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ABSTRACT

A study was conducted to evaluate the effectiveness of

circunmaural hearing protection devices and their predictability
when they were being worn by nine enployees performing normal
work duties. The method enployed relied on a physica

measurenent of the noise reduction of the hearing protectors by
utilizing two FMwireless transmtting and receiving systens.

One system neasured the outside hearing protector noise |evel

the second system neasured the inside hearing protector noise
level. The noise level data of both systems was transmtted back
to the corresponding receivers and was recorded onto a two-
channel tape recorder. Three nmethods of evaluating hearing
protector performance were explored and conpared to the

Envi ronnental Protection Agenﬁ¥, Noi se Reduction Rating (EPA NRR)
values. They were, (1) - predicted National Institute for
Qccupational Safety and Health's (NIOSH). method #l values, (2) -
field-calculated NIOSH # val ues, and (3) measur ed dBA
reduction values, which was the arithnetic A-weighted differences
bet ween both nicrophone |ocations. A nore detailed description
of each method can be found in Appendix A. The majority of the
data was obtained on operators of mobile strip e%uipnent, such as
bul | dozers, front-end-loaders, and overburden drills A total of
107 individual tests were conducted using 11 different hearing
protectors. The results indicate that the anount of protection,
which can vary significantly, is related either to the spectrum
shape of the noise, or the Cweighted mnus the A-weighted (CA)
value. ~This is consisfent with other researchers that have used
a simlar approach,,*°"° The field neasured noise

reductions were equivalent to the EPA NRR val ues when the CA

val ues were negative or approaching zero. Wen the C A values
increased, the neasured noise reductions significantly decreased.

| NTRODUCTI ON

In recent years, great enphasis has been placed on enployee noise
exposure. In controlling excessive noise, the nost preferred
solution has been to inplement engineering controls on either the
noi se source, or the area where the enployee is located. Typica

. "Industrial Hygienist, Physical & Toxic Agents Division,
Pittsburgh Safety and Health Technol ogy Center.
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exanpl es would be nachine enclosures, operator's booths, partia
barriers, curtains, wall treatnents, or conbinations of these.
These controls are considered permanent since they are intended
to reduce or control the noise at all times, and for al
personnel working in the particular area. However, noise
controls of this type could becone both conplex and costly,
depending on the situation.

As a result, there has been a general trend away from the nore
proven nethod of using engineering controls to the |ess proven
techni que of personal hearing protective devices. Persona
hearing protectors are obviously easier to inplenent and

consi derably |ess expensive than engineering controls.

Because of this increase in usage, questions have been raised
pertaining to their effectiveness, or nore precisely, their

ef fectiveness when worn in a working environment. Numerous
article: -technical papers have been witten addressing this
Issues, 5, , °, ~ . The general consensus is that hearing _
protector devices do not provide the attenuation clainmed by their
manuf act urer.

This paper will attenpt to answer the questions of HOW EFFECTIVE
ARE HEARI NG PROTECTORS when they are being worn undér norma
working conditions and CAN THEI R EFFECTI VENESS BE PREDI CTED?

The method used to investigate these questions was to physically
measure the noise reduction of hearing protectors, using

mni ature mcrophones, and determine If a correlation existed
between these results and the protectors advertised capabilities.
It will be based on data obtained from both |aboratory and field
situations involving mning environnents. The use of miniature
m crophones to evaluate hearing protectors is not a new approach
%e%?r@ researchers have done this in the past with success

METHODOL OGY

The instrumentation used in the evaluation was two (2) identica
FMw reless transmtting and receiving systems. Each
transmtting system consisted of a mniature, |/4-inch dosineter
m crophone connected to a pocket sized transmitter. Both
transmtters were located on a vest, worn by the test subject.
One of the systems utilized a mniature mcrophone, held in place
with a plastic earpiece, under the earmuff next to one of the ear
openings, figure 1. The other system utilized a second
mniature mcrophone that was taped to the outside of the
earmuff, located on the same side as the inside nicrophone,
figuaedz. The m crophones of both systens were acoustically

mat ched.



FIGURE 3- Data gathering;
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The corresponding receivers, which
were |located up to a distance of 500
feet and in line-of-sight, were
connected to a two-channel tape
recorder. This arrangenent was
considered the data gathering system
figure 3. Sinmultaneous tape
recordings were made of both the

out side and inside mcrophone

| ocations, as the test subject worked.

By utilizing a wireless system the
test subjects were able to perform
their normal work duties wthout the
concern or danger of instrunmentation
cables inpeding their novenents. It
also permts conducting nmeasurenents
on operators of nobile equipnent or

- workers who routinely travel by foot,

or to nonitor several areas within a
buil ding, such as mne preparation
pl ants.

Unfortunately, the size of the

m crophones limted the evaluation, in
that only circumaural (earmuff) type
hearing protectors could be tested.

In order to test the in-situ
effectiveness of earplug protectors,
ot her researchers have used a probe

t ube nicrophone inserted in the test
subject’'s ear canal between the ear
drum and the earplug protector

This woul d have been both |npract|ca
and nedically risky, while in a field
envi ronment.

Furthernore, numerous researchers,
exam ni ng non-m ning, occupationa
environments, have consistently
denonstrated degraded performance of
eﬁrpnug protectors when conpared to
the lahorato

reSUHng) ?’} [6y 17 18’ 19. The

nagn|tude of degradat|on was dependent
upon the type of earplug

protector ™, . In addition to
degradeddaitgnuat|pm the variability
increased substantia onpar to

| aboratory eval uations L¥ 1 nRﬁ ?g Some
of these tests vyielded mi ni mum

attenuat|on speci al | when
§4 172 pCalcul:%ltlng t he
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protection afforded 84% of the popul ation, based on the average
attenuation and s-d., vyielded anplification at a few frequencies
For the nost part, the degradation for earplug, pjotectors
followed a trend simlar to that for earmuffs ™. |n fact, sone
measurenents yielded no attenuation for either type of protector

> When conputing NRR values fromfield data on earpl ug
protectors, it is not unusual to obtain negative NRR values. One
study concluded that |aboratory data better predicted field
performance of earnuff protectors than earplugs .

Therefore, it is anticipated that the results and trends obtained
for earmuff-type hearing protectors, can also be correlated to
earplug protectors. However, the inplenmentation of a good
hearing conservation plan in conjunction with the use of persona
hearing protection devices enhances the effectiveness of the HPDs

METHODS OF EVALUATI NG HEARI NG PROTECTI ON DEVI CES

At the present time the only nationally recognized nethod,for
eval uating hearing protector devices is the American Nationa
Standards Institute (ANSI) Standard, S 12.6-1984 "Method Fgr The
Measurenent of Real-Ear Protection of Hearing Protectors" “. It
Is a subjective test using human test subjects, under ideal

| aboratory conditions, to deternmine optimum real-ear-attenuation-
at-threshold (REAT), for the following nine (9) specified one-
third octave bands: 125,250,500, 1000, 2000, 3150, 4000, 6300, 8000 Hz.

Basically, the standard measures the hearing threshold of ten
highly trained subjects, for both unoccluded (wthout hearing
protector) and occluded (wth hearing protector) conditions. The
difference between the conditions is considered the hearing
protector's attenuation capabilities. It is prinmarily an
insertion |oss measurenent. The data is manipulated to yield an
average and associ ated standard deviation (s.d.) for each of the
nineltest bands. These values are the hearing protectors REAT
results.

The results are then incorporated into the Environneqha
Protection Agency (EPA), Noise Reduction Rating (NRR)

cal cul ati on which provides a single nunber estimate of the dBA
noi se reduction for that particular hearing protector. All
hearing protectors sold in the United States are required by |aw
to have their packages |abeled with the calculated NRR value. The
intent of the calculation was to develop a uniform nethod for the
relative rank ordering of all hearing protectors, based upon
their respective NRR val ues.

In our evaluation, four rating nethods were used. Since the EPA
NRR value is the only recognized nunerical conparison available
anong all hearing protectors, we also included it as one of the
rating methods.
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The second nmethod was the National Institute of QOccupationa
Safety and Health's ﬁNICSH) cal culation nethod #l, or LONG
VETHOD., It is simlar, in principle, to the EPA nmethod in

that it utilizes the manufacturer's advertized REAT results. It
differs, however, in that it utilizes the actual noise spectrum
| evel s and overall A-weighted noise level. |t was designated as
the PREDI CTED NI OSH R-FACTOR, since the result is, in essence, a
prediction of the hearing protectors effectiveness based on the
manuf acturer's REAT dat a.

The third nmethod was again the NIOSH # nethod, except that
physically measured attenuation and s.d. results were substituted
for the manufacturers REAT data. It was designated the MEASURED
Nl OSH R- FACTOR since the result is the actual measured protector’
effectiveness.

The fourth, and final method was the arithmetic difference

bet ween the neasured A-weighted noise |evel outside the protector
and the measured A-weighted noise |evel inside the protector,
after applying a 2 standard deviation (negative) adjustment to
take into account the 95th percentile popul ation.

A nore detailed description of each nethod, including equations,
can be found in Appendix A

ANALYS| S

Al'l tape recordings were analyzed for the noise spectra's I|inear
dB content, using a a-channel real-time-analyzer (RTA),

programmed for one-third octave band results. Both inside and
outsi de m crophone |ocations were analyzed simultaneously to
elimnate any tracking errors. The laboratory eval uation
recordings were analyzed at the nine (9) ANSI preferred one-third
octave bands. Field evaluation recordings were analyzed for
twenty-seven (27), one-third octave bands, from 25-10K Hz.

Anal ysis tinmes varied, dependent upon the amount of taped data.
Analysis of l|aboratory tests were conducted for the full duration
of each individual test. For exanple, if a test was conducted
for one (1) mnute, that segnent was analyzed for the ful

mnute, and was considered one (1) sanple.

Field evaluation tape recordings were approximately forty (40)
mnutes in length. There were occasions when the signal was
interru%ted by citizens band (CB) radios and interferences from
| arge objects blocking the transmssion path. \Wen this
occurred, that segnent of tape was onmitted from the analysis

Each tape recording represented one test. |t was generally

divided into seven (7) equal length sanples. The ['ength of each
sanpl e varied between 2 to 5 mnutes. The results were entered
Into a conputer program which conputed the average attenuation
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and associated s.d. values at each test frequency for each test.
The program also had the capability to utilize the resultant
averages and s.d.' s to evaluate the hearing protectors, under the
previously nentioned four methods.

LABORATORY TESTS

The purpose of conducting |aboratory tests was two-fold. The
first being, to determine if the physical neasurenent method and
data gathering sYsten1used in the field portion of the study
woul d yield sim attenuation and s.d. results as reported by

t he ANSI rocedure. The second was to conpare and eval uate the
results of the four ratings nethods utilized, to determne if any

trends were evident.

Seven (7) volunteers fromwthin the Physical & Toxic Agents
Division were used as test subjects. Thevy were not sel ected
based on ANSI criteria of audiometric tes%/i ng since this was
purely a physical nmeasurement. Subjective input fromthe test
subj ects was not needed.

El even (11) earnuff-type hear|n% prot ect ors were eval uated

(10) were worn in the over-the-hea position and one () was
worn in the behind-the-head (BH) p05|t|on New heari ng

protectors were chosen for this evaluation since the results
were to be directly conpared to the ANSI values. No specific

RECEIVERS ’ AMPLIFIER AN %&
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T TCH®Z
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FIGURE 4 - SCHEMATIC OF LABORATORY SET-UP
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instructions were given to the test subjects on fitting the
protectors, except that the devices fit confortably. The
subjects were equipped with the transmtting portion of the data
gathering system and seated inside a reverberant test chanber.
None of the test subjects wore glasses during any testing
session. Figure 4 is a schematic of the l[aboratory test set-up
and instrunentation.

"In designing the |aboratory tests, two (2) varying types of noise
stimuli were used. The first was a flat, broadband (BB) spectrum
exhibiting a verﬁ low (G-A) weighted value, (approaching 0). The
second being a shaped noise (SN) spectrumwth a |arge (%}/8

wei ght ed val ue, (approaching 10.0).

The broadband stinmulus was electronically generated pink noise

that was electrically filtered to yield a noise level of 90 dB in
each one-third octave band between the frequency range of [00-8K
Hz. The shaped stinulus was also filter generated noise, wthin

the same frequency range. It corresponded to an average field
spectrum conpiled from past field noise investigations involving
strip mning equi pment. Figure 5 displays the two spectrums
generated. Each noise specirum had its own separate filter and
FIGURE & - BROADBAND & SHAPED SPECTRUMS
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was introduced into the test chamber via a speaker as a single
noi se source. Changing from the broadband to the shaped noise
spectrum was acconplished by physically switching the appropriate
noise filter output cable into the test chanber anplifying
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Each test measurenent was approximately one (I)-mnute in
duration with (3) repetitions each. This allowed for a nmaxi num
of 21 total tests per hearing protector for both the broadband
and shaped noise stinuli. After each neasurenment, the subjects
removed the hearing protectors fromtheir ears and re-positioned
t hem before the next measurenent.

LABORATORY EVALUATI ON RESULTS

Figures 6 thru 16, (APPENDI X B), are graphical conparisons of the
physically measured attenuation results to the advertized ANS
REAT data for each of the 11 hearing protectors. The results of
each hearing protector are averaged for all test subjects as
described in the ANSI standard.

The broadband results, essentially correspond to the REAT val ues
(wthin 5 dB), in the frequency range of 500-8K Hz. The 125 and
250 Hz. results are not consistent with the REAT val ues.
Generally, for these bands, the REAT values are |arger.

The neasured attenuation results of the shaped noise spectrum are
nearly identical to the broadband data, in the frequency range of
125-2K Hz. There are significant differences above this range
with the shaped spectrum yielding |ower attenuation val ues.

The standard deviations, for each hearing protector, are
conparable to the REAT results for both the broadband and shaped
noise stimuli. This indicates the testing procedure was
consistent and there was little variability between the test

subj ect s.

The differences at the lower frequencies, for both ngise stinuli,
are comparable with the results of other researchers™, .

Their findings show that during the REAT test, physiologica

noi se produced by the inner ear's blood flow, and heart rate, is
anplified by the presence of a hearing protector device. This
anplification and nmasking raises the subjects mninum audible
threshold in the occluded ear, at the |ower frequencies.

The neasured attenuation differences between the broadband and
shaped noise stimuli are probably due to limtations of the
inside data aC%UISItIOH systems ability to accurately neasure
very low noise levels (<30 dB), in this frequency range. This
was not considered to be a problem since the inside dBA noise
| evel would be based on the entering predom nant noise

f requenci es.

Table 1 lists the average results for the different rating
met hods for the broadband noise |aboratory tests. These data



were obtained by avera
the rating method resu
protectors perforned closely to their
This is due to the followng two reasons.
br oadband spectrum noi se causes both the overal
noise levels to be essentially equal
equation),
The second,
rotectors

all the rating methods should be simlar.

i

ing across all
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test subjects.

Ceneral |y,

ts are simlar and indicate the hearing

publ i shed EPA NRR val ues.

The first being,

A and C weighted

(as in the EPA NRR

with the domnating frequencies in the |K-8K range.
Is that the frequencies that
erformance are also found in this same range, an

ave been shown to be conparable to the REAT val ues. Therefore,

dom nate the hearin

The PREDI CTED NI OSH R-FACTOR val ues are highest
her ﬂrequen0|es are slightly larger than
results.

REAT results at the hi
the physically neasure

because the ANS

Table 2 lists the rating nmethods results of the shaped noise
| aboratory tests.

TABLE 1 - AVERAGE RESULTS FOR LABORATORY BROADBAND NO SE TESTS
PREDICTED MEASURED MEASURED
EPA NIOSH NIOSH DBA MEASURED
HPD SAMPLES NRR R-FACTOR R-FACTOR REDUCTION (C-A)
A 18 26.0 29.1 25.4 27.7 0.2
B 22 26.0 29.3 28.0 29.5 0.2
C 19 29.0 31.3 24.9 27.3 0.2
D 21 24.0 26.5 19.0 20.7 0.2
E 18 22.0 25.3 20.9 22.7 0.2
F 19 19.0 21.6 24.1 25.9 0.2
G 19 25.0 28.1 19.6 21.4 0.1
H 18 23.0 24.5 15.1 16.1 0.2
I 25.0 27.4 20.9 21.8 0.1
J 21 19.0 21.6 16.4 18.0 0.2
K 18 24.0 27.9 23.5 25.6 0.2
MEAN 23.8 26.6 21.6 23.3 0.2
s.d. 3.0 3.1 4.0 4.2 0.04
TABLE 2 - AVERAGE RESULTS FOR LABORATORY SHAPED NO SE TESTS
PREDICTED  MEASURED  MEASURED
EPA NIOSH NIOSH DBA MEASURED
A 18 26.0 20.4 12.9 12.2 10.6
B 19 26.0 21.5 16.9 16.7 10.4
C 19 29.0 23.0 12,5 12.2 10.6
D 21 24.0 18.3 5.9 5.3 10.5
E 19 22.0 13.0 7.1 6.8 10.6
F 19 19.0 11.1 11.7 11.8 10.4
6 19 25.0 17.9 6.7 5.8 10.4
H 18 23.0 11.5 15 1.4 10.8
| '22 25.0 14.9 7.6 7.7 10.8
] 21 19.0 10.4 1.9 1.2 11.2
K 18 24.0 13.5 8.7 8.6 10.9
MEAN 23.8 16.0 8.5 8.2 10.7
s.d. 3.0 45 4.7 4.8 0.3
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These results, based on the use of a shaped spectrum indicate the
hearing protectors do not perform as advertized. The results are
significantly lower than the EPA NRR value. The reason for such
large differences 1s the shaped noise spectrum causes the overal
A and C-weighted noise levels to be significantly different
(unl'ike the EPA NRR fornula), with the doninatin? frequencies now
in the 125-1K Hz range. The REAT attenuation values of hearing
protectors in this range are usually lower than the higher
frequency attenuation values. [t has been previously _
dermonstrated that these values are in general larger "than what is
actually measured. Therefore, the rating nethods will vyield
results that are less than the EPA NRR values. The average

PREDI CTED NI OSH R-FACTOR nethod result is still sonewhat Targer
because it utilizes the advertised REAT val ues.

FI ELD EVALUATI ONS

Field evaluations were conducted at ten (10) different mning

| ocations. They were evenly divided between Metal/Nonnetal and
Coal operations. Al of the locations were surface operations,
with the exception of one, which was an underground |imestone
mne. The same eleven (11) earnuff-type hearing protectors that
were evaluated in the |aboratory phase were re-eval uated here.

The machine operators were equipped with the data gathering
systenms. After all sKstenB were properly calibrated, the machine
operator was given a hearing protector that he placed on hinself.
As in the laboratory evaluation, the only instruction was to fit
the protector so that it felt confortable. This was considered a
subject fit an a real world condition. He was then instructed to
begin a normal days work. Via the telenetric link, simltaneous
tape recordings were nmade for a period of approximtely 40-
mnutes of both the inside and outside noise levels. The taping
period consisted of both operational and idle work nodes.

Constant nonitoring of the data gathering system and taping was
conducted to assure proper operation.
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ThgI ty?E)es of equi pment and occupations studied are sunmarized in
Tabl e 3.

- TEGORI ES AND DI STRI BUTI EQUI PVENT
USED FOR FI ELD STUDI ES

MOBI LE SURFACE EQUI PVENT: # OF STUDI ES
. Bul l dozer operator

Front - End- Loader oper at or
Overburden Drill operator
Overburden Drill hel per
Dragl i ne operator
Dragline oiler

G ader operator

Portabl e crusher operator

e wwo A~

STATI ONARY SURFACE EQUI PMENT:
1. Crusher operator
2. Tipple operator
3. Panel operator

UNDERGROUND EQUI PMENT:
1. Face Drill operator 1
2. Load- Haul - Dunp oper at or 1

— N -
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FI ELD EVALUATI ON RESULTS

Figures 17 thru 27, (APPENDI X B), are the average field neasured
attenuation and s.d. results for the 11 hearing protectors
evaluated. These results are simlar to those from the shaped
noi se | aboratory data at the |ower and higher frequency bands.

In the md-frequency bands, the results are sometines |ess than
the laboratory data. The s.d.' s have generally increased. This
was expected, since this portion of the evaluation was conducted
on varying types of subjects, conditions, and equipnent. Table 4
lists the average rating nmethods results for the field

eval uati ons.

TABLE 4 - AVERAGE RESULTS FOR FIELD EVALUATI ON OF HEARI NG

PROTECTORS
PREDICTED  MEASURED MEASURED
EPA NIOSH NIOSH DBA MEASURED
HPD TESTS NRR R-FACTOR R-FACTOR  REDUCTION (C-A)
A 8  mean 26.5 26.4 18.3 17.4 4.5
s.d 0.5 4.1 8.3 9.2 4.7
B 4 mean 26.0 24.9 18.8 17.6 6.7
s.d 0.0 4.8 7.1 7.6 5.7
c 10  mean 28.5 26.9 18.0 18.1 6.3
s.d 0.5 2.8 6.1 5.4 4.1
D 8 mean 221 19.8 13.8 12.3 5.9
s.d 1.5 1.2 6.1 5.5 2.8
E 8 mean 21i9 20.2 14.5 13.0 5.4
s.d. 0.3 5.2 6.8 7.7 4.9
F 7  mean 19.0 17.7 18.3 16.7 5.3
s.d. 0.0 4.4 5.8 5.7 3.7
G 11 mean 23.9 20.7 14.2 12.9 7.6
s.d. 1.0 3.7 5.7 5.9 4.4
H 13 mean 23.0 16.7 14.7 15.2 8.4
s.d. 0.0 5.1 6.8 5.8 4.4
I 16 mean 24.8 20.6 13.1 14.3 7.7
s.d. 0.4 5.5 8.9 8.1 5.0
J 8  mean 18.6 16.8 14.0 13.3 6.6
s.d. 0.5 3.0 6.9 6.6 4.0
K 14 mean 23.1 18.5 14.6 13.9 8.2
s.d 1.6 5.2 9.1 8.3 4.4
ALL 107 mean 23.6 20.5 15.2 14.7 6.9
s.d 2.8 55 7.6 7.3 4.6

The results of this table indicate the MEASURED DBA REDUCTI ON
values are significantly [ower than the advertized EPA NRR
values. The average advertised EPA NRR value of the |l-hearing
protectors was 23.6. The average MEASURED DBA REDUCTI ON val ue of
14.7, and the MEASURED NI OSH R- FACTOR val ue of 15.2 are both
comparable.  The average PREDI CTED Nl OSH R- FACTOR val ue was 20. 5,
or 3.1 dB less than the EPA NRR value. This was expected because
of the physiological noise effect, previously nmentioned. The
average C-A value was 6.9 +/- 4.6 dB.

The large s.d.' s of the individual earnuffs reported for the
MEASURED NI OSH R- FACTOR and MEASURED DBA RE ION results
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indicate there is significant variability within hearing
protectors. The majority of variability appears to be due to the
C-A values. This is evident in the CA s.d.'s. Based on the

| aboratory tests, hearing protector effectiveness is a function
of spectrum shape. To better illustrate this point, the data
fromthis table has been separated into simlar CA values and
listed in table 5. The results indicate that as the CA val ue
i ncreases, the measured effectiveness of hearing protectors
decreases. Due to the smaller CGA s.d.'s, the corresponding
rating method s.d.l s now represent a nore realistic variability
between hearing protector and test subject fit.

TABLE 5 - AVERAGE RESULTS FOR FI ELD EVALUATI ON OF HEARI NG
PROTECTORS AS A FUNCTION OF G A VALUE RANGEs

PREDICTED MEASURED MEASURED

EPA NIOSH NIOSH DBA MEASURED

TESTS NRR R - FACTOR R-FACTOR REDUCTION | (C-A)
7 mean 24.0 31.1 27.5 27.6 -1.2
s.d 3.0 2.0 3.4 3.3 0.1

5 mean 23.6 28.5 29.2 27.8 0.0
s.d 2.7 2.7 4.5 4.6 0.2

4 mean 25.3 27.8 22.0 22.4 1.2
s.d. 2.6 2.1 4.3 3.9 0.3

3 mean 23.3 23.2 21.3 20.5 2.0
s.d. 0.9 2.2 4.8 4.5 0.3

8 mean 22.1 21.4 17.3 16.4 3.0
s.d 2.9 3.3 6.0 6.7 0.2

11 mean 23.9 22.4 18.7 16.9 3.7
s.d. 2.5 2:6 4.3 5.4 0.3

9 mean 23.4 20.6 12.1 11.8 5.1
s.d. 3.3 3.8 4.2 4.2 0.2

4 mean 27.3 18.6 16.9 14.4 6.3
s.d. 2.3 1.4 4.8 4.8 0.2

4 mean 23.5 19.9 14.0 14.4 6.8
s.d. 3.6 4.3 2.8 2.9 0.3

7 mean 23.1 19.2 13.4 11.6 7.8
s.d 2.6 3.3 5.4 4.8 0.3
10 mean 22.9 18.7 11.1 11.6 8.9
s.d. 2.1 2.3 5.9 4.8 0.3

3 mean 24.0 19.2 9.9 9.3 10.0
s.d. 0.8 0.3 3.2 2.5 0.2

7 mean 25. 19.6 9.4 10.0 11.0
s.d 3.2 3.7 4.6 3.5 0.3

8 mean 24.0 17.5 12.2 11.1 12.2
s.d. 3.1 4.1 5.6 4.8 0.2

10 mean 23.2 155 10.5 10.4 12.8
s.d. 2.1 2.3 5.4 4.9 0.2

7 mean 24.3 11.8 8.9 9.5 13.8
s.d. 0:9 3.2 4.7 4.5 0.2

A conparison of the EPA NRR and the MEASURED DBA REDUCTI ON
values, fromthe table, are shown in figure 28 for each of the G
A ranges. Included are the +/- 1 s.d. data points.

ANALYSI S OF RESULTS

Results of both the |laboratory and field evaluations indicated
that the advertized EPA NRR val ue does not provide an accurate
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FIGURE 28 - FIELD COMPARISON OF EPA NRR
AND MEASURED DBA REDUCTION VALUES
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estimate of a hearing protector's effectiveness in all noise
environments. The MEASURED DBA REDUCTI ON met hod, however, did
provide an accurate and sinple nmethod to describe protector

ef fectiveness, when the MEASURED NI OSH R-FACTOR is used as the
basis for conparison. In addition, it was determned that a
hearing protectors effectiveness was also a function of a noise
spectruns C A val ue.

UtiIizin% these three variables, a procedure was devised to
relate the actual effectiveness of a hearing protector to the EPA
NRR val ue using a CORRECTION FACTOR. This correction can be
subtracted fromthe EPA NRR value to obtain an estimate of the
actual performance of the hearing protector.

This can be expressed in the algorithm
FACTOR

[ DBA(reduction) - EPA NRR] =Y + X(CA) (5)

wher e: [ DBA(reduction) - EPA NRR] = anount of neasured
ef fectiveness conpared to
the advertised EPA NRR
value. It is designated as
t he CORRECTI ON FACTOR

Y = Y axis intercept _
x = Slope of regression line
C-A = Description of spectrum

shape
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Table 6 lists the field cal cul ated CORRECTI ON FACTCR regression
equations for the 11 hearing protectors and their corresponding

R-squared values, again for a 95% confidence limt

TABLE 6 - CORRECTI ON FACTOR REGRESS|I ON EQUATI ONS FOR
FIELD RESULTS

FIELD  EPA
HPQ TESTS NRR  CORRECTION FACTOR = Y + X(C-A) R-SQUARE
A 3 28 = -5.27 - 0.85(C-A) 0.19
c 10 29 = -0.55 - 1.19(C-A) 0.81
0 8 24 = -4.29 - 0.97(C-A) 0.54
E 8 22 = -4.44 - 0.91(C-A) 0.17
F 7 19 = -1.56 - 1.37(C-A) 0.72
G 1 25 = 3.83 - 1.16(C-A) 0.56
H 13 23 = -3.17 - 1.04(C-A) 0.52
[ 16 25 = 0.13 - 0.94(C-A) 0.50
J 8 19 = -1.29 - .1.19(C-A) 0.54
K 14 24 = 2.03 - L1.11(C-A) 0.47

= 4.29 - 1.64(C-A) 0.80

COMBINED 107 23.6 = -1.18 - 1.11(C-A) 0.46

The results of the table show the regression slopes are al

negative, indicating that, as the C A value increases, the
hearing protectors effectiveness decreases. The Y-intercept

centered around O. Figure 29 graphically depicts the individual

equations.

FIGURE 29 - FIELD REGRESSION RESULTS FOR
EACH OF THE 11 HEARING PROTECTORS.
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avaraged fleld data tor that particular HPD.
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It is apparent fromthe figure the regression lines are not

parallel. Miny of themintersect each other. This is an
I ndication that the hearing protectors do not perform uniformy
"or according to their NRRrating. |If that were the case, the

hi gher rated protectors would outperform the |ower rated ones.

Figure 30 is a plot of the regression line through the data set,
along with the uEper and | ower bounds for the 95th percentile.

The data fit within 95% of these bounds. Included in the figure
are +/- 2 s.d. ranges for the G A data, along the X-axis, for the
field equipnment encountered. The nost apparent feature is the
range of variation at each C-A value. For exanple, at a CGA
value of 7, the CORRECTION FACTOR ranges from $2 to a -20. This
indicates a hearing protectors effectiveness could fall within a
range of 22 dBA.

The range of C-A values for several of the equipnent types
conplicates matters further. For exanple, front-end-loaders have
a CA value range of approximately 5 to 15.7. Taking into
account the best (+2 s.d.) and the worst (-2 s.d.) case
conditions, based on the regression lines, a +5 or -30 dB could
be applied to a hearing protectors NRR value. This is a
signiticant difference.

FIGURE 30 - FIELD FACTOR VALUES
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It should be noted that the EPA, in principle, acknow edges that
| ow frequency noise has an effect on HPD perfornmance. The EPA
suggests when a noise environnent is _dom nated by |ow freguency
noise (i.e., 500 Hz. or less), the NRR value be subtracted from
the overall C weighted noise level rather than the A-weighted
noise level. This value is then considered to be the

approxi mated A-wei ghted noise level that is entering the wearers
ear. As has been described earlier, |ow frequency noise causes
the C-weighted noise level to be larger than the A-weighted
level. Thus, when the NRR is subtracted from the C-welghted

| evel the resultant value will be larger than if the A-weighted
| evel were used. This in effect reduces the NRR value by a
factor equivalent to the C A val ue.

EXAMPLE:

Wer e:
NRR = EPA NRR val ue of HPD
dbAout = A-weighted outside |evel
dBCout = C-weighted inside |evel
dbAin = A-weighted inside |evel
NRR = 20
dbAout = 90
dbCout = 100
dbAin = 70

CASE #l :

Assune the predom nant noise is above 500 Hz.

(dbAout - NRR) approxi mated inside A-weighted |evel

0 - 20 70 dbAin
CASE #2:
Assune the predom nant noise is below 500 Hz.)
EdbCout - NRRg = approxi mated inside A-weighted |evel
100 - 20) = 80 dbAn

In CASE #I, the approximted dbAin noise level is 70 dBA and the
HPD retains its 20 NRR value. However, in CASE #2, the

approxi mated dBAin noise level is now 80 dBA or 10 dBA hi gher.

In essence, the NRR value was reduced by 10 dBA, which is
equivalent to the C-A value for this exanple.

The conparison of this EPA procedure to the average field
regression line results is conparable.

It can be seen that diesel equipnent, including dozer, front-end-
| oader, dragline, grader, and |oad-haul-dunp vehicles exhibit
primarily high CA values, centered around 11.9. This was
expected since diesel engines are known to generate |ow frequency
noise. The average drilling equipnent is ound in the low CA
value range of 3.5. This was al so expected since drills generate
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hi gh frequency noise due to the drill steel inpacting on interna
chuck assenbl | es.

All of these results indicate that hearing protector
effectiveness is primarily a function of spectrum shape.
Determning the C-A value for a particular piece of equipnment
will sufficiently describe that equipnent's frequency content.

SUMVARY

The results of this evaluation have shown that the protection
provided by a hearing protector varies, depending for the nost
part on the type of nolse spectrum present in the mning

envi ronment . They attenuate best at the higher frequencies.

Lower frequency noise is not as easiIK attenuated because of

I nherent physical characteristics such as frequency wavel ength
and materials of construction. It has been denonstrated that

subj ective ANSI REAT attenuation results at 125 and 250 Hz.,
generally over-estimate the hearing protectors effectiveness when
conpared to physically neasured attenuations. This anomaly
results fromthe masking of the test subjects occluded threshold
of hearing by physiologically generated noise. The physically
measured attenuations for frequencies above 250 Hz. %etter

approxi mate the ANSI REAT results. The over-estimtion in the
first two ANSI test bands causes a probl em when incorporating
these values into the PREDI CTED NIOSH 61 nethod fornula,
especially when the spectrum used is dom nated by |ow frequency
noise. The resultant value significantly over-estimtes the
hearing protectors advertized NRR value when conpared to both the
MEASURED NI OSH #1, and DBA REDUCTI ON val ues. However, when a
predom nately high frequency spectrum is substituted into the
same fornula, the PREDI CTED NI CSH #l resultant val ue becones
essentially equal to, or slightly greater than the advertized NRR
value. It also corresponds well with both the MEASURED NI OSH #l
and DBA REDUCTI ON results.

The nunerical difference between the physically measured dBA
reduction |level and the EPA NRR value is considered to be an

adj ust nent or CORRECTI ON FACTOR value. UWilizing both the CA
and CORRECTI ON FACTOR val ues, a relationship was devel oped which
shows that as the C-A value increases, the effectiveness of the
hearing protectors decreases. The equation derived is:

CORRECTI ON FACTCR = -1.18 - |.11(CA)

This is an "average" relationship for the hearing protectors
evaluated in the field evaluation. Unfortunately, based on the
results fromfigures 29 and 30, the amount of effectiveness varied
significantly anong the protectors. It was denonstrated that for
ang C-A value, the predicted hearing protector effectiveness, for
a 95% confidence limt, lie within a 22 db range. The range of CA
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val ues for different equiprment types also varied significantly and
conmpounded the prediction even further.

Attenpting to predict a hearing protectors performance with a great
degree of certainty appears to be mnimal. The variability of the
ANS| REAT results for hearing protectors and wearer fit "are too
numerous to quantify and control. The only valid conclusion that
can be stated is that hearing protector effectiveness cannot be
described by a single rating value, and is predom nantly dependent
upon the noise environnents spectrum shape.

Vari abl es such as head and jaw novenent, sweating, glasses, |ong
hair, headband tension, and size of the hearing protector were not
investigated in the evaluatiop, , Several papers have been published
whi ch expl ored these areas 7, °. Their results indicate that
hearing protector perfornmance could be increased by being aware of
how noi se | eaks can occur and taking the time to correct these
defici encies.
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The followng is a listing of the nunbering designations used
t hroughout all 4 methods.

Subscr.i pt Fr equency

i = 125 Hz
250 "
500 "
1000 "
2000 "
3150 "
4000 "
6300 "
8000 "

—
|

OO~ U1~

METHCOD #l : EPA NRR CALCULATI ON

The EPA NRR is a nunerical value which is intended to approxinate
the amount of noise reduction anticipated from wearing a
particular hearing protector. It utilizes the manufacturers
advertized ANSI REAT results, it assunmes noise |evels of 100 dB
per test band, and it subtracts an additional 3 dB for unknown
spectral differences. The anmount of protection is based on the
"assumed overall dBC noise |evel".

The basic equation is:

EPANRR = dBA(out)-dBA(in) (1)
\Where :

dB(E&o_ut):Q/eraII C-wei ght ednoi se | evel outside the HPD.
dBA(in) =Overall A-weightednoise level inside the HPD.

5
dBc(out) =loLogy 10510 & 10t G/10) 4 1 olarG/10) (1a)
=1
5
dBA (in) =10L0GL 100519 4 10@/20) 4 1 o@/10) (1b)
=1

Where:
Q=L,;+A;-ATTN,;+2SD,
Qs=L,+A,+ [ (ATTN,+ATTN,) /2] +SD,+5D,
Q,=Ly+Ay+ [ (ATTN,+ATTN,) /2] +SD,+5D,
Were:
L, =out si denoi se level for the jth frequency band.

A, =A-wei ghted correction for the jth frequency band.
ATTNj =ANSI At t enuation value for the jth frequency band.
SO =ANS| Standard Deviation value for the jth frequency band.

VWen equation (1) is used according to the EPA policy, the term
(Loj) 1s equal to 100 dB per test band. This in turn forces the
term (dBCo), or equation (la), to become a constant val ue equa
to 107.9 dBC



21
APPENDI X A

This calculation is basically describing a hearing protectors
performance when worn in a noise environnent that produces a flat
spectral shape. It would be very difficult to find a real-life

\gprk _ebnvyronrrent whi ch exhibits this type of continual frequency
i stribution.

VETHOD #2: PREDI CTED NIOSH #| or LONG METHOD CALCULATI ON

This nethod is considered a nmore precise calculation to predict
the anount of noise reduction from wearing a particular hearing
protector. Like the NRR calculation, the NIOSH #| nethod al so
uses the manufacturers advertized ANSI REAT results. wever
they differ in that the NIOSH nethod utilizes the actual noise
spectrum and overall A-weighted noise level, rather than the
"assumed"” overall C weighted noise |evel. In this form it is a
"PREDI CTI ON"  cal cul ati on.

Its basic equation is:

PREDI CTED NI OSH R- FACTOR = dBA(out) -dBA(in) (2)
Wer e:
dBA o_ut; =Qveral | A-wejghtednoi se | evel outside the HPD.
dBA(i n)=Cveral | A-wei ghtednoise |evel inside the HPD.
5
dBA(out) =10L0G Y 10¢7* 4710 4 10 4/10) 4 1 p(Es*4/10) (2a)
J=1

5
dBA(in)=10LOGY. 10®@5/10) 4 10(@%/10) 4 1 (@/10)

(2b)
F=1
Where:
Qg=L, +A, + | (ATTN6 +ATTN,) /2] +SD, +SD,
Q, =Ly +Ay + [ (ATTN8+ATTN9) /2] +SDy+5D,
Where:

L;=outside noise level for the jth frequency band.
A;=A-weighted correction for the jth frequency band.
ATTN;=ANSI Attenuation value for the jth frequency band.
SD;=ANSI Standard Deviation value for the jth frequency band.

A drawback to using this method is that on-site octave band noise
anal ysis must be done. This entails using nore sophisticated
equi pment other than a standard sound level meter (SLM or
personal noi se dosineter.
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METHOD #3: MEASURED NI OSH #| CALCULATI ON

This is identical to nmethod #2, except that physically neasured
hearing protector attenuation and s.a. results are substituted
into equation (2b) for the manufacturers data.

Its basic equation is:
MEASVREDNI OSHR- FACTOR = dBA (out) - dBA(1n) (3)
Vher e:

dBA (out) =Overall A-weighted noi se | evel outside the HPD.
dBA(in)=0verall A-wei ght ednoi se | evel inside the HPD.

Is
dBA (out) =10Loa[7§i 10*A5/30) 4 1 gU*A/30) | 1 o(1s*/10) (3a)

5
dBA (in)=10L04 )" 10©4/20) + 1 g(0/10) + 1(@/10) (3b)
=1

Where:,
Q;=L;+A;~Msrd ATTN;+2Msrd SD;
Qg=L,+A,+ [ (Msrd ATTN;+Msrd ATTN,) /2] +MBrd SDs+Msrd SD,
Q;=Ly+Ay+ [ (Msrd ATTN;+Msrd ATTN,) /2] +Msrd SDy+Msrd SD,

Vher e: _ _
L,=outside noise level for the jth frequency band.

A;=A-weighted correction for the jth frequency band.
Msrd ATTN;=Measured Attenuation val ue for the jth frequency band.
Msrd SD;=Measured Standard Deviation value for the jth frequency band.

The results of this method is the standard by which the other
three methods will be conpared against.

METHOD #4: PHYSI CALLY MEASURED DBA NO SE REDUCTI ON

This nethod is the arithmetic difference between the A-weighted
noi se | evel measured inside and outside of a hearing protector.

The basic equation is:
MEASURED dBA REDUCTI ON = [dBA(out) - dBA(in)]~2SD (4)

Vher e:
dBA( out ) =Aver ageMeasured outside A-weightednoise |evel (4a)
dBA(i n) =Aver ageMeasur edi nsi deA-wei ght ednoi se | evel (4b)
SD=St andar dDevi ati on for number of sanples.

This equation accounts for several inportant variables, in one
sinpl e noi se measurenent. It accounts for the hearing protectors
attenuation val ues, the noise spectrum shape, and the fit of the
Qrotector_on the test subject, including noise |eaks.

he decision to reduce the average attenuation value by 2s.d.'s
was used to include 95 percent of the popul ation.



FIGURE 6 -~ HPD "A" ATTENUATION RESULTS
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FIGURE 7 - HPD "B* ATTENUATION RESULTS
LABORATORY EVALUATION
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FIGURE 10 - HPD "E” ATTENUATION RESULTS
LABORATORY EVALUATION

FIGURE 11 - HPD "F* ATTENUATION RESULTS
LABORATORY EVALUATION
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FIGURE 14 -HPD “I” ATTENUATION RESULTS
LABORATORY EVALUATION
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FIGURE 17 - HPD ‘A’ ATTENUATION RESULTS FIGURE 18 - HPD "B” ATTENUATION RESULTS
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FIGURE 21 - HPD "E* ATTENUATION RESULTS
FIELD EVALUATION

FIGURE 22 -~ HPD *F* ATTENUATION RESULTS
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FIGURE 25 - HPD ‘I' ATTENUATION RESULTS
FIELD EVALUATION

FIGURE 26 - HPD *J* ATTENUATION RESULTS
FIELD EVALUATION
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