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ABSTRACT

Experience shows the occurrence of situations when the measurements of impulse noise parameters
are made with measurement equipmentunsuitable for such conditions. The results of using such equip-
ment were compared with the results of using equipment with a sufficiently large upper limit of the
measurement range. The analysis was carried out on the example of noise generated during shots
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from a Mossberg smooth-bore shotgun and AKM rifle, as well as produced in the forge. The use of the
unsuitable equipment allowed to indicate the exceeding of the exposure limit value of the peak valus
of the signal (Lcpeak), but this is not always possible when determining the energy properties of the sig-
nal (Lex zn). While the inadequate properties of the measurement equipment will generally not pravent
the conclusion that noise in a particular workplace is hazardous to hearing, the results of measurements

cannot be used to select hearing protectors.

1. Introduction

In the case of exposure to noise, it is important to determine
its parameters in order to carry out an assessment of noise
hazards. In many cases, it is also necessary to obtain the data
necessary for the selection of hearing protectors. The problem
of obtaining reliable results may occur when measuring the
impulse noise parameters, The value of impulse noise parame-
ters often exceeds the dynamic range upper limit of commonly
used standard sound level meters.

An employer is obliged to perform the assessment of noise
hazards. The results of such an assessment may indicate the
need for that employer to take certain measures to reduce
exposure to noise. The assessment is carried out on the basis
of specific criteria, i.e., limit values for noise parameters. These
issues are described both in European legislation, i.e., Directive
2003/10/EC [1], and in Polish national regulations [2]. While the
principles of hearing conservation recommend noise reduc-
tion at the source as the first step, engineering and administra-
tive controls are the next steps when the former is not possible
[34]. In the case of impulse noise produced during the use
of firearms, firearm suppressors [5] may be such engineering
noise control measures. The effectiveness of noise reduction
in this way is not always sufficient [6]. On the other hand, the
application of technical means limiting exposure to impulse
noise in industry, according to our earlier cbservations, is not
always possible [7]. In the absence of their sufficient effective-
ness or applicability, it is essential to use hearing protectors,
These can be both passive hearing protectors and hearing
protectors equipped with electronic systems to support the
perception of relevant ambient sounds. Reviews of the vari-
ous types of hearing protectors have been published by others
[8,9]. Hearing protectors should be properly selected [1,10]
by assessing their effectiveness in reducing noise. The proper
assessment of the effectiveness of noise reduction by hear-
ing protectors requires specific selection methods. Selection

methods for hearing protectors are, in turn, based on knowl-
edge of the specific parameters characterizing noise in places
where hearing protectors are to be used [11].

There is practical evidence that measurements of noise
parameters, under conditions of high sound pressure level val-
ues, are performed with measurement equipment which is not
suitable for such conditions, i.e., standard sound level meters.
When the noise signal saturates the upper limit of a sound
level meter, an overload is indicated and the displayed sound
pressure level is incorrect. However, in the case of noise expo-
sure assessment, despite the incorrect result, information is
obtained that the noise exposure limit value is exceeded, as
required by Directive 2003/10/EC [1]. The situation is wotse
when there is a need to select hearing protectors. The use
of measurement data obtained in an inadequate manner for
obvious reasons must result in incorrectly determined values
for the parameters of noise present under hearing protectors.
As a result, this may lead to erroneous assessment of hearing
protectors as to whether they can sufficiently reduce exposure
to noise.

The measurement of high-level impulse noise such as
gunfire can only be accurately conducted with the use
of specialized equipment [12,13]. The purpose of this arti-
cle is to discuss how incorrect measurement of impulse
noise parameters with the use of sound level meters affects
the noise hazard assessment and the selection of hearing
protectors.

2. Noise parameters and their measurements

2.1. Parameters applied for the assessment of noise
hazard

The assessment of noise hazard is carried out based on the
comparison of the values of selected parameters with the
relevant criterion values, i.e, exposure limit values. Directive
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2003/10/EC [1] contains exposure limit values relating to
two noise parameters: C-weighted peak sound pressure level
{Lcpeak) and A-weighted noise exposure level normalized to
an B-h working day, otherwise known as the daily noise expo-
sure level (Lexgn). The maximum values for these parame-
ters have been set as 140 and 87 dB, respectively. Accord-
ing to the Polish regulations [2], the exposure limit values
arelrpaax = 135dBand Ly gy, = 85 dB. In addition, the Polish
regulations specify a criterion value for the A-weighted max-
imum sound pressure level: Lamax = 115dB. However, in the
case of exposure to impulse noise, the assessment using this
parameter practically duplicates the assessment made with
Lcpeak. Due to the essential duality of the assessment of the
impulse noise instantaneous values using the Lamax and L paak
parameters, the Lgpes, parameter will be taken into account
in further analysis. For the parameter Lgy g, its value is based
on the exposure time and the A-weighted equivalent sound
pressure level (Laag).

The Lamax parameter — although, as mentioned, used to
ass5ess exposure to noise in Poland - is not used in the pro-
cess of selecting hearing protectors. For the instantaneous
value of the signal, the impulse noise selection methodol-
ogy, i.e., 'Method for assessing the sound attenuation of a
hearing protector for impulsive noise’ included in the infor-
mative Annex B of the relevant Standard No. EN 458:2016
[11], includes the use of the Lcjqy, parameter. Due to the fact
that the article deals with two aspects related to the mea-
surement of noise parameters, i.e, the assessment of exposure
to impulse noise and the selection of hearing protectors, the
conducted analysis was based on the two mentioned parame-
ters (Lgx gh, Lepeak): Which are taken into account in the noise
exposure assessment in Directive 2003/10/EC [1] and at the
same time are considered in the selection of hearing protectors
for impulse noise [11]. The analysis was supplemented with
other parameters used in the selection of hearing protectors,
Details in both of these areas, i.e,, assessment of noise hazard
and selection of hearing protectors, will be described later in
the article.

2.2. Problems with the measurement of impulse noise
parameters when assessing noise hazard

Standard No. 1SO 961 2:2009 [14] for the determination of occu-
pational noise exposure includes the requirement that the
sound level meters used shall meet the requirements for IEC
61672-1 [15], class 1 or class 2 instrumentation. In accordance
with the provisions of Directive 2003/10/EC [1], the measure-
ment equipment used for the assessment of noise hazard
should make it possible to measure the noise parameters
taken into account in the assessment and determine whether,
among others, the exposure limit values for these parame-
ters have been exceeded. When measuring the parameters of
impulse noise, it may happen that the sound pressure level
characterizing this noise will exceed the dynamic range upper
limit of the sound level meter. Table 1 presents examples of
the limits of the possibilities of measuring noise parameters
by type of approved sound level meters, These data, which are
included in the sound level meter user manuals, include Lepeak,
which, as a parameter related to the instantaneous value of the
signal, is particularly applicable to characterize the properties
of impulse noise. The upper limit of the measurement range is
also determined for Laeq, which is also used in the assessment
of noise hazard.

Table 1. Examples of class 1 sound level meters (according to IEC 61672-1 [15])
with type approval often used in Poland and their upper limits of measuring
ranges.

Manufacturer and model
of sound leve! meterwith 2

Upper limit of the
L pesy measurement

Upper limit of the
Lg/Lgeq measurement

given microphone range {dB) range (dB}

Briiel & Kjeer 2250 with 1427 1397
4189 microphone

Morsonic Nor 140 with Nor 140.0 1370
1225 microphone

Sonopan DSA 50 with 1380 1350
WK-21 microphone

Svantek SVAN 979 with 140.0 1370

GRAS 40AE microphone

Note: Information based on product data/instruction manuals. [y = A-weighted
sound pressure level; [1oq = A-weighted equivalent sound pressure level;
Lepesk = C-weighted peak sound pressure level.

Table 2. Exemplary values of parameters of impulse noise generated in the
forge and during firing of firearms.

Impulse noise source L peaic (B}
Forgers’ waorkplace 148.9
PM-98 Glauberyt submachine gun at a distance of 1.1 m 1514
Glock 17/Walther P99 pistol at a distance of 1.1 m 1533
Mossberg 590 smooth-bore shotgun at a distance of 1.1m 1581
ZUJ-23-2K anti-aircraft qun {at crew position) 158.3
Anti-tank guided missile (at operator position) 160.7

Note: Values based on other studies of the authors’ team [7,17,18]. Lrpeay, = C-
weighted peak sound pressure level.

Noise with high peak sound pressure levels can occur
in both industrial and recreational settings. The peak sound
pressure level produced by high-powered firearms can even
excead 172 dB [16]. An example of an industrial noise source
that generates noise exceeding the exposure limit value for
Lcpaak is a forging hammer. The parameters of noise present
at work in the forge were included by the team of authors
in one of their previous studies [7], where the possibility of
reducing this noise by using hearing protectors was analyzed.
In another study, the team of authors described issues related
to the selection of hearing protectors for shooting instructors
[17]. An inherent element of these two works were the mea-
surements of noise parameters in the places where people
use the selected hearing protectors. The next study presents
the results of the measurements of noise parameters occur-
ring during military field exercises [18]. Table 2 presents some
sample results of noise parameter measurements taken from
the three aforementioned works. The results shown in this
table were obtained using measurement equipment whose
dynamic range upper limit does not limit the ability to char-
acterize the noise produced by the sources considered and
is 174 or 184dB. A GRAS 675B transducer (GRAS Sound &
Vibration A/S, Denmark) or Briel & Kjer 4941 microphone
(Briel & Kjer, Denmark) was used. A signal from the trans-
ducer/microphone was supplied to a Briiel & Kjaer 3052-A-030
input module ar Briiel & Kjzer PULSE 3560 C measurement unit.
The waveforms of this signal were recorded, which enabled
further analysis with the use of Briel & Kjzer Pulse Reflex or
Briel & Kjzar LabShop software, during which noise parameters
were determined.

In Table 2, impulse noise is characterized by Lcpeqy, which,
as already mentioned, is a parameter used to assess naoise haz-
ard. Data available in the literature most often refer to another
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noise parameter, i.e., (unweighted) peak sound pressure level,
and other types of weapons. Moreover, they wers obtained at
other distances from the noise source. Despite all these dif-
ferances, the available data are comparable or even excead
the values presented in Table 2. For example, in the case of
C7 rifle shots, at a distance of 30cm from the shooter, Lpeay
was 154.7 dB [19]. In the case of AR-15 rifle shots, at a distance
of 4m it was even 168dB [20]. The Lpea values presented
in Table 2 exceed the upper limit of the Lepear measurement
range presented in Table 1 for each of the four sound level
meters. Thus, measurement of the parameters of noise gen-
erated by the sources presented in Table 2 with a standard
sound level meter will result in a message about the mea-
surement range distortion and the displayed indication will be
erroneous. This will not give a reliable value of Lepey. Infor-
mation on exceeding the measuring range of the instrument,
for obvious reasons relating to the correct use of the mea-
surement equipment, makes it necessary to reject the results
obtained from the noise parameters measured in this case.
Using each of the four sound level meters presented in Table 1,
it is only possible to determine that the Lcpeay limit value has
been exceedad. This means that the aforementioned require-
ment in Directive 2003/10/EC [1], which states that the mea-
surement equipment must be capable of detecting the fact
that the permissible noise parameters have been exceeded, is
met. It should be kept in mind that such measurement data,
i.e, erroneous measurement results, will make it impossible to
determine correctly the indicators used to show how far the
limit value for a certain noise parameter is exceaded.

2.3. Noise parameters for the selection of hearing
protectors

The problem of exposure to noise in the workplace is often
associated with the need for hearing protectors. As mentioned
in Section 1, hearing protectors should be properly selected
[1,10]. Depending on the calculation method of selection of
hearing protectors [11], it is necessary to know the specific
noise parameters to use. When selecting hearing protectors
to be used in the presence of impulse noise, it is necessary
to characterize the instantaneous values of acoustic impulses
using the Lcp.q parameter. The selection must also involve
determining Laaq under a hearing protector, The use of the
‘octave band method' for this purpose will require measure-
ment of the sound pressure level in octave bands (Lp). When
using the 'HML method' for selecting hearing protectors, it is
necessary to measure Lyeq as well as the C-weighted equiva-
lent sound pressure level (Lreq). The name of the HML method
is related to the fact that the calculation uses the 5, M, and L
values representing the attenuation of hearing protectors: H
= high-frequency attenuation value, M = medium-frequency
attenuation value, [ = low-frequency attenuation value [21].
In the case of the 'SNR method', it is necessary to obtain a
result of the Lo, measurement. The name of the SNR methed
is related to use of the SNR value in the calculations, which
expresses the attenuation of the hearing protector with only
one number: single number rating [21]. As the octave band
method is the most accurate of these methods, it is recom-
mended to use it first [11]. In this situation, it is necessary to use
measurement equipment with an option of analysis in octave
bands.

As already mentioned, in the case of a noise hazard assess-
ment one can accept the lack of correct noise values in certain

situations when the technical capabilities of the sound level
meter are not sufficient. On the other hand, with regard to the
data required for the selection of hearing protectors, informa-
tion on the mere fact of exceading the noise limit values is no
longer sufficient. The use of calculation methods for the selec-
tion of hearing protectors requires the availability of correctly
determined noise parameter values [11]. Thus, measurement
equipment with an insufficient dynamic range upper limit will
not provide the data necessary for the correct selection of
hearing protectors.

3. Methods

3.1. Method for illustrating the consequences of the use
of standard sound level meters for impulse noise

As already mentioned in Section 1, experience shows that
measurements of noise parameters, under conditions of high
sound pressure level values, are carried out with standard
sound level meters, with too low a value of the dynamic range
upper limit. The further part of this study describes the effects
of using measurement equipment not adapted to measura the
parameters of characterized noise.

For this purpose, a simulation was conducted to determine
the values of noise parameters by means of a sound level
meter, using previously recorded noise waveform. The dia-
gram illustrating the procedure adopted to show the effects of
using sound level meters in the case of impulse noise is shown
in Figure 1.

The noise wavefarms occurring when firing the Mossberg
smooth-bore shotgun and the AKM rifle and during metal
processing with a forging hammer were recorded using mea-
suremeant equipment whose dynamic range upper limit does
not limit the possibility of noise characterization, i.e,, with a
GRAS 675B transducer connected to a Brilel & Kjeer 3052-A-030
input module. Original and modified noise waveforms were
analyzed in two situations .g., when the dynamic range upper
limitwas 139.7 and 135.0 dB. These were the highest and low-
est values of this limit among the data presented in Table 1.
The noise waveforms recorded in real conditions have been
modified to reflect the effect of a signal trimmed due to the
limited measuring range of the sound level meter. Examples
of noise waveforms for the recorded signal and signals after
modification are shown in Figure 2.

The recorded waveforms of the signal (i.e, the original) and
the waveforms after modification were used to determine the
values of noise parameters, in accordance with the definitions
of these parameters and the rules contained in Standard No.
150 9612:2009 [14]. The original noise waveform was used as a
basis to determine reference data. The noise parameters wera
determined using program procedures designed to be run
in MATLAB R2019a version 9.6.0.1174912. The proper perfor-
mance of the prepared procedures has been demonstrated
by their validation with calibrated measurement equipment
based on the Briel & Kjzr 3052-A-030 input module and Briiel
& Kjzer LabShop. The determined values of the noise parame-
ters, in the case of original and modified waveforms, were used
to calculate the differences between them in order to show
what the consequences of incorrect use of the measurement
equipment may be. The obtained values of noise parameters
were also used to show the influence of incorrect measure-
ment results on the selection and evaluation of hearing protec-
tors, The parameters determined included Lopeak, Laag, Lexan
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Figure 1. Procedure adopted to show the effects of using sound fevel meters in the case of impulse noise parameter measurements. A = difference; Ljeq =
A-weighted equivalent sound pressure level; Lepesy = C-weighted peak sound pressure level.
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Figure 2. Original and trimmed waveforms of shots from the Mossberg smooth-
bore shotgun with different dynamic range upper limit values of the measure-
ment equipment.

and Leeq. Additionally, the results of the determination of L
were presentad,

All signal waveforms included in the analysis were repre-
sentative in accordance with the principles of noise exposure
assessment [14] and corresponded to the principles of selec-
tion of hearing protectors [11]. For each of the sources, an
exemplary cycle of activities was used, representative for a
specific place of residence of the person who performs these

activities. The results obtained included an exemplary working
day. All of the signals included in the analysis corresponded in
terms of their duration to situations that took place in real con-
ditions. At the same time, all activities that should be analyzed
in the case of individual places of residence of a person were
taken into account. Details on the selection of representative
signals for analysis are provided in the cited paper on selec-
tion of hearing protectors for use in a shooting range [17]. For
example, one full representative cycle of the task includes not
only shooting, but also giving instructions, loading weapons
and ather preparatory activities, unloading weapaons, checking
their condition, etc. For example, in the case of the Mossberg
shotgun, three-shot exercises were included, each of which
consisted of several shots and the activities accompanying this
shooting. In the case of the AKM rifle, the analysis included
exercises consisting of 50 shots.

3.2. Method forillustrating the consequences of the
incorrect selection of hearing protectors

In the case of exposure to impulse noise, two parameters of
that noise are considered when selecting hearing protectors
[111. It shall be checked whether the use of a hearing protec-
tor will cause the C-weighted peak sound pressure level under
the hearing protector {[:?peak] to be sufficiently lowered, ie,
below the exposure limit value, which, as mentioned earlier,
is 135dB. At the same time, appropriate conditions must be
met for the value of the A-weighted equivalent sound pressure
level of noise under a hearing protector (L), ). Itis necessary to
ensura that the value of 80 dB is not exceeded for this parame-
ter, as demonstrated by the analysis of the data in Standard No.
150 1999:1990 [22] concerning the expected hearing perma-
nent threshold shift due to noise exposure. In addition, due to
the perception of sound signals, hearing protectors should be
selected in such a way thatthe L;\eq valueis not less than 65 dB,
as defined in Standard No. EN 458:2016 [11]. This condition is
associated with the effect of overprotection, which can lead to
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a failure to hear, e.g., a warning signal and, consequently, even
an accident. The overprotection phenomenon may be dan-
gerous wherever the reception of sounds that can be treated
as useful is important for safety reasons. In the case of using
firearms, including, e.g., exercises at the shooting range, it is
important to receive commands. In addition to warnings, in
the case of the shooting instructor's work, verbal communi-
cation between the instructor and the trained person is also
important. Then, too much sound attenuation can affect the
difficulty in communication between people.

Oncethe L;m value has been determined, the hearing pro-
tectors can be assessed for proper hearing protection for their
users. This assessment consists of classifying the result of the
L;«eq calculation into one of three categories: sufficient protec-
tion, insufficient protection or overprotaction. The protection
is sufficient if "—:o.eq is within the range from 65 to 80 dB. Insuf-
ficient protection means that L:,.@q is higher than 80 dB. Over-
protection is observed if L, is below 65 dB. It is important to
note thatin the final evaluation of hearing protectors that pro-
vide proper hearing protection due to the L;‘Eq value, it is also
necessary to consider whether they sufficiently limit the ]
value,

The limited value of the dynamic range upper limit (data
presented in Table 1) in the case of measurement of impulse
noise parameters with a standard sound level meter will result
in the indication of the measured Lcpeak value reaching 143 dB
at most, Using such results to calculate the value of this param-
eter under hearing protectors (L ..} for each hearing pro-
tector will lead to a conclusion of sufficient noise reduction.
Obviously, in all cases where the actual Lepear value will dif-
fer significantly from the indicated value, because the dynamic
range upper limit of the sound level meter is exceeded, this
conclusion may be false. The further part of the study will
show how the potential failure to ignore the information about
exceeding the sound level meter's measuring range can affect
the selection of hearing protectors carried out due to the L;ieq
parameter, i.e,, using Lp, @ parameter not associated with peak
signal level.

The selection covered 15 different hearing protectors with
different sound attenuation values represented by SMNR values
hetween 21 and 37 dB in the user manuals of these protectors.
The SNR has been defined in Standard No. IS0 4869-2:2018[21]

Cpeak

on estimation of the effective A-weighted sound pressure level
when hearing protectors are worn. Determination of the L:,‘Eq
value was conducted using the octave band method. The data
on Ly determined in the case of a correctly recorded (original)
noise waveform and the data determined assuming that they
come from sound level meters with insufficiently high dynamic
range upper limit were used.

4. Results

4.1. Consequences of the use of standard sound level
meters for impulse noise

The results of determining the values of the Lrpeak, Laaqg, LEx an
and Lceq parameters in the case of noise generated during
shots from a Mossberg smooth-bore shotgun and an AKM
rifle and during metal processing with a forging hammer are
presented in Tables 3-5, respectively. Each table gives the
results of the analysis of the original noise waveform, i.e., with-
out exceeding the dynamic range upper limit of 174.0dB. The
results of the analysis carried out in the case of modified noise
waveforms with the assumption of limiting the dynamic range
upper limit to 139.7 and 135.0 dB have also been included.

Tables 3-5 also present the values of the differences
between the ariginal and modified noise parameters. For the
Laeq and Ley g, parameters, values of these differences will be
the same, as the Ly g, parameter is determined on the basis
of the Laaq parameter, after taking into account the exposure
time, which is related to 8 h [14].

When determining the value of the Lgy gy, two other activi-
ties with a lower sound pressure level were taken into account,
in addition to the activities related to the operation of forging
hammer when acoustic impulses are generated (Laeg = 109.5
dB). The Laag values measured during two other activities are
843 and 45.0dB and are correct when using a sound level
meter. In practice, the impact of these two other activities,
apart from the direct operation of the hammer, slightly affects
the value of Ly g, and this impact does not exceed 0.8 dB.

The rating of noise hazard in the shooting trainer’s work-
place indicated not only that the permissible value concerning
the signal’s instantaneous values, i.e, the Lepeay, parameter,
was exceeded, but also that the permissible value of the Ly gz,

Table 3. Results of the analysis of the original and modified noise waveforms associated with shots from the Mossberg smooth-bore shotgun at a distance of 1.1m

from the shooter (shooting trainer's position).

Waveform Lrpeay (dB) Alrpegk (dBI Lyeq (dB) Lgan (dB) Algeq (Alpygan) (dB) Lreq (dB) Al (dB)
Original, DRUL = 174.0dB 1583 = 1038 902 = 1056 =
Trimmed, DRUL = 139.7dB 1422 18.1 100.2 Ba.6 36 102.0 36
Trimmed, DRUL = 135.0dB 1376 20.7 983 B4.7 55 1001 55

Note: A = difference; DRUL = dynamic range upper limit; [gzq = A-weighted equivalent sound pressure level; [coq = C-weighted equivalent sound pressure
level; Lrpesk = C-weighted peak sound pressure level; Lpy g = A-weighted noise exposure level normalized to an 8-h working day (daily noise exposure level).

Table 4. Results of the analysis of the original and modified noise waveforms assodated with shots from the AKM rifle at a distance of 1.1 m from the shooter (shooting

trainer's position).

Waveform Lt peai (dB) AL peat (dB) Lyeq (0B) Leg gn (dB) Alpeq (Alg gy (B} Lreg (dB) Alpe (dB)
Original, DRUL = 174.0dB 1489 = 105.4 856 = 107.3 =
Trimmed, DRUL = 139.7 dB 1404 85 1029 831 25 1050 22
Trimmed, DRUL = 135.0dB 1358 13 1009 B1.1 45 1030 4.2

Note: A = difference; DRUL = dynamic range upper limit; [g.q = A-weighted equivalent sound pressure level; [req

= (-weighted equivalent sound pressure

level; lrpesk = C-weighted peak sound pressure level; [ey g = A-weighted noise exposure level narmalized to an 8-h working day (daily noise exposure level).
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Table 5. Results of the analysis of the original and modified noise waveforms assaciated with the noise generated during metal processing in the forge.

Waveform L£ peak (dB) AL pegy (dB} Liag (dB) Lk gn (dB} Alneg Alpean (dB) Leeg (dB) Alreq (dB)
Driginal, DRUL = 174.04dB 1483 - 1095 107.5 = 1141 -
Trimmed, DRUL = 139.7 dB 141.8 6.5 108.2 106.2 13 23 1.8
Trimmed, DRUL = 135.0dB 1376 10.7 106.6 1044 29 1104 37

Note: A = difference; DRUL = dynamic range upper limit; Lseq = A-weighted equivalent sound pressure level; Lreq = C-weighted equivalent sound pressure
level; Lrpesk = C-weighted peak sound pressure level; Ley gy = A-weighted noise exposure level normalized to an 8-h working day (daily noise exposure level).

Mossberg smoath-tore shotgun (1.1 m)

Sound pressure level (dB)
B

—&— Original {dynamic range upper limit: 174.0 dB)
86 —<— Trimmed (dynamic range upper fimit. 139.7 dB) | |
== Trimmed (dynamic range upper imit 135.0 dB)
84 L s " |

125 250 500 1000 2000

Frequency (Hz)

4000 000

Figure 3. Sound pressure levels in octave bands for the original and trimmed
waveforms of shots from the Mossberg smooth-bore shotgun, with different
dynamic range upper limit values of the measurement equipment.

parameter, reflecting the signal’s energy properties, was too
high. For each of the noise parameters, the difference between
the value of this parameter determined with a sound level
meter with an insufficient value of the dynamic range upper
limit and the result cbtained with measurement equipment
of the appropriate measuring range increases as the dynamic
range upper limit of the sound level meter decreases.

The effects of using a sound level meter with the dynamic
range upper limit not adjusted to the parameters of impulse
noise for Ly are shown in Figure 3. The measurement results
relating to noise generated during shots from the Mossberg
smooth-bore shotgun are included. Results for the two other
noise sources being consideraed are presented in Figures 4 and
5. The values of the differences in indications determined from
the original noise waveform and trimmed waveform (when the
dynamic range upper limit is 139.7 or 135.0 dB)} are greatest
for Lp measured during shots from the Mossberg smooth-bore
shotgun, while the smallest are for the noise generated in the
forge.

4.2. Consequences of the use of standard sound leve|
meters for impulse noise

Figures 6-8 present the results of the determination of L"Aeq.
The figures show the lines that distinguish the three evalua-
tion areas for hearing protectors, i.e., insufficient protection,
sufficient protection and overprotection.

The data presented in Figures 7 and 8 indicate that among
the earmuffs, there are both those which, due to their Lagg,
provide sufficient protection against noise generated at the
workplace in the forge and those whose assessment indicates
insufficient protection. In the case of noise generated dur-
ing shots from the Mossberg smooth-bore shotgun (Figure 6),

AKM rifle
108 T T
100 1
o
2
@
& o5
%
a 80
°
£
3
85 4
—&— Original (dynamic range upper limit: 174.0 dB)
—&— Trimmead (dynamic range upper imit 135.7 dB)
—=&— Trimmed {dynamic ranga upper imit 135.0 dB)
80 . | L L L "
125 250 500 1000 2000 4000 BOOOD
Frequency (Hz)

Figure 4. Sound pressure levels in octave bands for the original and trimmed
waveforms of shots from the AKM rifle, with different dynamic range upper limit
values of the measurement equipment.

110 — - Lo

Sound pressure level (dB)
g

—&— Qriginal (dynamic range upper imit 174.0 dB)
g2 —— Trimmed (dynamic range upper limit: 138.7 dB)| |
—&—Trmmed (dynamic range upper limit: 135.0 dB)

125 250 500 1000 2000 4000

Frequency (Hz)

8000

Figure 5. Sound pressure levels in actave bands for the original and trimmed
waveforms of noise generated in the forge, with different dynamic range upper
limit values of the measurement equipment.

apart from these two categories, some earmuffs lead to over-
protection.

5. Discussion

Commercially available sound level meters and dosimeters
are convenient for conducting noise assessments, but recent
studies have raised awareness of their limitations [23]. The use
of measurement equipment not suitable for the parameters of
the measured signal must naturally result in incorrect indica-
tions. The results of noise parameter determination cbtained
in our work on the basis of the waveforms, which was recorded
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Figure 6. Fesuits ta'H_:,| determination for hearing protectors used during shats

from the Mossberg smooth-bore shotgun. DRUL = dynamic range upper limit;
U.»’.eq = A-weighted equivalent sound pressure level of noise under a hearing

protector; SMR = single number rating.
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Figure 7. Resuilsnf['ﬁ determination for hearing protectors used during shots
from the AKM rifle. DRUL = dynamic range upper limit; .L;lqu = A-weighted

equivalent sound pressure level of noise under a hearing protector; SHR = single
number rating.
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Figure 8. Results Oﬂ-;\m determination for hearing protectors usad in the pres-
ence of noise generated during metal processing in the forge. DRUL = dynamic
range upper limit; L;Eq = A-weighted equivalent sound pressure level of noise
under a hearing protector; SNR = single number rating.

correctly, and the modified waveforms according to the mea-
surement range limits considerad, were used to assess the
noise hazard and to select hearing protectors. In this way it is
shown what the consequences can be of using the results of
measurements carried out using inappropriate equipment.
The results presented in Tables 3-5 show that the Lepen
value indicated by sound level maters with an insufficient
dynamic range upper limit exceeds the exposure limit value
related to this parameter (135dB), similar to the result
obtained in the case of a correctly performed measurement.
The assessment of the noise hazard, i.e,, finding that the expo-
sure limit value has been exceeded, despite incorrect Lepeax

values, is therefore concurrent in the case of correct and incor-
rect measurements. It should be noted, however, that when
assessing the noise generated during shots from the Mossberg
smooth-bore shotgun (Table 3), carried out using the Ly gy
parameter, a sound level meter with a dynamic range upper
limit of 135.0 dB resulted in indications which led to the result
opposite to the reference measurement. For this meter, avalue
of Ly gn amounting to 84.7 dB has been determined, which
indicates that the criterion value of 85dB is not exceeded.
The situation of obtaining an incorrect result of noise hazard
assessment due to the parameter Lgy g, also occurred in the
case of shots from the AKM rifle (Table 4). Concluding on the
basis of the results measured by any of the two sound level
meters with an insufficiently high value of the dynamic range
upper limit indicates that the Lgy g, value (even 3.9dB below
the criterion) is not exceeded, when in fact it is exceeded. The
examples shown therefore indicate that the provision in Direc-
tive 2003/10/EC [1] that the measurement equipment must
enable to determine whether the noise limit values are being
exceeded may not be complied with when measuring impulse
noise. Despite this, in the end, the assessment of noise in the
workplace (not including the problem of selection of hearing
protectors) will generally indicate that the noise is dangerous,
since, as is known, the assessment also includes a component
on the peak value of the signal. In the assessment of noise in
the workplace, it is sufficient that there is an exceedance for
one of the noise parameters for the noise to be considered
hazardous.

It follows from the aforementioned that the measurements
of impulse noize parameters should be carried out with the
use of equipment that enables the correct indication of rela-
tively high values of the sound pressure level. Therefore, in the
case of noise sources considered in this article, the dynamic
range upper limit of the equipment used should reach 165 dB.
As mentioned in Section 1, the issue of equipment for measur-
ing impulse noise parameters is rarely undertaken in published
works. The first example of including this subject is Standard
MNo. ANSI/ASA S12.42-2010 [13] describing methods for the
measurement of insertion loss of hearing protectors in con-
tinuous or impulsive noise. This standard includes, inter alia,
indications for the implementation of a transducer for measur-
ing impulse noise parameters. It isrequired that this transducer
(a free-field pressure probe/microphone) should be capable of
measuring impulse levels of 180-dB peak sound pressure level.
The need for a sufficiently large dynamic range upper limit of
measurement equipment for the characterization of impulse
noise was also highlighted in the work on the developmentofa
noise dosimeter [12]. This work presents two developed noise
dosimeters appropriate for the military. The dynamic range
upper limit of these noise dosimeters is 165 and 180 dB.

It is natural that the greater the value of the peak sound
pressure level characterizing impulse noise, the greater are
the differences between the values of noise parameters
determined using sound level meters with insufficiently high
dynamic range upper limit in relation to the measurement
data obtained correctly. Data presented in Tables 3-5 allow
to obtain information about the scale of potential deviations
of the results produced with the use of sound level meters in
inappropriate impulse noise measurements from the results
that can be described as correct. The indication of Lepayy, if
measured with an unsuitable sound level meter, may deviate
from the value characterizing the impulses produced when fir-
ing a firearm by 13 dB (ALcpesk in the case of the AKM rifle)
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or by even more than 20 dB (Mossberg smooth-bore shotgun).
For the noise that is characteristic of industrial conditions, i.e.,
produced in a forge, the deviation of the indication of the
Lcpsak may reach almost 11 dB. The largest of the numerical
values of the analyzed indication differences in the case of
parameters related to the energy properties of the signal, i.e,
Algeq (ALpygn) and Alceqg, are 5.5,4.5 and 3.7 dB, respectively,
in the case of noise from the Mossherg smooth-bore shotgun,
from AKM rifle shots and in the forge. The largest deviations
of the values obtained by the sound level meter from the ref-
erence results, when measuring Lp (Figures 3-5), are 43dB
(ALyy - the difference in indications determined from the orig-
inal noise waveform [dynamic range upper limit: 174.0 dB] and
the trimmed waveform when the dynamic range upper limit is
139.7 dB) and 6.5 dB (ALg; - the difference inindications deter-
mined from the original noise waveform [dynamic range upper
limit: 174.0 dB] and the trimmed waveform when the dynamic
range upper limit is 135.0 dB). Therefare, the referred values
of deviations (ALcpaak, Aldeq [Alpxsnl, Alceq, Alpt, Alp)
confirm that it is sometimes incorrect to make an assumption
among people carrying out measurements that the impact of
exceeding the dynamic range upper limit of the measurement
equipment during impulse noise measurements is negligible.

Although L¢peak in the case of noise generated during shots
with the AKM rifle exceeds the value of this parameter char-
acterizing noise generated in the forge only by 0.6dB, the
discrepancy of the Lgy g, determination in the case of noise in
the forge (compared to the parameter determined from the
recorded noise waveform) is lower (2.0dB) than that of the
AKM rifle (4.5 dB). The noise in the forge is not only composed
of the impulses produced by the forging hammer. Impulses
are emitted against the background of the continucus noise
generated during the operation of many machines in the forge
hall. The energy contained in the peaks of impulses generated
in the forge which are not taken into account in the signal
analysis by sound level meters with a limited measuring range
shall represent a smaller proportion of the total signal energy
than that of the impulses associated with gunshots. Hence, the
impact on the final value of Lry gy is smaller than for the noise
generated by a firearm.

Anintegral part of the selection of hearing protectors is the
need to know the given parameters of noise that is present
in the place where their user is located. The data shown in
Figures 6—8 show that the transfer of erroneous noise mea-
surement results to the L:ﬂ.eq value determined during the
selection process under the hearing protector leads to a dif-
ferent erroneous assessment for some earmuffs. For example,
in the case of an earmuff with SNR = 25dB (Figure 6], the
data determined based on the waveform recorded correctly
lead to the ‘insufficient protection’ assessment. In turn, data
reflecting the use of sound level meters with an insufficiently
high dynamic range upper limit result in 'sufficient protection’
assessment. A situation of this kind can be particularly danger-
ous for the potential user of a hearing protector. If an incorrect
noise measurement is ignored and erroneous measurement
data are used to select a hearing protector, the results would
indicate correct hearing protection. In fact, when the data
obtained from a correctly performed measurement are taken
into account, the selection indicates insufficient hearing pro-
tection. This means that such hearing protectors should not
be used to protect hearing in the presence of the noise under
consideration. There may also be an incompatible result of
the assessment of an earmuff of a slightly different nature.

Selection of hearing protectors is also associated with the
need to take into account instances of overprotection [24].
For example, in the case of an earmuff with SNR = 37 dB,
a selection result based on data obtained using sound level
meters indicates overprotection. At the same time, a selection
based on properly obtained measurement data indicates suf-
ficient protection. In this case, therefore, it is not reasonable
to remove the earmuff fram the set of hearing protectors as a
result of using incorrect measurement data. Unlike in the pre-
vious case, an incorrect assessment will not harm the potential
user of hearing protectors.

When hearing protectors are selected for shots from the
Maossberg smooth-bore shotgun, the use of measurement
data obtained using sound level meters with an insufficient
dynamic range upper limit results in an erroneous evaluation
of the earmuffs for 6 cut of 15 earmuffs examined. At the same
time, in three out of the six situations mentioned, incorrect
assessment was perfarmed for both sound level meters under
consideration. In three of the remaining six erroneous cases, a
different rating based on the data obtainad correctly occurred
only in the case of a sound level meter with a lower dynamic
range upper limit (i.e., 135.0 dB). It should also be noted that, in
general, a particularly unfavorable assessment (sufficient pro-
tection instead of insufficient protection) was given for 3 out of
15 earmuffs. When selecting hearing protectors for the noise
generated when firing from the AKM rifle (Figure 7), an incor-
rect assessment was given for 3 out of 15 earmuffs (with SNR
of 24, 25 and 26 dB). In contrast, the evaluation of the results
of the selection of hearing protectors for the noise present in
the forge was different for 4 out of 15 hearing protectors (with
SNR of 30, 31, 32 and 33 dB).

In general, it can therefore be concluded that the selection
of hearing protectors with regard to the L:._‘eq, parameter, using
measurement data obtained with a sound level meter with an
insufficient dynamic range upper limit, may result in an incor-
rect assessment in about 20-40% of the earmuffs. It should be
added that the full selection of hearing protectors in the case
of impulse noise exposure requires additional analysis due to
the value of the parameter L::peak.

In summary of the discussed measurement problems in
the case of noise with sound pressure level values exceeding
the dynamic range upper limit of the sound level meter, it
can be said that the occupational health and safety services,
the employer and employees, during the assessment of noise
parameters in the workplace, although they will not receive a
precise measurement result, will obtain information about the
occurrence of exceeded values of permissible noise parame-
ters. At the same time, the article shows (Tables 3 and 4) thatan
insufficient high dynamic range upper limit can, unfortunately,
in some cases result in a failure to demonstrate an exceedance
of the noise parameter value related to the energy properties
of the signal (Ly g ). This poses a potential probler when eval-
uating noise in a workplace where impulse noise is present.
Moreover, this problem is potentially very significant because
practically all sound level meters that have type approval, i.e,
can be used to evaluate noise parameters in the workplace,
have a high dynamic range upper limit close to about 140dB.
Fortunately, however, this evaluation also includes peak sig-
nal values. In every situation where a noise assessment due
to the Lgy g, parameter failed, the exceedance was shown by
the Lcpesk parameter. Thus, in the end, although standard
sound level meters are characterized by a high dynamic range
upper limit of about 140 dB and will not always allow to obtain
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numerical data characterizing noise, their use can be condi-
tionally accepted in practice. This acceptance is possible when
there is sufficient information about the exceedance of any of
the assessed noise parameters. The situation is different in the
case of the selection of hearing protectors. The selection of a
hearing protector that properly protects hearing requires the
determination of the value of noise parameters. At the same
time, the proper selection of a hearing protector means, on the
one hand, verifying that it sufficiently reduces noise in terms
of hearing protection, and on the other means avoiding over-
protection due to the provision of safe working conditions.
This is primarily about being able to hear certain important
sounds, such as auditory danger signals. In a situation where
data are needed to carry out the selection of hearing protec-
tors, noise parameters should be measured using measuring
equipment suitable for testing noise at high sound pressure
levels. Manufacturers of measurement equipment offer mea-
surement microphones suitable for this purpose, which can be
part of specialized measurement systems or can be used in
place of standard microphones with which sound level meters
are equipped.

6. Conclusions

The study presents the effects of the use of sound level meters
to measure the parameters of impulse noise in a situation
where the dynamic range upper limit of equipment was not
large enough in relation to the parameters of characterized
noise. The analysis was carried out on the example of noise
generated during shots from the Mossberg smooth-bore shot-
gun and AKM rifle, as well as produced in the forge. The use of
the sound level meter to assess the hazard of impulse noise,
despite erroneous measurement results, allowed to indicate
the exceeding of the exposure limit value of the parameter
related to the instantaneous signal properties (Lcpeay). The sit-
uation was different in the case of the parameter reflecting the
energy properties of the signal, i.e,, Lrygn. The use of a sound
level meter in the case of impulse noise led, in part of the cases,
to the result that the exposure limit value of this parameter was
not exceeded, where it was actually exceeded. Consequently,
the results of the article indicate that the provision of Directive
2003/10/EC[1], stating that the measurement equipment used
o assess the noise hazard must make it possible to determine
the fact that the limit values for noise parameters have been
exceeded, may not be met when the properties of impulse
noise are characterized. Fortunately, noise assessment in the
workplace takes into account both the parameter reflecting
the energy properties of the signal (Lgygn) and the parame-
ter related to the instantaneous signal properties (L¢paak). This
helps to prevent lack of recognition of the presence of a noise
hazard for hearing.

While the inadequate properties of the measuring equip-
ment will generally not prevent the general conclusion that
noise in a particular workplace is hazardous to hearing, the
results of measurements obtained with this equipment cannat
be used to select hearing protectors. The selection of ear-
muffs to be used in the presence of impulse noise, due to
the parameter reflecting the signal energy properties tL:‘EqJ,
using measurement data obtained with a sound level meter
with an insufficient dynamic range upper limit, may rasult in
an incorrect assessment in about 20-40% of the earmuffs.

The conclusions of the analyses carried out therefore show
that the use of a standard sound level meter for impulse noise

assessment in a workplace with relatively high sound pres-
sure levels is only conditionally acceptable. However, obtain-
ing data for the selection of hearing protectors requires the
use of equipment with a sufficiently large upper limit of
the measuring range. Improper measurements not only can
lead to an incorrect results, but also can result in inade-
quate hearing protection for employees forced to use hearing
protectors,
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The tests reported in this paper were carried out to evaluate the exposure of soldiers to noise at
operator and control positions during military field exercises, The tests were conducted during firing
from a T-72 tank, a BWP-1 Infantry Fighting Vehicle, antitank guided missiles, a ZU-23-2K anti-aircraft
gun, and a 251 GOZDZIK howitzer. The evaluation of noise exposure showed that the limit values of
sound pressure level, referred to by both Polish occupational noise protection standards and the Pfander
and Dancer hearing damage risk criteria developed for military applications, were repeatedly exceeded at
the tested positions. Despite of the use of tank crew headgear, the exposure limit values of sound pressure
level were exceeded for the crew members of the T-T2 tank, the BWP-1 infantry fighting vehicle, and
the 251 GOZDZIK howitzer. The results show that exposure of soldiers to noise during military field

exercises 1s a potentially high hearing risk factor.

Keywords: impulse nolse; nolse exposure; hearing damage risk criteria; weapon.

1. Introduction

Impulse noise stands out from all other sounds
reaching humans in being especially hazardous to hear-
ing. The consequences of human exposure to acoustic
impulses may be instantaneously destructive even as
a consequence of short exposure (MRENA ef al., 2004).
Impulsive noise associated with firing weapons is a sig-
nificant hazard due to high levels of acoustic impulses.
Data from the Otolaryngology Chnic at the Military
Institute of Medicine in Warsaw where, in 2013, due to
acute acoustic tranma emerged after firing weapons, 27
soldiers were hospitalised 15 an example demonstrating
the scale of the danger posed by impulse noise. Each
one of the 27 patients suffered a sudden noise induced
hearing loss which emerged during firing, with a char-
acteristic hearing impairment seen as a noise notch
occurring at 4 kHz. Each patient was subjected to
multidirectional treatment which included hyperbaric
chamber treatment, steroid treatment (Corhydron, En-
corton, or Dexaven), and vascular treatment (Adavin,
Nootropil, Cocarboxylaza, Nivalin). The treatment re-
sulted in a hearing improvement for only 17 patients
from the group, whereas 11 patients still suffered from

tinnitus. These data confirm that impulse noise 1s
a practically high hearing risk factor. Thus, situations
in which hearing may be at risk should be recognised.
Impulse noise specification and evaluation of exposure
to this noise are issues which have been receiving at-
tention for decades (Buck, 2009), The evaluation is
strictly related to the necessity of determining im-
pulse noise parameters and their subsequent compari-
sont with the exposure limit values. Parameters related
to a signal level may be used to evaluate exposure to
impulse noise, as, for example, in a work environment
assessment (Directive 2003/10/EC, 2003: National In-
stitute for Occupational Safety and Health [NIOSH],
1998; Occupational Safety and Health Administration
[OSHA], 1992). Polish occupational noise protection
standards are in force by Minister of Labour and So-
cial Policy Regulation (2014). Soldiers in Poland, in
the conditions of military Held exercises, are covered
by these standards.

The most similar to these regulations is the French
hearing damage risk criterion developed for military
applications {Dancer, Frankg, 1095). Both ampli-
tude parameters related to the signal level and time
parameters taking into account mmpulse duration may
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also be employed in evaluation of exposure to impulse
noise (Buck, 2000}, This approach is used in the USA,
Dutch, and German hearing damage risk criteria de-
veloped for the army (WarDp, 1968; SMOORENBURG,
1982; PranpeR, 1994) on the basis of observations of
a temporary threshold shift in soldiers exposed to 1m-
pulse noise. The amplitude and time characteristics of
impulse noise are significant when considering hazards
posed by it (Lwow et al, 2011). A special type of
approach to the evaluation of effects of exposure to
1mpulses on humans is auditory hazard assessment al-
gorithm for the human (AHAAH) which is the subject
of the USA MIL standard { AMREIN, 2015). This algo-
rithm 1s based on an electro-acoustic ear model, where
an impulse noise waveform is used as input data char-
acterising impulse noise (Price, 2012). In the event
of exposure to impulse noise, possibilities for reduc-
ing the influence of the noise on hearing using hearing
protectors are also considered (Buck, 2009; LENzUNI,
2012; Mrynskr, Kozrowskt, 2013). There are many
works which include measurement results for impulse
noise generated by specific sources. e.g. pistols or rifles
(Lwow et al, 2011; Lenzunt, 2012). In contrast to
these works, the purpose of this study is not to char-
acterise impulse noise sources but to evaluate expo-
sure of soldiers at operator peositions during training
area exercises and soldiers present during the exercises
at control (including observer, paramedic, ete.) posi-
tions located at some distance from the operator po-
sitions to impulse noise.

2. Methods
2.1. Subject of testing

The evaluation of exposure of soldiers to noise dur-
ing field exercises was carried out in four areas. The
first of the areas was a tank shooting range where noise
was produced during firing from a T-72 tank. The sec-
ond area was intended for exercises with the partiei-
pation of infantry., Operations in area 2 consisting of
firing from a BWP-1 infantry fighting vehicle {73 mm
gun and PPK MALUTKA anti-tank puided missile),
a PPK SPIKE anti-tank guided missile. a shoulder-
launched anti-tank rocket-propelled grenade launcher
and machine guns. The third area was the place of ar-
tillery exercises where 23 mm ZU-23-2K anti-aireraft
guns were used. The last area was reserved for the how-
itzer (122 mm 2381 GOZDZIK self-propelled howitzer)
crews, The special feature of the exercises in the first
area was that main noise sources moved around the
area. In other areas (2, 3, and 4) main noise sources
were placed in fixed locations. Measurements in four
areas of exercises were carried out in similar weather
conditions in the absence of precipitation at positive
temperatures,

The evaluation consisted in measurements of
the parameters of noise present at selected operator
positions and control positions located in the exercise
area. The individual positions included in the eval-
uation of exposure to nowse, taking into account the
type of weapon producing acoustic impulses at those
positions as well as the distance between the positions
and noise sources, are presented in Table 1. A distance

Table 1. Specification of operator and control positions included in the noise exposure evaluation.

Area Paosition Type of weapon Dist-.'mc.e feou' fioition
to noise source [m]
Tank shooting-range controller - observation tower 150-2050
1 |Shooting controller — observation tower To72 tank 150-2050
Axis observers — observation tower 150-2050
Tank crew (under headgear) 0
BWP-1 crew (under headgear) 73 mm BWP-1 gun 0
BWP-1 crew (under headgear) PPK MALUTEA 0
PPK SPIKE operators PPK SPIKE 0
. 73 mm BWP-1 gun and RGP 65
2 | Paramedic - 2
PPK MALUTEA 70
= P ; ' T
Observers — observation tower 73 n.}m BWE-L o aud BED .
PPK MALUTKA 100
: 73 mm BWP-1 gun and RGP 45
Artillery observers
: PPK MALUTEKA 55
Gun crew 0
q |Gun crew fire control 23 mm ZU-23-2K anti-aircraft 7
Truck driver gun 3
Observers — observation tower 300
" Howitzer crew (under headgear) 122 mm 251 GOZDZIK 0
Howitzer crew fire control self-propelled howitzer 55

PPK — anti-tank guided missile, BWP — infantry fighting vehicle, RGP — shoulder-launched anti-tank rocket-propelled

grenade launcher.
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from position to noise source of 0m is synonymous
with the consideration of the operator position. Oth-
erwise (distance other than 0 m) the control position
is considered. The applied measurement method took
into consideration the use of tank crew headgear by
measuring the noise parameters using a miniature mi-
crophone placed in a soldier’s ear. As it was mentioned
earlier, during the measurements in area 1, the exer-
cises entailed tanks performing incursions along axes
whilst firing at targets. For measurements in areas 2,
3, and 4 individual noise sources were immaobile, set
at operator positions. Figure 1 shows the site plan of
the area 1 during T-72 tank shooting exercises. Mea-
surements in the observation tower were made in the
shooting controller, the tank shooting-range controller
rooms and at the location where axis observers were
present.

)

2N "

Dbservitsm
lewer

Fig. 1. Site plan of the area 1 during T-72 tank firing.

The arrangement of measurement points in area 2
18 shown in Fig. 2. Point “1” indicates the location of
BWP-1 when the 73 mm gun firing measurements were
taken. The measurement was made using a mimiature
microphone under the headgear of a soldier inside the

B

Fig. 2. Site plan of the area 2 during BWP-1 and PPK
SPIKE firing.

vehicle. Point “2" corresponds to the location of the
vehicle during PPK MALUTKA firing. This measure-
ment was also taken under the headgear of a soldier.
Point “3" corresponds to the location of PPK SPIKE.
Measurements at point “4” — taken on the observer
tower, those at point “5” registered by the ambulance,
and those at point “6" — in the artillery observer po-
sition, were repeated twice, i.e. during firing from the
gun placed on BWP-1 (where PPK SPIKE, RGP, and
machine guns were also fired) and during firing from
PPK MALUTKA.

Figure 3 shows the plan of area 3 which was the
site for ZU-23-2K anti-aircraft guns firing. The noise
parameters measurements were taken at the gun oper-
ating position (point “17), at the gun crew fire control
position (point “2"), inside the cabin of the truck on
which one of the guns was located (point “3"), and
on the observation tower (point “4"). Figure 4 shows
the site plan of area 4 during 251 GOZDZIK howitzer
firing taking into consideration howitzer arrangement
and measurement points: “1” — a measurement inside
the howitzer (under headgear), “2" — a firing station.

Im

Observation
Lrwer

Fig. 3. Site plan of the area 3 during ZU-23-2K anti-aircraft
gun firing.

Fig. 4. Site plan of the area 4 during 251 GOZDZIK
howitzer firing.
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8.2, Evaluation of exposure to noise method

The evaluation of exposure to noise was made in
accordance with Polish occupational noise protection
standards (Minister of Labor and Social Policy Reg-
ulation, 2014) and two hearing damage risk criteria
developed for the army: Pfander criterion ( PFANDER,
1694) and Dancer criterion (DANCER, FRANKE, 1005).
When the parameters of noise exceed a limit specified
by three above mentioned criteria, it is tantamount to
exposure to noise and i1s a potentially high hearing risk
factor.

In accordance with the Minmister of Labor and So-
cial Policy Regulation (2014}, the following three pa-
rameters are taken into account in the evaluation of
exposure to noise: the C-weighted peak sound pres-
sure level (Leopeak), the A-weighted maximum sound
pressure level (Ly ..), and the daily noise exposure
level {(Lgx, sh). The daily noise exposure level Lgx_ay s
caleulated from the A-weighted equivalent sound pres-
sure level (L 4.,) and the exposure duration. The daily
noise exposure level Lgy g, should not exceed 85 dB,
the C-weighted peak sound pressure level (Lopesk) -
135 dB, and the A-weighted maximum sound pressure
level (La max) — 115 dB.

As it was mentioned in the Introduction, Dancer
hearing damape risk criterion (DanceEr, FRANKE,
1995) developed for military applications is similar to
Polish ocecupational noise protection standards. In the
evaluation of exposure to noise made in accordance
with Dancer eriterion two parameters are taken into
account. The daily noise exposure level Lyx sy should
not exceed the same value that is specified in the case
of Polish occupational noise protection standards, e.g.
85 dB. At the same time, unprotected exposure to im-
pulses above 140 dB peak sound pressure level is not
allowed, and the use of heanng protectors is then re-
quired (DANCER ef al., 1999),

The evaluation of exposure to noise methods pre-
sented above only cover an analysis of parameters re-
lated to the signal level, whereas the Pfander hearing
damage risk criterion (Pranper, 1994) uses amplitude
parameter (the peak sound pressure level, Lyeqar) and
a time parameter (the impulse duration expressed as
the C-duration). The C-duration is a sum of all time
intervals in which the impulse noise waveform exceeds
—10 dB relative to the maximum absolute value. The
evaluation of exposure to impulse noise carried out in
accordance with the Pfander criterion requires check-
ing (with the use of graphical method) whether an im-
pulse of a specific sound pressure level and C-duration
15 below or above a threshold specified by this erite-
rion {line plotted in the graph as a function of the
peak sound pressure level and C-duration). When the
data point on the graph representing the impulse is
below the criterion line then it can be considered
as not potentially dangerous for hearimg. Otherwise

it means that the impulse poses a hearing damage
risk.

The A-weighted equivalent sound pressure level was
measured for the duration of the firing exercises for
each type of weapon. The number of firings for measur-
mg Lopeak, LA max. Lpeak, and C-duration depended on
the conditions present during the military field exer-
cises and was between one and seven.

2.5. Measurement equipment

The measurements of the parameters of noise
present at the operator positions were taken using
a Briel & Kjer PULSE measurement system and
a Svantek SVAN 0948 sound level meter. The Briel &
Kjer PULSE measurement system consisted of a mi-
crophone with a measuring range of up to 184 dB
(Brizel & Kjeer 4941), a Britel & Kjeer 2668 microphone
preamplifier, and a Briel & Kjzr PULSE 3560 C mea-
surernent unit operated by Briel & Kjeer LabShop soft-
ware installed on a portable computer. This measure-
ment unit was used to acquire the measurement data.
The acoustic impulse waveforms were recorded using
a Briel & Kjeer 7701 Pulse Data Recorder software.
The SVAN 948 sound level meter was equipped with
a Svantek SV22 measurement microphone and a Svan-
tek SV 12L microphone preamplifier or a Knowles
BL1785 miniature microphone used for measurements
under crew headgear. For measurements using the
Svantek sound level meter, evaluation was carried out
in compliance with Polish occupational noise protec-
tion standards, based on Lopeaks LA max, and L aeq pa-
rameter value measurements. The measurements taken
using a measurement system based on a Bruel & Kjar
PULSE system allowed the same evaluation as for
sound level meter and in accordance with the Pfan-
der and Dancer hearing damage risk criteria.

3. Test results

3.1. Evaluation of noise exposure according
to the Polish occupational noise prolection
standards

Tables 2-6 present the measurement results for the
C-weighted peak sound pressure level (Lopeak), the
A-weighted maximum sound pressure level (La max),
the equivalent sound pressure level A (L. ). and
the calculated values of the daily noise exposure level
(Lex, sh) during military field exercises at the operator
and eontrol positions depicted in Table 1. The results
presented m Table 2 relate to measurements carried
out in area 1, ie. tank shooting range. The results of
the tests obtained during exercises with the participa-
tion of infantry in area 2 are shown in Tables 3 (opera-
tor positions) and 4 (control positions). Tables & and 6
contain the results obtained during the tests in areas 3
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Table 2. Noise parameter values measured in area 1
{tank shooting range).

Position Measurement No. Lo | L —- | Eten | Tt o
dB]

1 120.4 801
2 123.2 91.2
Tank shooting-range controller — observation tower 7 1220 023
4 120.7 86.9

1-4 T8.6 5.6
1 117.9 B4.5
2 117.1 84.0
Shooting controller — observation tower 3 110.0 T
4 116.8 82.4

1-4 77.0 4.0
1 140.7 | 109.3
2 1425 | '114.0
Axis observers — observation tower 3 1941 R385
4 103 8 TE.1

1-4 97.5 044
1 >1434| 1183
2 = 141.7| 1153
Tank crew {under headgear) 7 = 1491 112.8
4 >143.2 114.4

1-4 99.5 91.5

The symbol “="
been reached.

Table 3. Noise parameter values measured in area 2 at operator positions
{exercises with the participation of infantry).

indicates that the upper measuring range limit of the sound level meter microphone has

Position Measurement No. Lopeat | Lamax | Lacg | Lex, s
[dB]
1 >1439 114.3
2 > 1442 | 1139
BWP-1 crew (under headgear) : =l
73 mm gun ur; BWP-1 2 ol Wi
5 > 1441 | 113.2
& >144.6| ‘114.2
¥ > 1444 | 1133
1-7 95.5 86.5
1 133.6 | 1173
BWP-1 crew (under headgear) 2 1344 1174
PPK MALUTKA 3 1320] 1174
1-3 101.4 | 941
PPK SPIKE operators 1 160.7 | 128.7| 945 85.5

The symbol “="

been reached; PPK — anti-tank guided missile; BWP — infantry fighting vehicle.

indicates that the upper measuring range limit of the sound level meter microphone has

and 4, that is, during artillery exercizes and firing from
the howitzer, respectively.

As it was mentioned in Subsec. 2.2, calculating the
daily noise exposure level Lgx, sn requires information

about the exposure duration. In the case of field ex-
ercises in area 1 for the T-T2 tank, exposure level was
determined under an assumption that the exposure du-
ration at all positions located outside the tank was
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Table 4. Neoise parameter values measured in area 2 at control positions other than operator positions
{exercises with the participation of infantry).

Measurement location Noise source Lcpea | L rone | Laca | Lex s
[4B]
BWP-1 gun and RGP 139.2 99.5 | 84.0
Paramedic PPK MALUTKA 1111 87.0] 675
BWP-1 gun and RGP + PPK MALUTKA T3.0
BWP-1 gun and RGP 138.4 97.9 | 83.4
Observers — observation tower| PPK MALUTKA 110.8 2592 | 67.1
BWP-1 gun and RGP + PPK MALUTKA Trd
BWP-1 gun and RGP 141.2 | 104.4 | 88.5
Artillery observers PPK MALUTKA 1134 93.8]73.2
BWP-1 gun and RGP + PPK MALUTKA 82.5

PPK - anti-tank guided missile, BWP - infantry fishting vehicle, RGP

rocket-propelled grenade launcher.

- shoulder-launched anti-tank

Table 5. Noise parameter values measured in area 3 (artillery exercises during ZU-23-2K gun firing).

Pasition Measurement No. Lopeis | La ma | L | Lex.
4]
1 156.3 128.8
Gun crew 158.3 128.3
3 153.0 121.3
1-3 110.7 | 104.7
160.1 129.8
Gun crew fire contral 2 162.8 130.7
3 154.9 123.3
1-3 113.0 | 107.0
1 151.1 119.7
Truck driver 2 148.0 1175
3 149.3 113.6
1-3 100.9 04.9
Ohservers — observation tower 1 125.1 91.4 | 80.7 T4T

Table 6. Noise parameter values measured in area 4 (howitzer firing exercises).

Measurement location

Measurement No.

LCpL'ak | ‘['_-'\. max L.-‘l.ct_: | Ll-‘.)(.ﬁh

dB]
1 = 141.2 110.5
Howitzer crew (under headgear) 2 > 143.8 1125
1-2 86.5 30.5
Howitzer crew fire control 1 140.5 1054 | 84.5 T8.5

The symbol “=" indicates that the upper measuring range limit of the sound level meter microphone has

been reached.

4 hours. The exposure duration for tank crew was de-
termined in a different way because crews changed dur-
ing the exercises. Hence, the Lgy gy under tank crew
headgear (at the entrance to the ear canal) was calcu-
lated under an assumption that one soldier took part
in 3 incursions during which a total of 15 shots were
fired. For the BWP-1 crew (field exercises in area 2},
the Lgx sy was determined with an assumed exposure

duration of 1 hour (73 mm gun firing) or 1.5 hours
(PPK MALUTKA firing). However, for the control po-
sitions situated in locations marked with “4”, “5", and
“6" in Fig. 2 located at some distance from the BWP-1
and PPK SPIKE operator positions, the Lyx sn was
determined with an assumed exposure duration of 3.5
hours in total. It was assumed that the exposure dura-
tion for the PPK SPIKE operating crew was 1 hour. In
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the case of fleld exercises in area 3 the Lgyx sy related
to the ZU-23-2K gun crew was determined with an as-
sumed exposure duration of 2 hours. The same expo-
sure duration (2 hours) was assumed for the GOZDZIK
self-propelled howitzer field exercises (area 4).

The results presented in Tables 2-6 show high lev-
els of Lopeaks L max, and Ly, occurring during the
military field exercises at both the operator positions
and control positions located at some distance from
the operator positions. For crews of the fighting vehi-
cles (T-T2 tank, BWP-1 and GOZDZIK howitzer), de-
spite wearing tank crew headgear, the value of Leopear
exceeded 143 dB. However, the fact that the Lepeak
values measured under headgear using a miniature mi-
crophone, presented in Tables 2. 3, and 6 are underesti-
mated because the upper measuring range limit of the
sound level meter microphone has been reached should
not be overlooked. For the fighting vehicle crews, high
values were also recorded for L s max and La.q param-
eters, which, respectively, remained within the 110.5-
118.3 dB and 36.5-101.4 dB ranges. Even higher val-
ues of the noise parameters were recorded at PPK
SPIKE and ZU-23-2K guns operator positions, for
which Lopear and La max values reached or exceeded
160 and 130 dB, respectively. Despite being at a certain
distance from the operator positions and at control
positions, Lepeate and L g max values exceeding 140 and
85 dB were recorded (axis observers for tank firing and
paramedic and observers during BWP-1 gun and RGP
firimg). However, lower values of the noise parameters
(Lipeak < 126 dB. LAma < 93 and Laeq < 76 dB)
were recorded at the tank shooting-range controller
and the shooting controller (T-72 tank) positions as
well as the observers on the tower (ZU-23-2K).

The presented test results show that the limit
values of the C-weighted peak sound pressure level
(Lopesk)y the A-weighted maximum sound pressure
level (LA max), and the daily noise exposure level
(Lex, sn) were exceeded for the following positions:
T-72 crew, PPK SPIKE operators, ZU-23-2K gun
crew, ZU-23-2K gun crew fire control, and the truck
driver. For the BWP-1 crew, the Lgx sn limit value 15
exceeded during both gun fire and PPK MALUTEKA
firing. In addition, for the crew, the Lgp.. allowable
value is exceeded during gun fire, whereas L may linit
value is exceeded during PPK MALUTEKA firing. Also
for the GOZDZIK howitzer crew, the exposure to noise
results in the Lo, limit value is exceeded,

The soldiers located at a certain distance from
the operator positions may also be exposed to high
C-weighted peak sound pressure levels exceeding the
limit value. This pertains to the axis observers dur-
ing T-T2 tank firing, the observers and the paramedics
within the range of the noise generated during BWP-1
oun and RGP firing, as well as the howitzer GOZDZIK
crew fire control. The people inside the observation
tower (tank shooting range), i.e., the shooting range

controller and the shooting controller, were not ex-
posed to noise exceeding the limit values because, un-
like the other personnel members, they were inside the
building and their exposure to the noise was limited.

3.8, Evaluation of notse exposure according
to the Pfander criterion

In evaluating the exposure to impulse noise in ac-
cordance with the Pfander hearing damage risk crite-
rion, the values of Lpear and C-duration for individ-
ual impulses were used to present the measurement re-
sults on a graph (Fig. 5) with the criterion line plotted.
Examples of waveforms used to obtain its parameters
are shown in Figs. 6-8. As 1t was mentioned m Sub-
sec, 2.2, if a data point (Fig. 5) is located above the cri-
terion line, it means that the noise characterised by the
parameters constituting the coordinates of this point
poses a hearing damage risk. An analysis of the mea-
suremnent results with reference to the Plander hear-
ing damage risk criterion demonstrated that the noise
parameter values at the axis observer position during
T-72 tank firing, the PPK SPIKE operation and the
gun crew fire control position, and inside the truck
during ZU-23-2K gun firing already exceeded those al-
lowed by the Pfander criterion upon exposure to just
one firing. Exposure to two shots results in the Pfander
eriterion for the ZU-23-2K gun crew being exceeded as
well. Multiplying the number of firings means an in-
crease of the impulse effective duration, hence a shift
to the right on the figure showing the criterion. Keep-
ing in mind that the exposure to only one or two shots

180 T T T

145

Peak sound pressure level [dB)
n
N

140

135

T

10" 10" 10! 1 1

C-duration [ms]

130

— Pfander criterion

ZL-23-2K onti-aircraft gun firing exercises:

o Gun crew & Axis ohservers (during tank firing)
o Cun crew fire control » PPK SPIKE operators
7 Truck driver

Fig. 5 Parameters of the impulses measured during the
exercises. The parameters of impulses were determined as-
suming exposure to just one firing.
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Fig. 6. Waveform of the sound pressure recorded inside the
truck during ZU-23-2K gun firing.
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Fig. 7. Waveform of the sound pressure recorded during
PPK SPIKE (anti-tank guided missile) firing.

Sound pressure [Pa]

400 I . .
1] 0.05 0.1 0.15 02 Q.25
Time [s]
Fig. 8. Wavelorm of the sound pressure recorded at the axis
observer position during T-72 tank firing.

during military field exercises is improbable, the total
duration of exposure to impulses generated during the

exercises will result in exceeding the criterion line to
a much greater extent than that presented i Fig. 5.
When comparing the results of the evaluation of ex-
posure to noise carried out in accordance with Polish
occupational noise protection standards and in accor-
dance with the Pfander hearing damage risk criterion,
their compatibility should be stated. In five positions
for which the occupational and the Pfander criterion
could be compared, they indicated that the exposure
limit values were exceeded. In the case of the Plander
criterion, the assessment for the comparison was car-
ried out assuming the exposure for at least two shots.

3.3. Evaluation of noise exposure according
to the Dancer criterion

As 1t was mentioned 1n Subsec, 2.2, the evaluation
of exposure to nolse made in accordance with Dancer
criterion requires to take into account two Lgx gy and
Lpeax parameters. Due to the availability of measure-
ment data, the same cases that were included m Sub-
sec. 3.2 were analysed in the evaluation carried out in
accordance with Dancer criterion. The values of L.
are the same as presented in Fig. 5 (Subsec. 3.2), while
the values of Lgx sn were included in Tables 2, 3,
and 5 1n Subsec. 3.1. In all analysed cases, the values
of Lgx sp parameter exceeded 85 dB. Thus, impulse
noise present in all analysed positions (axis observers
— observation tower in area 1; PPK SPIKE operators
in area 2; gun crew, gun crew fire control, and truck
driver in area 3) should be considered potentially dan-
gerous to hearing. It should be noted that when the
limit value of 85 dB is exceeded, the evaluation of ex-
posure to noise made in accordance with Dancer eri-
terion muist coincide with the evaluation carried out
in accordance with the Polish occupational noise pro-
tection standards. In the opposite sitnation (no limit
value exceeded) in the case of the Polish criterion, the
values of the Lgopeak and LA gax parameters will be
decisive,

With the use of the Dancer Criterion the assess-
ment according to the value of the Lyeqe parameter is
also related to. It has a significant meaning when the
limit value (85 dB) of the Lgx sn parameter is not ex-
ceeded. Then the L., value exceeding 140 dB means
that hearing protectors should be used. The Lp.ax
value exceeded 140 dB in 12 out of 14 cases consid-
ered in the analysis. Nevertheless, the earlier analysis
of the Ligx sy value showed the risk of hearing damage.

4. Conclusions

The performed tests of impulse noise reaching the
operator and control positions during analysed mili-
tary field exercises, showed numerous situations when
the limit values at the tested positions were exceeded,
with respect to both the Polish occupational noise pro-
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tection standards and developed for the army Pfan-
der and Dancer heanng damage risk criteria. More-
over, the tests demonstrated that the crews of the
T-72 tank, BWP-1 infantry fighting vehicle, and 251
GOZDZIK howitzer, despite wearing hearing protec-
tion (crew headgear) when firing from the weapons of
these vehicles, were exposed to noise exceeding the ex-
posure limit values. This stems from the fact that the
crew headgear does not attenuate the noise generated
by the weapons and engines of the vehicles sufficiently.
The determined occurrence of very high noise levels
makes 1t necessary for the soldiers to wear hearing pro-
tector devices. For positions where verbal communica-
tion is required, hearing protectors equipped with elec-
tromic systems to improve speech sound transmission
may be used.
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The impulse noise is agent harmful to health not only in the case of shots from firearms and the
explosions of explosive materials. This kind of noise 15 also present in many workplaces in the industry.
The paper presents the results of noise parameters measurements in workplaces where four different
die forging hammers were used. The measured values of the C-weighted peak sound pressure level, the
A-weighted maximum sound pressure level and A-weighted noise exposure level normalized to an 8 h
working day (daily noise exposure level) exceeded the exposure limit values. For example, the highest
measured value of the C-weighted peak sound pressure level was 148.9 dB. In this study possibility of the
protection of hearing with the use of earplugs or earmuffs was assessed. The measurement method for
the measurements of nolse parameters under hearing protection devices using an acoustical test fixture
instead of testing with the participation of subjects was used. The results of these measurements allows
for assessment which of two tested earplugs and two tested earmuffs sufficiently protect hearing of workers

in workplaces where forging hammers are used.

Keywords: impulse noise, noise attenuation, hearing protection device, die forging hammer.

1. Introduction

Impulse noise poses a risk for hearing both in the
case of punshots and explosions and in the case of many
workplaces related to metalworking. Among the ma-
chines used at such workplaces, the highest values of
C-weighted peak sound pressure level (Liopeak) of im-
pulse noise are generated by die forging hammers in
forges — they can reach 147 dB (MryRski ef al., 2012).
Peak sound pressure level ( Ly..) of impulse noise gen-
erated in the forging process can produce values in the
120-140 dB range with occasional occurrences of val-
ues in the 150-160 dB range (Tavror et al, 1984).

Issues related to the characterization of noise pro-
duced by hammers, the assessment of the risk posed by
noise generated during forging, and hearing protection
against this kind of noise have been dealt with over
the years (MryNsul ef al, 2012; TAYLOR et al., 1984;
SvurLkowskl, Lipowczan, 1982; Starck et al., 2002;
SMEATHAM, WHEELER, 1998). These works show that
impulse noise generated by hammers presents a risk
of hearing loss. Hence, providing hearing protection
for people working in forges is essential. The obliga-

tion to pay special attention to impulse noise is also
imposed on the employer under the provisions of Di-
rective 2003/10/EC (2003). Moreover, longtime expo-
sure to noise, regardless of noise source, may cause 1.a
hearing loss (PawrLaczyk-LUuszczyNska e al, 2013;
Dosruckt et al., 2013).

At high values of C-weighted peak sound pressure
level {exceeding exposure limit value] produced in a
forge, organizational methods of noise reduction are
ineffective. The need of operating a hammer manu-
ally during the metalworking process makes the use of
technical means, such as enclosures, inapplicable. In
most cases, the nature of the risk posed by the im-
pulse noise produced by hammers makes it impossible
to introduce sound reduction methods other than the
application of hearing protection devices. Therefore,
the correct selection of hearing protection devices 1s
essential for providing sufficient sound pressure level
reduction of the noise reaching the ear.

The objective of this work is to determine the char-
acteristics of noise produced by four different die forg-
ing hammers and to assess the associated risk of hear-
ing damage, in accordance with the criterion applied to
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workplaces (Minister of Economy and Labour, 2005).
In addition, the method of determining noise parame-
ter values under hearing protection devices is presented
in order to evaluate the degree of noise reduction pro-
vided by these devices. The assessment of the suitabil-
ity of two types of earplugs and two types of earmuffs
for hearing protection at the studied workplaces in the
forge was carried out on the basis of measurements
taken using an acoustic test fixture — a head and torso
simulator. The presented method of assessing hearing
protection devices makes it possible to avold exposing
subjects to impulse noise characterized by high values
of peak sound pressure level.

2. Method

2.1. Measurements and assessment of noise cxposiore
at a workplace

The scope of impulse noise measurements at work-
places m the forge covered the determination of the fol-
lowing noise parameters: the C-weighted peak sound
pressure level (Lopeak). A-weighted noise exposure
level normalized to an 8 h working day (Lgy sy ) (daily
noise exposure level) and the A-weighted maximum
sound pressure level (L4 max). These parameters are
required in compliance with the noise exposure assess-
ment criterion applied to workplaces in Poland (Minis-
ter of Economy and Labour, 2005). Measurements were
performed in accordance with the ISO 9612 standard
(2009).

Exposure limit values specified in Polish regula-
tions (Minister of Labour and Social Policy, 2002)
were used for the noise exposure assessment. Exposure
limit values for specific noise parameters are equal to:

Lepesk — 135 dB, Ly gp — 85 dB, L g — 115 dB.

2.2, Determining sound pressure levels under hearing
protection devices

Using hearing protection devices requires making a
careful selection in order to ensure a sufficient reduc-
tion of sound pressure level of the noise reaching the
employee. There are calculation methods for selecting
hearing protection devices that allow for the assess-
ment of the A-weighted equivalent sound pressure level
(Laeg) under a hearing protection device (ISO 4869-
2, 1994) or enable the estimation of the peak sound
pressure level (Lpe.q) under a device — see information
Appendix B to the EN 458 standard (2004). However,
these methods cannot be used for the determination
of any noise parameters. If the exposure limit values
of the Lopeak of Lo max parameters are exceeded at
a workplace, there is a need of verifying whether the
values of these parameters under a hearing protection
device are reduced below the level defined in the hear-
ing damage risk eriterion. The aforementioned ealeu-

lation methods do not allow for the determination of
the Lopeak and L 4 ;e parameters under hearing pro-
tection devices. In addition, their accuracy is lirnited
(LENZUNT ef al, 2012; Muvnskl, Kozrowskr, 2013).

In view of the fact that when hearing protection
devices are used there 1s no possibility of calculating
noise parameters such as Lpopeay and Ly o, in a sim-
ple way, the assessment of exposure to impulse noise
reaching the ears of an employee can be performed by
carrying out measurements of the sound pressure level
of impulse noise reaching underneath the hearing pro-
tection devices. The assessment of the impact of using
hearing protection devices by means of measurements
must not be performed with human subjects, as the
impulse noise sound pressure level produced at work-
places in a forge exceeds exposure limit values. In such
a situation, a hearing protection device that provides
a potentially insufficient sound reduction for the noise
at the workplace would pose a hearing damage risk for
the subject participating in the research.

Due to impossibility of carrying out measurements
with the participation of subjects, the consequences
of using hearing protection devices can only be stud-
ied using head and torso simulators (LENZUNI et al..
2012). Nevertheless, snch an approach involves cer-
tain limitations regarding the precision of the simu-
lation (BERGER et al., 2012). Specific corrections can
then be apphed in order to approximate the results
obtained using head and torso simulators — acoustic
test fxtures — to the results obtained when hearing
protection devices are used by human subjects. Such
corrections may include taking into account the occlu-
sion effect, physiological masking and bone conduction
(CGrouErRE, Kunov, 1980) and have heen applied in
the studies of the effectiveness of impulse noise reduc-
tion by firearms (LENZUNI et al., 2012), for example.
A correction taking into account the influence of bone
conduction is also recommended by the ANSI/ASA
512.42-2010 standard (2010),

In the present study, the measurements of noise
parameters under hearing protection devices were per-
formed using an acoustic test fixture deseribed in chap-
ter 4, In order to minimize the influence of the hmited
accuracy of the simulation of hbuman features by the
acoustic test fixture used in the study, individual cor-
rection frequency response was applied to each of the
hearing protection devices under investigation, talang
into account overall factors related to the use of hear-
ing protection devices by humans. In order to correct
noise time wavelorms registered using the acoustic test
fixture at workplaces in the forge, sound attenuation
values were applied in reference to the nolse attenua-
tion values measured using the acoustic test fixture in
the laboratory.

The sound attenuation values applied are taken
from the data published in the user’s manual of the
hearing protection device. Sound attenuation is deter-
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mined based on the threshold of hearing measurements
(ISO 4869-1, 1960) and is specified in seven or eight
one-third-octave frequency bands of the test signal.
The attenuation of the hearing protection devices stud-
ied in the present work was measured for the same test
signal using the acoustic test fixture.

During the coustruction phase of correction func-
tions it was assumed that the assumed protection value
provided by the studied earplugs and earmuffs would
apply to 98% of the population of people using hear-
ing protection devices. This assumption requires tak-
ing into consideration the data for sound attenuation
of hearing protection devices (included in Table 1) in
the form of the difference between mean attenuation
and the doubled standard deviation for this attenua-
tion (Voix, Zeipan, 2010; LEnzuni, 20089).

2.3. Assessment of the effectiveness of using hearing
protection devices

The measurements of exposure limit values of noise
parameters at a workplace (Minister of Labour and
Social Poliey, 2002) used in the hearing damage risk
criterion in accordance with the methodology of carry-
ing out nolse measurements at a workplace (IS0 8612,
2009} are performed in the absence of the worker or us-
ing a microphone located 10 cm away from the worker’s
head. In the present study, the measurements of noise
parameters reaching underneath hearing protection de-
vices were taken by means of the acoustic test fixture's
microphone. It 1s therefore necessary to make reference
between the values measured under the hearing protec-
tion device with the acoustic test fixture’s microphone
and the actual values that would be present at the lo-
cation of the person exposed to noise.

The sound pressure levels Lopeak, Lrxah: La max
measured under the hearing protection device were
compared to the levels occurring at the distance
of 10em from the acoustic test fixture located at
the investigated workplace using ALgpesk, ALgx sh,
AL A max determined in compliance with the relation-

ships (1)-(3):

AL Cpeak = LC'peak_..—lTF'_no_HPD — Ll'__.'peak__ 10 cms :\1}
ALgxsh = Lexsh aTF o ipD — LEX 8k 10 emy (2}
If‘l'.‘L'.-l max — LA mux, ATFne HPFD — L.—l max, 10 cm1 (3}

where: — the index " 7p .. ppp” denominates the
sound pressure level at the acoustic test fixture's mi-
crophone location without a hearing protection device
put on the fixture, — the index *jp ;" denominates the
sound pressure level measured using the microphone
located 10 cm away from the acoustic test fixture.
The assessment of the values of noise affecting the
worker using hearing protection devices, in accordance
with the aforementioned assumptions, is performed

based on sound pressure levels measured using the

acoustic test fixture's microphone under the hearing
protection device, corrected in compliance with the
sound attenuation data for a given hearing protec-
tion device and reduced by the determined AL cpeak,
ALpxsn and AL 4 qay values.

The eriterion for assessing whether sufficient hear-
ing protection is provided by specific earplugs and
earmuffs was taken from the result of the compar-
ison between the determined noise parameters val-
ues under hearing protection devices and of a certain
limit value. Hearing protection devices are selected cor-
rectly when there is no risk of hearing damage (Di-
rective 2003/10/EC, 2003; Minister of Economy and
Labour, 2005). Therefore, verification was performed
to check whether the determined values of the Lopeak
and L 4 max parameters did not exceed exposure limit
values (Minister of Labour and Social Policy, 2002).
Then, the hearing protection devices that resulted in
reducing the A-weighted noise exposure level normal-
ized to an 8 h working day (Lgxsh) to the value that
did not exceed the lower exposure action value were
considered sufficient for providing hearing protection
at the investigated workplaces. The lower exposure ac-
tion value i1s lower by 5dB from the exposure limit
value and equals 80 dB (Directive 2003/10/EC, 2003;
Minister of Economy and Labour, 2005). Taking the
value of Ly sn equal 80 dB as a criterion is justi-
fied by the fact that below this value there is prac-
tically no risk of causing hearing loss (PAWLACZYK-
Buszczynska, 2010; ISO 1009, 1900).

3. Test object
3.1. Workplaces

Measurements were taken at operator workplaces of
four die forging hammers (position: forger): LASCO-
400, LASCO-315, MPM 3150 and MPM 1600. Re-
search was also carried out at trimming press or forge
rolling machine operator workplaces (position: trim-
ming machine operator) that neighbour the hammer
operator workplaces, located approximately 4 m away.

3.2, Hearing protection devices

Two models of popular foam earplugs and two
types of popular earmufls were selected for the study.
Of the selected earmuffs, one type was mtentionally
chosen with small sound attenuation and the other
one —with large attenuation. The hearing protection
devices chosen for the study are listed in Table 1.
The table also specifies the following values of their
characteristic parameters, as published in the user
information (ISO 4860-2, 1994): sound attenuation,
H (high-frequency attemuation value), M (medium-
frequency attenuation value), L (low-frequency atten-
uation value) and SNR (single number rating).
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Table 1. Sound attenuation of the mvestigated earplugs and earmuffs in one-third-octave frequency bands: my — mean
value, sy — standard deviation; the values of the SNR, H, M, L parameters characterizing the acoustic properties of
the investigated earplugs and earmuffs, Values are given in dB.

One-third-octave-band centre frequency [Hz]
63 | 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000
Earplugs

BNR |H | M| L

Hearing protection device

o e e R g =g 7
Howard Leight MAX (HL MAX) my | 346 | 37.1 | 374 | 338 | 382 | 379 | 47.3 | 448 a7 a6 | a5 | a4
2f 3.0 4.5 43 aT 35 4.0 xh T2
M 1100 myp | 300 | 33.1 | 363 | 384 | 38.7 | 30.7 | 483 | 444 ar lar| a4 |31
2f 3.9 5.0 7.4 6.2 5.6 4.3 4.5 44
Earmufls
o g 7 =
Pl Oiand my 116 | 187 | 275 329 | 336 | 361 | 358 or 29| os |13
8f 4.3 36| 25 .7 3.4 3.0 3.8
Peltor Optime 111 i} 1741217 347 | 4131393 1 4751 426 | o5 | 40| 32 | 23
8f 24 26 | 20 21 15 4.5 2.6
4. Measurement setup 5. Results
A diagram of the measurement system used in the 5.1. Sound pressure level at workplaces

study 1s shown in Fig. 1. In order to record the time
waveform of the noise sound pressure, a Briel & Kjer
4135 microphone was used, which has a measurement
range of up to 164 dB. The microphone was located
10 em from the worker’s head at the “ear” level

The values of the C-weighted peak sound pressure
level (Liopeak). the A-weighted maximum sound pres-
sure level (L 4 ., ) and the A-weighted noise exposure
level normalized to an 8 h working day (Lexsn) de
termined at forgers’ and trimming machine operators’
workplaces for the four die forging hammers considered
in the study are shown in Figs. 2-4. Exposure limit
values of the noise parameter considered in each case
are also marked in the figures. In order to determine
the A-weighted noise exposure level normalized to an
8 h working day (Lgxsn) it was assumed that the ex-
posure time related to the operation of hammers and
at adjacent workplaces equaled to 360 minutes during

Broed & Kjeer 4152 microphone

Trepulse:
el a workday.
150
Fig. 1. Diagram of the measurement system. -
E 140
Measurements under the cups of earmuffs and un- 7 . -k
der earphigs were taken using an acoustic test fix- = B B O s 0]
ture compliant with the ISO 4869-3 standard (2007), -
The test fixture is additionally equipped with two cou- l
pled chambers with a Briel & Kjsr 4192 measure- 125 —
ment microphone. One of the aforementioned cham- Parger trimm, {foeger trime,| foagar Ti'"'m'lrmer i
bers — conical tube — simulates the dimensions and et Bl Bl o
geometry of the external ear ecanal. Its dimensions cor- Fig. 2 C-weighted PEE-L'_ sound pressure level [Lc'.'pmst_ d‘_i-
respond with the average dimensions of the human termined at workplaces in the forge. ELV - exposure limit

external ear canal. The chamber was lined with a value, trimm. — trimming machine operator.

layer of an elastic material resembhing human skin.

The second chamber of the acoustic test fxture The noise measurements demonstrated that the ex-
serves to imitate the acoustic properties of the mid- posure limit values of the C-weighted peak sound pres-
dle ear. sure level (Lopeak ). A-weighted maximum sound pres-
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Fig. 3. A-weighted noise exposure level normalized to an

8 h working day (L gx s1) determined at workplaces in the

forge. ELV — exposure limit value, trimm. — trimming ma-
chine operator.
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forger  trimm.

forgar  trimm, | forger  trimm.

WIPME 3150

forger  Erimem,
MPM 1600

Lasce-400 Lasco-315%

Fig. 4. A-weighted maximum sound pressure level (L4 max)

determined at workplaces in the forge. ELV — exposure
limit value, trimm. — trimming machine operator.

sure level (L 4., ) and the A-weighted noise exposure
level normalized to an 8 h working day (Lgx sy) were
exceeded at workplaces of operators (forgers) of all the
studied hammers. For workplaces adjacent to the ham-
mer operator workplaces, the exposure limit values of
the A-weighted noise exposure level normalized to an
8 h working day (Lgxan) were exceeded for all the
studied hammers and the C-weighted peak sound pres-
sure level (Lopeak) value was exceeded in the case of
the Lasco-315 hammer.

5.2, Sound pressure level under hearing
protection devices

The results of the determination of parameters of
noise to which the workers (forgers and trimming ma-
chine operators) are exposed when using hearing pro-
tection devices at workplaces in the forge are pre-
sented in Figs. 5-7. The assessment criterion values
of the noise parameter considered in each case are also
marked in the figures. Values shown in Figs. 57 are
sound pressure levels measured using the acoustic test
fixture's microphone under a hearing protection device
and corrected in accordance with the methodology de-
scribed in chapters 2.2 and 2.3. In order to determine
the A-weighted noise exposure level normalized to an

8 h working day ( Lgx sy ). similar as in the case of noise
measurements at workplaces, it was assumed that the
exposure time related to the operation of hammers and
at adjacent workplaces equaled to 360 minutes during
a workday.
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Fig. 5. C-weighted peak sound pressure level (Lopeas) de-

termined under hearing protection devices used at work-

places in the forge. ELV - exposure limit value, trimm. —
trimming machine operator.
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Earplugs provided the biggest reduction in the
value of the C-weighted peak sound pressure level
(Lipeat); but it shall be noted that this was demon-
strated when they were put very deeply (inserted al-
most completely) into the testing device's chamber
that simulated the external ear canal. In practice,
achieving a similar level of protection requires good
skills for placing the earplugs in the ear in an equally
careful way.

In the case of the A-weighted noise exposure level
normalized to an 8 h working day (Lpy s1,), the lowest
values of this parameter were demonstrated when Pel-
tor Optime 1l earmufts were used. Protection proved
to be insufficient in the case of Peltor Optime 1 ear-
muffs with small sound attenuation.

The lowest values of the A-weighted maximum
sound pressure level (L 4 max ). similar as in the case of
the Lpy gy parameter, were determined when Peltor
Optime III earmuffs were used, whereas using Peltor
Optime I earmuffs resulted in the highest sound pres-
sure levels. However, for the L 4 me parameter, the re-
duction to a value below the exposure liimt is achieved
by each of the hearing protection devices considered in
the study.

The results shown in Figs. 5-7 demonstrated that
at all the investigated workplaces in the forge, hearing
can be protected by using any of the two studied mod-
els of earplugs (Howard Leight MAX, 3M 1100) and
the Peltor Optime III earmuffs.

In the case of the Peltor Optime I earmuffs with
lower sound attenuation values than for Peltor Op-
time III, the valies assumed as the criterion for the
peak sound pressure level L. were exceeded at the
workplace of the forger operating the Lasco-400 hamn-
mer. Exceeding the criterion value of the A-weighted
noise exposure level normalized to an 8 h working day
(Lgxsn), related to the use of Peltor Optime 1 ear-
muffs occurred at workplaces of forgers operating all
four die forging hammers, as well as the trimnming ma-
chine operator of the MPM 3150 hammer. Lower at-
tenuation earmuffs (Peltor Optime I} can only be used
at workplaces of trimming machine operators close to
the Lasco-400, Lasco-315 and MPM 1600 hammers.

6. Summary and conclusions

Using an acoustic test fixture allows for taking
measurements of noise parameters under hearing pro-
tection devices without exposing human subjects to
noise produced at workplaces. Using the measurement
method to evaluate the results of using hearing protec-
tion devices provided means of assessing noise param-
eters under hearing protection devices (as it reaches
a person’s ear), ie. of the A-weighted noise exposure
level normalized to an 8 h working day (Lgxsh), of
the C-weighted peak sound pressure level (Leopeax)
and of the A-weighted maximum sound pressure level

(LA max). In the case of the last two parameters, the
determination and assessment of these values is not
possible using caleulation methods for the selection of
hearing protection devices.

The study presents a method of analyzing measure-
ment data obtained using an acoustic test fixture that
gives results representing noise parameter values that
would be determined in the case of using hearing pro-
tection devices by humans.

For impulse noise produced by industrial sources,
the assessment of hearing damage risk must take into
account the parameter related both to the equivalent
sound pressure level (Lpxgn), and to the values re-
ferring to instantaneous sound pressure levels (Lopear
and L 4 max ). The assessment of the noise generated by
die forging hammers in the forge demonstrated that
exposure limit values are exceeded In the case of all
three parameters mentioned above. Therefore, the ver-
ification of whether hearing protection devices would
provide sufficient reduction of the value of each of these
parameters was necessary. It turned out that not every
hearing protection deviee is suitable against impulse
noise in the forge, both in terms of the value of the
L gx sn parameter and of the Lopea parameter.

Due to the eventual migration of workers between
mdividual workplaces in the forge, it is recommended
to use the hearing protection devices that meet the
requirement of providing sufficient protection at all
workplaces.

The earplugs and earmuffs selected for using at spe-
cific workplaces shall effectively reduce the noise sound
pressure level if they are used in an appropriate way,
Le. correctly placed, frequently inspected in terms of
their technical condition and used continuously during
the stay in an environment exposed to noise.
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