9 66.8 61.0

Mean

response

direction 1.9r 2.9f 4.1f 1.2f 6.9f 6.7f 2.5r 4.3f 10.1r

¥ estimated value
f = response forward of st1mu1gs
T = response to the rear of stimulus
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accompanied by an indication of the position of the response

relative to the stimulus position (response forward of

stimulus:f; response to the rear of the stimulus: 0

Also included in Tables VIi-1 and VI1-2 are: mean

angular response errors for each stimulus direction; mean
response position for each stimulus direction; and estimates
of the variance within the subject groups.

The mean response errors for each stimulus position and
mean response positions for the subject groups combined are
listed by stimulus position in Table VII1-3, The mean response
errors for each of the stimulus positions are illustrated in
Figure VI1-3. The mean response positions are illustrated
in Figure VII-4,

As can be seen from Table VII-| ;nd Table VIl-2, there
appears to be a marked heterogeneity of error variance for
both the fettler and office employee subject groups. A
Hartley Fmax test (Kirk, 1968) indicated the presence of

significant heterogeneity of error variance amongst the nine

stimulus positions.
(Hartley's Fmax test for homogeneity of error

j iance x
variance: fettler subject group - error varianc

Fmax = 67.4, df = 9 and 20,

nine stimulus positionsy

employee group - error variance X

p<< 0.01; office

= d 16
nine stimulus positions, Fmox = 1.8, df = 9 an ,

p < 0.01)
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TABLE VI1-3

MEAN_RESPONSE ERROR AND MEAN RESPONSE POS
= ITION FOR THE
POSITIONS OF THE VISUAL STIMULUS: FETTLER AND OFFICE EMgtgng
SUBJECT GROUPS COMBINED

Stimulus
position

Mean

response

position

degrees

forward 1.6r 3.1f 3.7f 0.8f 7.4f 3.8f 4.1r 3.1f 8.3r
(f) or

rearward

(r) of

stimulus

Mean

response ., 6.2 4.6 8.8 7.4 12.6 11.7 9.4 9.2

error
degrees

Note: The mean response errors and variances for the subject
groups combined were used to calculate the maximum
response errors likely to occur at positions O and 4
for 95 percent of responses. |t was calculated that
five percent of all responses to stimuli from directly
in front of the subjects could be expected to exceed
an error of 3.5 degrees; similarly, five percent of
responses to stimuli from directly behind could be
expected to exceed an error of 14.5 degrees.
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FIGURE VI11-3

Mean Response Error for Fach of the Nine
Positions of the Visual Stimulus: Fettler
and Office Employee Groups Combined

Stimulus 0 8

Direction

I
7
/. 2
-
%
!
2 6
%
!
d
3
Scale:
lsationsd ot L]

error degrees
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FIGURE VIi-4

Mean Response Positions Relative to the
Nine Visual Stimulus Positions: Fettler
and Office Employee Subject Groups Combined

Stimulus 0
Positions

stimulus direction

mean response directions



Subjects could locate stimuli from positions 0,1,7 and
8 in front of them without moving their bodies, but the
locating of stimuli from other positions could not be achieved
without some movement of the head or body. | thought
that this might have accounted for the heterogeneity. However,
significant heterogeneity of error variance was demonstrable
when the stimuli, for which the subjects would have had to
turn their heads or bodies, were removed from the analysis.

(Hartley's Fmax test for homogeneity of error

variance: fettler subject group - error variance x

four stimulus positions (0,1,7 and 8); Fmax = 24.3,

df = 4 and 20, p< 0.0l; office employee group -

error variance x four stimulus position (0,1,7 and

8):; Fmax = 8.7, df = 4 and 16, b < 0.01)

The unweighted-means solution for the analysis of
variance is presented in Table VIl-4, Geisser-Greenhouse
conservative F tests have been used in the analysis of
variance because of the presence of significant error=-
variance heterogeneity (Kirk, 1968).

Differences in response €error between the two subjects
groups were not found to be significant. Nor was any signifi-
cant interaction between stimulus position and subject group
identified. However, the position of the stimulus was found

to significantly offect the angular response errorT.
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(Angular response error made by office and fettler

subjects: Geisser-Greenhouse conservative F = 8.89,

df = | and 36, p<< 0.01).

Scheffe's method was used to make multiple comparisons
between the mean response errors for the different types of
stimulus positions.

The mean angular response errors for stimulus positions
and 3 (the quudrant bisectors) did not differ significantly
from the angular response error for position 5,6,7 and 8
(positions 22.5 degrees from quadrant bisectors).

(Scheffe's comparison of mean angular response

error: Stimulus positions | and 3 with stimulus
positions 5,6,7 and 8; F = 10.8, df = 8 and 286,
p«~ 0.25; or with conservative.test, df = | and 36,

p >0.25)

Similarly, the mean response error for the stimulus
position 2 (directly to the right of the subjects) was not
significantly less than the error made when the stimulus was
presented at positions | and 3 (the quadrant bisectors).

(Scheffe's comparison of mean angular response
error: Stimulus positions | and 3 with stimulus

position 2; F = 4.3, df = 8 and 286 (df = | and 36

for conservative test), p > 0.25)

However, visual stimuli from directly ahead of the
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subjects produced significantly less angular response error

than other stimulus positions.

(Sheffe's comparison of mean angular response

error: Stimulus position O with stimulus positions
1,2,3,4,5,6,7 and 8; I = 35.8, df = 8 and 286,
p=<<0.0l, or with conservative test, df = | and 36,
p < 0.05)

Similarly, visuval stimuli from positions 0,2 and 4 were
more accurately located than the stimuli from positions 5,6,
7 and 8.
(Sheffe's comparison of mean angular response
error: Stimulus positions 0,2 and 4 with stimulus
positions 5,6,7 and 8; F = 57.7, df= 8 and 286,
p<< 0.01, or with conservotive‘test, df = | and

36, p < 0.05)

Stimuli from forward of the subjects were not necessarily

located significantly more accurately than stimuli to the rear

of the subjects.

(Sheffe's comparison of mean angular response

error: Stimulus positions 0,8, and 7 with stimulus

positions 6,3,5 and 4; F =19.1, df = 8 and 286,

p ~ 0.05, or with conservative test, df = | and 36,

;):>O.25)
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Further comparisons between pairs of stimulus positions
were analysed by Tukey's method (Kirk, 1968); the comparisons
have been summarised in Table VII1-5; a significance level

of p = 0.05 has been adopted.

Symmary
The analyses clearly indicated the presence of significant
error variance heterogeneity in the angular responses for
the visual stimuli from different directions. Error variance
was heterogeneous for stimuli presented from forward of the
subjects, which suggested that the heterogeneity could not
have been caused solely by the differences between the task
of responding to a stimulus in front and turning the head
or body to locate a stimulus from behind.
No significant difference was found between the accuracy
of fettlers and office employees.
However, the position of the visual stimulus was found
to affect the accuracy of the subject's responses significantly.
Stimuli from positions directly in front, directly
behind, and directly to the side of the subjects produced
significantly more accurate responses than positions 22.5

degrees from the quadrant disectors (ie. positions 5,6,7 and

8).
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TABLE VI1-5

SUMMARY OF COMPARISONS BETWEEN MEAN ANGULAR RESPONSE ERROR

FOR _PAIRS OF VISUAL STIMULUS POSITIONS BY TUKEY'S METHOD

}W\l\us o 1 2 3 4 5 6 7 8
Positons

0 S S S S S S

1 S S

2 S S

3 S

AN

4 S S

5 S S S S

6 S S S

7 S

8 S

S - difference significant at p  0.05
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Conclusions

The combination of visual task and response method
used in the visual control experiment resulted in significant
error variance heterogeneity. The tasks of locating visual
stimuli forward of the subject and to the rear of the subject
were different (ie. the subject had to move his head and
body to locate some of the stimuli from behind), but this
difference did not fully account for the error variance
heterogeneity.

The heterogeneity may not be a feature inherent in the
response method, but it would, however, be unwise to assume
that homogeneity of error variance would result from the
uUse of the response method in auditory localisation studies.

Similarly, the variation in response error with stimulus
position may not be an inherent feature of the response
method. However, if the response method is used for locali-
sation experiments, the marked variation in accuracy with
stimulus position must severely reduce the confidence with
which conclusions could be drawn about the variation in

localisation ability with direction.
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APPENDIX V11|
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APPENDIX VI 1|

FURTHER RESEARCH

The research presented in this thesis has highlighted

the need for further research in the following areas:

l. Protection provided by hearing protectors in practice
in industry

l.1 With what degree of accuracy do laboratory measurements
of hearing protector attenuation predict the attenuation
provided for the industrial users of the hearing

protectors?

The method of measurement of attenuation provided by
hearing protectors at threshold ‘British Standards Institution,
1974) could be used to measure attenuation provided by a
commonly used type of earplug and a commonly used type of
earmuff as used in industry. Small groups of users (15
subjects) from different user populations (eg. women, and
industrial workers from different ethnic groups) could be
asked to fit the hearing protectors as they would in their
norma]vwork and then have attenuation tested by the British

Standard method. The results from these tests could be compared

with data from manufacturers.

1.2 With what degree of accuracy does the method of estimating

the reduction in A-weighted sound level provided by
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hearing protectors (ie. attenuation data for correctly
fitted new hearing protectors applied to octave-band
sound levels) predict the protection (reduction in ECSL)

provided by the hearing protectors in practice in

industry?

Small microphones positioned at the subjects' ears and
connected to integrating noise dosemeters might provide a
method of estimating the reductions in ECSL provided by
earmuffs. This method might be adequate to explore the
effects of: earmuff fitting procedures; the removal of
earmuffs for part of an exposure; the deterioration of hearing

protectors after they have been in use for some time.

-

1.3 Which centile estimates from attenuation data should be

used in the selection of hearing protectors?

My preliminary work on the reduction in risk of
occupational deafness provided by hearing protectors should
be extended by computer modelling with hearing level criteria
other than 25dBH|67§T§ and with long-term audiometric studies

with small, closely supervised populations of hearing

protector users.

2, Effects of hearing protectors on the safety of the users

2.1 What factors govern the perception of warning sounds

and indicator sounds by normal-hearing and hearing-
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impaired wearers of hearing protectors?

It will be necessary to develop a system for estimating
the effects of hearing protectors (advantageous or dis-
advantageous) on the perception and monitoring of sounds from:
analyses of the spectral and temporal composition of the
background noise and the warning or indicator sounds; the
attenuvation data for the hearing protector; and the hearing

levels of the user.
2.2 Can hearing protectors affect the user's sense of balance?

| continually receive reports that wearers of hearing
protectors complain that the protectors upset their sense of
balance. |If hearing protectors do not affect balance, then
an explanation must be found for the apparent effect - perhaps
in terms of the feeling of isolation induced by the hearing
protectors, or the effect which they have on directional

hearing.

2.3 Are the voice levels of industrial users of hearing

protectors lowered by the wearing of the protectors?

2.4 Can people be trained to use the same voice level when

they wear protectors as they would use if they were not

wearing protectors?
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2.5 Will the wearing of hearing protectors reduce the sound

level at which a worker will shout a warning to a

workmate?

The reduction in voice level occasioned by the wearing
of hearing protectors was discussed in Chapter 5, but research
has yet to show that industrial users do not naturally over-
come the effect and that new users cannot be trained to
maintain high voice levels. When people shout warnings, they
may not monitor the voice level by audition. They may use
some other physiological monitoring system, or use the maximum
capacity of their lungs - therefore hearing protectors may

not reduce the sound level of their shouted warning.

2.6 Are hearing protectors of high attenuation which do not
cover the pinnae likely to affect localisation less

than earmuffs of the same attenvation which do cover

the pinnae?

The recent development of earplugs made from high
hysteresis polyurethane foam would provide a suitable high

attenuation earplug for comparison with a light-weight earmuff

of similar sound attenuating properties.

2.7 Do hearing protectors reduce the wearer's ability to

fna?
make use of binaural release from masking?
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Hearing protectors have bL..en shown to affect localisation
of stimuli in high background noise levels. Green and
Henning (1969), in their review of research in sound locali-
sation and binaural hearing, suggested if a signal and noise
are not localised di fferently, then probably there will be no
binaural release from masking. Some authors have presented
results from lateralisation studies which indicate that
the processes of binaural release from masking and localisation
may be at least partially different (eg. Jeffress, Blodgett
and Deatherage, 1952; Egan and Benson, 1966). Hearing
protectors might have a detrimental effect on binaural
release from masking which could further explain complaints
of feeling isolated and the resistance to wear hearing

protectors.

3. Comfort and acceptability of hearing protectors

3.1 Would a low attenuation hearing protector be more

acceptable to a user than an equally comfortable

high attenuvation protector?

3.2 Which are the important design parameters governing

the comfort, acceptability and degree of usage of

hearing protectors?

My research has highlighted the need to achieve a very
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high degree of usage of hearing protectors. Selectors
and designers of hearing protectors should be provided
with guidance to ensure that more comfortable and acceptable

protectors are designed and selected for use in industry.



- 156 -

APPEND I X X

FIGURES AND TABLES TO VOLUME |




-~ 157 -

TABLES AND FIGURES CHAPTER TWO

Tables | - 4

Figures | - 10



- 158 -

FIGURE |

Percentages of an Otologically Normal Population
Likely to Exceed the Hearing Level Criteria
Following Exposure to Noise for a Working Lifetime
(49 years, 50 weeks per year, 5 days psr week, 8
hours per day) to Sound Levels in the Range 80dB(A)

to 120dB(A)
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TABLE |

The Residual Risks from a Working Lifetime
of Exposure to 90dB(A)

Percentuge of otologically normal

opulation exceedi 25dBHL

POF ceeding 25« 0512 (1) 16
Percentage of otologically normal

population exceeding 4OdHHL6.5]2 (1) 2
Percentage of unselected population

exceeding 2bdBHL—T——=+ (2) 65

0.512

Percentage of exposed population
exceeding an arbitary standard of
handicap based upon symptoms (3) |

Percentage of exposed otologically
normal population exceeding

50dBHLG 75 (1) 4

(1) Derived from the tables compiled by Robinson
and Shipton (1973); the working lifetime has
been assumed to be of 49 years' duration,
starting in the seventeenth year; assumed
symmetrical hearing losses.

(2) Working lifetime of 45 years starting in the
nineteenth year (150 R1999, 1971).

(3) Working lifetime of 30 years (British Occupational
Hygiene Society, 1971).
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FIGURE 2
Flow Chart of Computer Model for Estimating
the Residual Risks for a Population Wearing
Hearing Protectors
INPUT

THE OCTAVE-BAND SOUND
PRESSURE LEVELS FOR
THE NOISE (63Hz - 8kHz)

INPUT

THE MEAN ATTENUATIONS AND

STANDARD DEVIATIONS FOR THE

HEARING PROTECTOR AT EACH

OCTAVE MID-BAND FREQUENCY
(63Hz - 8kHz)

THE ATTENUATION AT EACH MID-
BAND FREQUENCY IS CALCULATED
FOR EACH CENTILE OF THE
POPULATION ON THE ASSUMPTION
THAT THE ATTENUATION IS
DISTRIBUTED NORMALLY

THE A-WEIGHTED SOUND LEVEL AT THE

EARS OF EACH CENTILE OF THE
POPULAT ION WEARING HEARING
PROTECTORS IS CALCULATED

FOR EACH CENTILE A CUBIC APPROXIMATION
TO THE RISK CURVE IS USED TO CALCULATE
THE PROPORTION OF PERSONS IN THE
CENTILE THAT WOULD BE LIKELY TO EXCEED
THE HEARING LEVEL CRITERION AFTER
WEARING THE HEARING PROTECTORS IN THE
NOISE FOR A WORKING LIFETIME

THE PERCENTAGE OF THE TOVAL POPULATION
THAT WOULD BE LIKELY TO EXCEED THE
HEARING LEVEL CRITERION AFTER WEARING
THE HEARING PROTECTORS IN THE NOISE FOR
A WORKING LIFETIME IS OBTAINED BY
COMBINING THE VALUES FOR ALL CENTILES
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FIGURE 3

Residual Risk . . .
esidua isk of Exceeding 25dBHLO.ST§ for Hearing Protector

Users Exposed for a Working Lifetime (49 vears, 50 weeks per

year, 40 hours per week) to Noise Levels in the range of 85

dB(A) to |20dB(A)i for Hearing Protectors Providing Mean

Reductions in Sound Levels 5dB(A) to 35dB(A) with Standard
Deviation of 5dB(A)
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TABLE 2
Residual Risk of Exceeding 25dBHLO‘5]2 for
Wearers of Hearing Protectors Selected According
to Various Criteria
Selection Criteria Sound Level dB(A)

95 105 120

Moan attenuvation sct Lo 90dB(A)

standard deviation = 5dB(A) 19 19 19

Lower quartile attenuation

set to 90dB(A)

standard deviation = 5dB(A) 12 12 12

Mean-standard deviation set

to 90dB(A) ’

standard deviation = 5dB(A) 10 10 10

Mean - 1.5 x standard

deviation set to 90dB(A)

standard deviation = 5dB(A) 8 8 8

Mean attenuation set to 90dB(A)

standard deviation = 10dB(A) 23 24 24

Lower quartile attenuation

set to 90dB(A)

standard deviation = 10dB(A) 13 I 4 I 4

Mean-standard deviation set

to 90dB(A)

standard deviation = 10dB(A) 10 10 10

Mean - 1.5 x standard

deviation set to 90dB(A)
standard deviation = 10dB(A) 8 8 8
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Residual Risk of Exceeding 25dBHL

0513 for Hearing

Protector Users Exposed for a Working Lifetime (49
years, 50 weeks per years, 40 hours per week) to
Noise Levels in the Range 85dB(A) to 120dB(A); for
Hearing Protectors Providing Mean Reductions in

Sound Level 5dB(A) to 35dB(A) with Standard Deviation of 10dB(A)

100

0.512
provided

in sound level
by hearing protector - dB(A)

risk of exceeding 25dBHL
(percent)

Residual
Mean reduction

I ! L L
80 90 100 110 120

Sound level dB(A)

0 1
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FIGURE 6
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FIGURE 7
The Reduction in Noise Immission Level that
can be Achieved by Providing Hearing Protectors
Part-Way through a Person's 49 year Working
Lifetime [xposure to Noise
No
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for

0.512 +——

Hearing Protector Users, following Exposure

for a Working Lifetime of 49 Years to a Noise

level of 95dB(A)
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FIGURE 9

Residual Risk of E i SHL ——
ua isk o xceeding 25dBHLO.5]2, for

Hearing Protector Users, following Exposure
for a Working Lifetime of 49 years to a Noise
Level of 120dB(A)
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Residual Risk of Exceeding 25dBHL for

0.512 —
Population Exposed to 105dB(A) for a Working

Lifetime of 49 Years: Variations with

Percentage of Population Wearing Earplugs and

Farmuffs

Earplugs: mean attenuation 20dB(A),

! standard deviation 5dB(A)
L et Earmuffs: mean attenuation 35dB(A),
standard deviation 5dB(A)
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TABLE 3
Results of Continuous Observation and Noise
Dose Measurement for one Swing-Frame Grinding
operator during 4.5 hour morning shift
Activity whilst Duration of ECSL for the
not wearing exposure period during
earmuffs whilst not which earmuffs
wearing not worn (dB(A)
earmuffs
(mins)

Cleaning and adjusting
eye protectors at 2 99
swing-frame grinder

94 - 100
94 - 100

Away from swing-frame
grinder negotiating for
more castings

o O

Cleaning and adjusting
eye protectors at 3 102
swing-frame grinder

Walking to and from toilet 4 94

Estimated ECSL (8 hours) resulting from noise dose
received when hearing protectors were not worn = 85dB(A) -
88.5dB(A)

Estimated ECSL (8 hours) if hearing protectors

had not been worn = 104dB(A)
Estimated ECSL (8 hours) if earmuffs had been

worn for total duration of exposure = 80dB(A)
Estimated ECSL (8 hours) if glass down

earplugs had been worn for total duration

of exposure = 91dB(A)
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TABLE 4

Results of Continuous Observation and Noise
Dose Measurement for one swing-frame grinding
operator during 3.5 hour afternoon shift

Activity whilst Duration of ECSL for the

not wearing exposure period during

earmuffs whilst not which earmuffs
wearing not worn (dB(A))

earmuffs
(mins)

Avay from swing-frame
grinder negotiating for_ 4 94
more castings

Collecting water to damp
floor before sweeping 2 90

Sweeping area around
swing-frame grinders 5 99

Estimated ECSL (8 hours) resulting from noise
dose received when hearing protectors not worn = 88dB(A)

Estimated ECSL (8 hours) if protectors had not

been worn = 103dB(A)
Estimated ECSL (8 hours) if earmuffs had been
worn for total duration of exposure = 79 dB(A)

Estimated ECSL (8 hours) if glass down earplugs

had been worn for the total duration of
exposure =  90dB(A)




- 172 -

TABLES AND FIGURES CHAPTER THREE

Tables 5 - 9

Figures Il and 12
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The Positions of the Six Loudspeakers Which

Produced Impact Noise Stimuli and the Loud-

speaker which Produced a Background of White

Noise

White

Noise

v ,

Q° A
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TABLE 5

The Number of Correct Responses Made by Each Subject in
Each of the Listening Conditions for the Localisation
Experiment with Impact Noise in Anechoic Chamber without

Masking
Subject Unoccluded Earplugs Farmuffs
l 10 9 4
2 12 12 12
3 12 12 6
4 10 9 6
5 5 9 5
6 10 9 5
7 9 9 4
8 8 0 6
9 0 .10 7
iI0 [ Il 8
Total - all subjects 97 100 63
Correct as o
percentage of total
presentations (120) 8l 83 53
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TABLE 7

The Number of Correct Responses Made by Each
Subject in Each of the Listening Conditions
for the Localisation Experiment with Masking

Subject Unoccluded Carplugs Earmuffs

I 7 10 5
2 10 (| 10
3 7 I 9
4 8 9 7
5 6 8 6
6 Il 10 5
7 5 5 2
8 8 9 8
9 7 4 6
0 9 9 6

Total - all
subjects 78 86 64

Correct as a

percentage of

total

presentations ‘

(120) 65 71 53
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TABLES AND FIGURES CHAPTER FOUR

Tables 10 - 23

Figures 13 - 29
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Distribution of Ages in the Two Subject Groups

Age in Years

16-25 26-35 36-45 46-55 56-65
Fettlers | FI* (17) F6 (30) F4* (43) F2* (49) F3 (62)
Fox (17) F11+(28) F7 (40) F5% (53) Fi7 (64)
FI2 (25) FI13+(31) F8 (39) F10+(49) FI19 (59)
F21 (20) F18*(28) FI5 (43) Fl4x(46) F20 (62)
Office
Employees | 05 (19) oI (30) 08 (40) 02 (55) 03 (58)
010 (21) 04 (28) 09 (39) 011 (46) 06 (64)
013 (23) 07 (29) 014 (36)
012 (31) 015 (40)
016 (28)
017 (30)
018 (26)

*

+ earmuff user

glass down earplug user
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FIGURE 13

Comparison of the Distribution of Average Hearing

Levels (both ears) for the Two Subject

Grougs

42
o
|
> 95 -
()
2 90 - Office
+ o Employees
o >
® o
£ —
<o 75
P o
- 4
> O
o »
2 . Fettlers
S5 50

4o
4o
0 -
o o
—
a o
ar 251

(o]
[
o
o
()]
o 10 I~
4
[od
®
c s
o

0 0 20 30 40 >0 ¢0

dBHLE 572






188

wooq uo
' pajunow Jl3axpadspno|
dg 4WOolpny 18MO4 uDWpoog

uad
uL pajunouw

4O3F LMSOLD LIy

touwl |
ssuodsay (p3tbLqg

popey s,328{qns aao0qD
pejunow J48xpadspno|
dg wWolpny .18MO4 UDWPOOY

duy 419moy
£€0€ FDNYD

doo|-adp3i
YaLlMm doplodad
adp} 0Oou9ig
340day 49y

duy 8dd

5

FI1GURE

€€ _PoNy

1030NU8%33D
Poydo3 LMS

43 LM 103p048usb
9SLON utd

Sowl] asuodsay

,S3%9lqgng aunspbal pub

78S LON punoibyoDg MUlg puUD S3NOYG PulUlDM @3Dldus: :03} sjuawliadxy

UOL3DS L |[DJ0] Alpuno4 oyl ul pas( juawdinbj jO wbibDLlQ 213PUWYDG




- 189 -

FIGURE 16

Loudspeaker Positions From Which the Warning
Shout was Presented




FIGURE |

7

190 -

Apparatus Used to Present Recorded Warning Shouts

at Head Height from Many Directions Around the

Seated Subject Against Background Noise in the

Semi-anechoic Chamber

Experi-

menter's
console

Black

curtain

— o cam s e e e e em wiow e acH) e

Semi-anechoic chamber:
—2b5mm polyurethane

foam on 100mm airspace

Counter-balanced boom
with loudspeaker from
which warning shouts
were presented

N\

-

Response diagrams on table
at which subjects were seated

Loud-
speaker

from which
///

warning
shouts

- - o w— w—— -

“-.‘l‘&‘-l

I

Loudspeaker from which
— background noise was
presented

were
presented



FIGURE 18

Response Diagram - The Subject Was Asked to
Mark the Circle at the Position from which
He Thought the Sound Had Originated
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FIGURE 19

F]ovchurt |11ustrmting Procedure Followed with Each
Subject During Localisation Studies at the Foundry

Subject briefed outside semi-anechoic chamber

Subject seated at table in chamber and shown how
to mark response diagrams

l

Lights dimmed: subject given three visual
practice triuls,Vl,Vz,V3

Does
subject use response NO
diagrams correctly?

YES

Subject given five practice trials*with warning
shouts in 85dB(A) and 95dB(A) noise levels alternately

.

Does
subject know what is NO Further
expected of him? explanation

YES

Order of listening conditions determined by Latin-
square design?

l

Warning shouts presented for each of three listening
conditions: Practice trials Pjand Pp; alternately
75dB(A) and 95dB(A) background level random order
presentation from each of nine directions for each level

Visual control experiment. Light pres?nted from each of
nine warning shout directions

* selection from nine stimulus directions 0 - 8

random

+ Table 12
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FIGURE 20

s e e oo

Qirections from which Visual and Auditory Test
Stimuli and Practice Stimuli were Presented

Pl
5 4
- 0123456738 Positions from which
warning shouts were presented®
————— V| V2 V3 Positions used for visual practice
vewevinenes Pl P2 Position used for auditory practice

* Positions 0 1 23456 7 8 were also used during

the visual control experiment.
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Warning “houts Missed by the Two Groups in Each Listening

Condition for High and Low Background Noise Levels

Background Number of warning shouts missed
Noise Level Unoccluded Earplugs Earmuffs
Office 75dB(A) 0 0 0
employees 95dB(A) 3 3 4
Fettlers 75dB(A) 0 0 |
95dB(A) 5 9 31
Note: There were 18 subjects in the office employee

group and 2| in the group of fettlers. Each
cell represents the number missed out of a
total of 162 presentations for the office
employee group and 189 for the fettler group.
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FIGURE 21

Number of warning shouts missed in high noise level

with earmuffs worn

Mo

Correlation Between Hearing Levels and Numbers

of Warning Shouts Missed Whilst Earmuffs Were Worn

o
B 4+ Office employees
0 fFettlers o
e o
- o °
++ ++ o o %00

e BPBL S B o

\ I | l 1 A

0 10 20 30 40 50 60

dBHLG 512346
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FIGURE 22

Total Numbers of Warning Shouts Missed at Each
Stimulus Position for Fach Listening Condition -
subject groups and background noise levels combined

Farmuffs 3
Earplugs |
Unoccluded 2 3

Unoccluded 6
Earplugs 9
Earmuffs 10
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FIGURE 23

Variation in Response Time with Stimulus Direction
for Warning Shouts Detected in 75dB(A) 'pink' noise -

Subject Groups Combined

Earmuffs 3.5 3.3 3.9
Earplugs 3.6 3.3
Unoccluded 3.6 2.9 2.8
3.0
2.9 2.8 3.lI
.8
2.9
2.0
2.8
2.8
3.2
Unoccluded 3.3 0.9
Earplugs 3.¢ 3.2
Earmuffs 3.7 3.2



- 200 -

FIGURE 24

Vorictio? in Response Time with Stimulus Direction
for Warning Shouts Detected in 95dB(A) 'pink' noise -

Subject Groups Combined

Earmuffs 3.7 4.0
Earplugs 3.7 3.9 3.3
Unoccluded 3.8

3.1
3.3
Unoccluded 3.5 3.7
Earplugs 5.1 3.8
Earmuffs 4.2 3.7
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FIGURE 25

Correlation Between Hearing Levels and Total
Angular Error When Farmuffs were worn in the
Higher Background Noise Level 95dB(A)
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FIGURE
Correlation Between Hearing Levels and Total
Angular Error When Earmuffs were worn in the
Lower Background Noise Level 75dB(A)
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FIGURE 27

e d— T—o m————————

Contralateral

Response Classification Scheme

Stimulus
Position

Stimulus
Position

Example of contra-
lateral response
classification

Stimulus warning
shout from position/

Region within which 95%
of visuval control
responses to stimulus at
position O were placed

Region within which 95%

of visual control responses
to stimulus at position 4
were placed

Responses placed at X,Y
classified as contra-
lateral responses

Responses at A,B not
classified as contra-
lateral responses
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FIGURE 28

Distribution¥of Contralateral Responses to the
Warning Shouts: Responses for Office Employees
and Fettlers Combined for all Three Listening
Conditions in Both Background Noise Levels

¥ Indicates ditechon Qw“ which Shoot oﬁymﬁmi
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CHAPTER SIX

Figures 30 - 32
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FIGURE 30*
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APPEND X X
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