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Do We Measure Damaging Noise Correctly? 

by 

Civiling., dr. tech. P. V. Bruel 

ABSTRACT 
Measurement and analysis of several industrial noises, for determining the risk of hearing 
loss due to noise, revealed significant peaks of short duration especially in the environment 
of the iron and steel industry. Since these peaks contain significant amount of energy in the 
frequency region 4 — 6 kHz and also because these frequencies are amplif ied in the outer 
and middle ear it explains why the hearing loss always starts around 4 — 6 kHz and also 
why the risk of hearing loss is considerably higher in this case than that given by the total 
noise dose criterion. Finally, a rather simple method has been proposed for setting the limits 
for risk criteria taking into consideration the total noise dose as wel l as the impulsive con
tent of the noise. 

SOMMAIRE 
La mesure et I'analyse de differents bruits industriels, effectu^es en vue de determiner les 
risques de perte d'audit ion dus au bruit , mettent en evidence des pointes significatives, de 
courte duree, en particulier dans les industries du fer et de I'acier. Ces pointes contiennent 
une importante quantite d'energie dans la partie 4 — 6 kHz du spectre de frequence et 
comme ces frequences sont amplifiees dans 1'oreille externe et moyenne, ceci explique que 
les pertes d'audition commencent toujours autour de 4 — 6 kHz et, aussi, que le risque de 
perte d'audit ion, dans ce cas, est considerablement plus £lev£ que ce qu' indique le critere 
de la dose de bruit totale, Finalement une methode assez simple a 6t£ proposed pour fixer 
les limites des criteres de risque en prenant en consideration la dose de bruit totale aussi 
bien que le contenu impulsif du bruit. 

ZUSAMMENFASSUNG 
Zur Bestimmung des Risikos einer Gehorschwachung durch Larminwirkung wurden meh-
rere industrielle Larmquellen gemessen und analysiert. 

Es ergaben sich signifikante Spitzenwerte von kurzer Dauer, besonders in der Umgebung 
von Eisen- und Stahlindustrie. Diese Spitzen weisen im Frequenzbereich von 4 — 6 kHz ei-
nen bemerkenswerten Energieinhalt auf. Im aufSeren — und mitt leren Ohr werden diese Fre-
quenzen zudem noch verstarkt. Das erklart die Tatsache, warum eine Gehorschwachung im-
mer bei 4 — 6 kHz herum beginnt, und warum das Risiko einer Gehorschwachung in die-
sem Fall betrachtlich hoher liegt, als es durch das Kriterium der Gesamtlarmdosis angege-
ben w i rd . 
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Schlieftl ich wurde eine recht einfache Methode vorgeschlagen. Bei der Festsetzung der 
Grenzen fur die Risikokriterien soil die gesamte Larmdosis als auch der Impulsgehalt der 
Larmquetle beriicksichtigt werden. 

Introduction 
Noise, according to a rather hackneyed expression, is characterised as 
undesired sound i.e. sounds that disturb, annoy and perhaps even im
pair hearing. It is therefore paradoxical that the internationally standar
dized Sound Level Meter is developed entirely on the basis of measur
ing sounds that we wish to hear without due consideration to the 
sounds that disturb or annoy and none at all to those (which is much 
worse) which involve a risk for hearing damage. When one therefore 
asks, "Do we measure noise correctly?" the answer must be that 
where hearing level is concerned, the scale that is in use today is 
applicable because the scale itself was developed originally on the ba
sis of hearing level. If, however, one considers the annoyance caused 
by noise, then our noise scale is no longer completely correct and even 
more inappropriate when we use it to stipulate acceptable noise limits 
to prevent hearing loss. The latter is rather serious since large sums 
are being offered for prevention of hearing loss caused in industry and 
by traffic. 

If the risk of hearing loss has to be determined for highly fluctuating in
dustrial noise, gunshots and hammer blows, the results of readings 
from such a Sound Level Meter can be completely misleading. This is 
because the high sound impulses wi th significant energy content in the 
frequency region 4 — 6 kHz are short enough so that they are neither 
registered as loud sounds by our hearing mechanism nor give a signifi
cant reading on our Sound Level Meter. It is shown that a Sound Level 
Meter for assessing the risk of hearing loss has to be 1000 times fas
ter than even the present day Impulse Sound Level Meter. In order to 
read such a fast meter indication the Sound Level Meter must contain 
a "Hold"circuit so that the Peak Value of short impulses can be read 
off. 

By measuring different types of sounds and impulses wi th such an ap
paratus and comparing the results wi th the time constants of the outer 
ear, middle ear, the organ of Corti together wi th the integrating time of 
the brain, one can give clear explanations for a number of paradoxes 
that have been hitherto inexplicable. E.g. Why does the hearing loss 
start in the frequency region around 4 0 0 0 Hz when the most signifi
cant components in almost all kinds of industrial noise is in the fre
quency region 2 5 0 — 1000 Hz? Why do teenagers visiting dis-
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cotheques where the sound level is 110 — 1 1 5 dB(A) hardly ever suf
fer from hearing loss, whi le workers in industry where the sound level 
is 90 — 95 dB have their hearing impaired? 

Finally, it has been shown that in evaluating the damaging effects of 
noise and thereby setting the limits for maximum permissible noise le
vels, not only must the sound levels be determined wi th a normal 
sound level meter but also the impulsive content of the noise must be 
determined wi th a sound level meter that has a peak holding capacity. 
The risk limits can then be set in several ways: in this article a rather 
simple method has been proposed which has a further advantage that 
all the material available today, from experience gained about the corre
lation between the measured noise and hearing loss, can be utilized by 
a simple correction for the content of peak values in the noise. 

In the Appendix it is shown how short impulses w i th relatively high en
ergy content around 4 kHz are almost always amplif ied by resonance in 
the outer and middle ear so that these impulses reach the inner ear 
wi th an amplitude 10 — 1 2 dB higher than other types of noise. 

Sound Level Meters 
a) Normal Sound Level Meter 
Around 1928 Fletcher and Munson published their wel l known investi
gations of the sensitivity of the human ear to pure tones of different fre
quencies and intensities, see F ig .1 , [ 1 , 2]. It must be emphasized that 
these investigations apply only to the hearing level of continuous pure 

^ 

Fig. 1. Fletcher and Munson's curves of the sensitivity of the human 
ear to pure tones at different frequencies compared to a pure 
tone at 1000 Hz. Right, later measurements which form the ba
sis for /EC standards 
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tones that are compared w i th the 1 0 0 0 Hz tone. It does not take into ac
count annoyance or the variation of loudness w i th t ime. 

The weight ing curves that were named A, B and C were the inverted 
Fletcher-Munson curves of Fig. 1 where the A curve was to be used for 
low level sounds, B for medium level and C for high level sounds. 

The t ime constant was made as short as it was possible wi th the know-
how available in those days, approximately 1 25 ms. The rectifier was la
ter specified to be an RMS rectifier so that the different frequency com
ponents were added together energywise correctly. 

Since the meter indication was difficult to read on account of the rela
tively fast deflections of the meter needle when the noise f luctuated, 
another meter damping position "S low" , was introduced wi th a t ime 
constant that was approximately 8 times as large as the one on the 
Fast position. The t ime constants "Fast" and " S l o w " were chosen arbi
trarily and has no relation to the preception rate of the human ear. 

These were the beginnings of the present-day sound level meter that is 
universally used, Fig.2. The principle is exactly the same, however, 
through the IEC Standardization the accuracy of the instrument has 
been increased by restricting different tolerances, [3] . Also the weight
ing curves have been modified slightly compared to Fletcher-Munson's 
curves for the sake of easier production whi le the t ime constants of the 
instrument have been specified precisely through tighter tolerances. 

Fig. 2. Objective sound level meter consisting of a microphone, ampli
fier, attenuator, weighting curves A, B and C, amplifier, attenu
ator, rectifier, integrator and meter 
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In the mid-sixties it was clear that the normal sound level meter did not 
measure f luctuating noise appropriately, possibly because of incorrect 
t ime constants, which therefore lead to the development of the so-
called Impulse Sound Level Meter. 

b) Impulse Sound Level Meter 
If a pure tone or noise is held constant over a long t ime, the human ear 
wi l l perceive it w i th constant loudness over the corresponding period of 
t ime. If, on the other hand, the sound exists only for a short t ime, un
der 2 0 0 ms, the human ear wi l l perceive it as less loud than it actually 
is, and the shorter the tone is, the weaker w i l l it sound. 

Several researchers have investigated this phenomenon closely and in 
Fig.3 many of their results are shown. The ordinate shows how much 
larger the physical strength of the pertinent short duration impulse 
must be than the same sound of longer durat ion, for it to sound equally 
loud. 

From the figure it can be seen that there is a considerable spread in 
the results. However, it has been agreed upon by IEC to choose 35 ms 
as the averaging t ime for Impulse Sound Level Meter corresponding to 
the fully drawn curve shown in Fig.3. 

Fig. 3. Results from different researchers of the subjective perception 
of short impulses compared with the integration curves for 
time constants "Fast", "Slow" and "Impulse" of the sound le
vel meter. On the extreme left the integration curves of the hu
man ear, for the young and the elderly respectively which are 
approximately 1000 times faster than the impulse curve of the 
sound level meter 
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For all the measurements that have been referred to and shown in 
Fig.3 the hearing level i .e. subjective loudness of the corresponding 
sound impulses has been used as the basis. The curves do not give an 
insight into the degree of annoyance caused by different impulses and 
they cannot at all be used for predicting the damaging effects of sound 
impulses on the human ear. It should be emphasized that many people 
believe that the IEC standardized Impulse Sound Level Meter can be 
used to set acceptable noise limits that wi l l avoid the damaging effects 
of noise. 

It is commonly accepted that the averaging t ime of the ear which is de
fined to be 35 ms is the same for both increasing and decreasing levels 
of noise. This may be correct, though it has never been proved. Ne
vertheless, for the Impulse Sound Level Meter the time constant has 
been completely arbitrarily chosen to be 3 s for decreasing levels i .e. 
100 times longer than for increasing levels, [4]. The long t ime constant 
of 3 s for decreasing levels has been introduced strictly from a practical 
point of view in order to be able to read-off the meter when single im
pulses are measured. This long time constant is similarly in no way re
lated to the hearing mechanism and it is more than doubtful if repeti
tive pulses can even remotely be measured correctly, whereas the re
sponse to a single impulse wi l l generally correspond to its subjective 
loudness. 

On the extreme left of Fig.3 the integration curves of the inner ear for 
the young and the elderly are shown which are approximately 1 0 0 0 
times faster than the impulse curve of the sound level meter. 

Measurement Results 
It has been known for more than 4 0 years that hearing loss always 
starts around 4 — 6 kHz (C5-dip), and as a rule it is most severe at 
6 kHz, independent of whether the damage has been caused by a 
single shot, f i rework, small explosion or similar singular events, or if 
the loss has occurred gradually due to long term exposure in a noisy en
vironment. The latter is very strange, since practically all the industrial 
noise we know has a higher intensity in the frequency range 2 5 0 — 
5 0 0 Hz than at 6 kHz. There has been considerable speculation as to 
why hearing loss due to industrial noise occurs 3 octaves higher on the 
frequency scale than the corresponding frequency region wi th the most 
energy content, and no sensible explanation has been given to date. 

Figs.4 and 5 show some typical audiograms of industrial workers w i th 
hearing loss who have been exposed to different noise levels for long 
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durat ions. Also shown w i th the audiograms are the corresponding typi
cal spectrograms of the noise that the worker has been exposed to. 

Fig.4. Average audiograms of tractor drivers after approximately 10 
years of work. Bottom, frequency spectrum of tractor noise, 
both linear and A weighted. Figures represent sound pressure 
levels in 1/3 octaves. (Hansson & Kylin) 

If the noise is uni form wi thout excessive impulses (e .g . in a carpentry 
workshop) it can be shown that the human ear damage is related to the 
total noise dose the worker has been exposed to in his l i fet ime. The per
centage risk can be expressed by a formula where the equivalent noise 
level for each work ing day is added over the number of years of expo-
sure to the corresponding noise, [5] . Also for f luctuat ing noise levels 
e. g. in the case of a tractor driver that drives in and out of a factory, it 
seems that the risk of hearing loss is related to the total noise dose 
over the years [6 , 7]. However, this is not the case when the noise con
tains short impulses e . g . noise f rom punch presses, riveting machines, 
plate straightening machines, hammer blows, pneumatic nail ing ma
chines etc. For these cases, the risk of hearing loss appears to be signif
icantly higher than that according to the total noise dose. Depending on 
how impulsive the noise is, one must correct it by 13 — 20 dB, [8 , 9]. 
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Fig.5. Audiograms of a group of Swedish forest workers who have 
felled trees with chain saws for 7, 4, 7, 10 and more than 12 
years respectively. Bottom — typical spectrogram and 1/3 oc
tave sound pressure levels of the corresponding chain saw 
noise. (Hansson, Kylin and Gustavsson) 

The situation is quite the opposite in the case of permanent ear dam
age caused by gunshots and clicks. Very loud noise, even of short dura
t ion can rupture some of the f ine hair cells wh ich are activated by the 
Basilar membrane, whereby they become inactive either temporari ly or 
permanently depending upon the intensity of the noise. This kind of ear 
damage is completely different to that due to steady noise where the 
product of intensity t imes t ime i. e. the total noise dose, causes damage 
by a fatigue phenomenon. 

Fig.6 shows a measuring arrangement where the pistol shot via 
1 / 4 " microphone is ampli f ied by the Sound Level Meter Type 2 2 0 9 and 
captured by a Digital Event Recorder Type 7 5 0 2 wh ich is ideal for stor
ing and playing back the signal at a faster rate. Most of the shots have 
been recorded after they have been A weighted since it gives a truer re
presentation of the loading on the inner ear. By repeating the signal 
w i th the aid of the Digital Event Recorder, the sound pressure of the 
pistol shot can be displayed on an oscilloscope as a funct ion of t ime. 
The frequency content of the signal is obtained using the Real Time A n 
alyzer Type 3 3 4 7 . 
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Fig.6. Measuring arrangement for obtaining oscillograms and fre
quency analyses of short impulses 

Fig.7 shows an audiogram taken on a person that had been exposed to 
a gunshot whi le Figs.8 and 9 show some oscillograms and spectro
grams of shots from a signal pistol a toy pistol and a clicking noise from 
a toy monkey. 

Fig. 7. Typical audiogram illustrating hearing loss of a person who 
has been exposed to a gunshot 
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Fig. 8. Spectrograms and oscillograms of a shot from a signal pistol at 
a) 0,5 m distance 
b) I m distance 
c) shot from a toy pistol with cap at 10 cm distance 
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Fig. 9. Clicking noise from a toy monkey. Periodic at 4000 Hz. 145 dB 
"Peak" 

The analyses of these sounds show that the maximum energy content 
lies in the frequency region 4 — 6 kHz. On account of the short dura
tion of the pistol shots, the result from a normal sound ieve! meter 
would only give an expression of the energy content of the shot. It does 
not give any information of the high instantaneous values for which a 
special sound level meter wi th "Peak Hold" is required. Further, it can 
be seen that the signal almost always consisted of one or more whole 
periods w i th equal positive and negative pressure peaks, in contrast to 
what was previously assumed that an impulse was a short, high-level, 
positive pressure peak fol lowed by a long, negative pressure pulse w i th 
much lower amplitude. It is therefore quite natural that the ear is most 
affected and damaged around 4 kHz by the response of a gunshot, an 
impulse or a click. This naturally leads to the investigation of industrial 
noise whether it contains the short, high sound impulses w i th signif i
cant energy content in the frequency region 4 — 6 kHz, but short 
enough so that they are neither registered as loud sounds by our hear
ing mechanism nor give a significant reading on a normal sound level 
meter. 

Figs. 10, 11 and 12 show oscillograms and spectrograms of a hammer 
blow on a hard material, impact between two bottles, and the sound 
generated during perforation of a plate by a punch press respectively. 

Analyses of these industrial noises reveal significantly high level sound 
impulses w i th both positive and negative pressure amplitudes — usu
ally sequences of some milliseconds wi th large energy content in the 
frequency region 2 0 0 0 — 5 0 0 0 Hz w i th maximum peaks 15 — 25 dB 
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Fig. 12. Sound during perforation of a plate by a Punch Press 

higher than the mean value measured wi th a normal sound level me
ter. Also the maximum pressure durations are between 30 and 200ps . 

Since we do not even remotely preceive the loudness of the short 
sound impulses correctly, one could ask: How can the ear be damaged 
by these impulses which sound so weak? Before the question can be 
answered, it is necessary to describe the ear, its integration times and 
the transmission characteristics of the different parts of the ear. 

The Ear and Its Integration Time 
Fig. 13 shows a schematic drawing of the human auditory system. The 
drawing is rather unorthodox as emphasis is placed on accentuating 
the elements and characteristics that have special significance seen 
from a communication technologist's viewpoint. 

The lever-arm mechanism is sketched wi th only a single lever-arm. 
Such a transmission system wi th stiffnesses (of ear drum and Oval Win
dow) masses and moments of inertia (of lever-arm and membranes) to
gether wi th friction (mostly from the inner ear) do not transmit all fre
quencies equally wel l . The stiffnesses impede the transmission charac
teristics of low frequencies and inertia the higher frequencies; the trans
mission is best at resonance (approximately 1200 Hz). Since friction 
contributes to the major part of the impedance, the resonance is not 
particularly sharp and transmission is good between 5 0 0 — 8 0 0 0 Hz. 
[10 , 1 1]. The shape of the outer ear wi th the auditory muscle and ear 
canal has also a resonance amplification on account of the shape of 
both the head and the auditory muscle and especially the ear canal 
which gives a quarter wavelengths amplification around 4 kHz. [12] . 
Neither is this resonance particularly sharp. 
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It has already been shown that the brain which perceives the hearing 
impression has an averaging t ime between 2 0 — 100 ms (Fig.3) w i th a 
defined mean value of 35 ms. These are very long times and com
pletely incompatible w i th the capability of detecting frequencies above 
20 — 50 Hz, if it was the brain that should carry out the frequency ana
lysis. If the brain were to perceive and analyze frequencies around 15 
— 2 0 kHz then the averaging t imes should be correspondingly lower 
i. e. shorter than 50 — 1 0 0 /JS. The reason why the brain perceives fre
quencies over 50 Hz is exclusively due to the major part of the fre
quency analysis already being carried out in the inner ear and transmit
ted to different parts of the brain through parallel nerve fibres, com
pletely analogous to the principle used in modern real t ime analyzers. 
On the other hand, since the inner ear receives all the frequencies si
multaneously at its input terminal and is able to handle and distinguish 
all the amplitude variations so rapidly, the averaging times must there
fore be considerably shorter. From the frequency curves of the ear 
shown in Fig. 1, the relevant averaging t imes can be found by determin
ing the upper cut-off frequency. 

In telecommunications the upper cut-off frequency is defined as the fre
quency where the amplif ication has fallen by 3dB . From Fig. 1 and also 
the A weight ing curve which is the inverse of the hearing sensitivity 
curves (Fig. 1) the averaging t ime of the inner ear can be stipulated to 
be 30//S for normal cases and 100/ys for the elderly, who can no 
longer hear the higher frequencies we l l , see Fig.3. 

As mentioned above, the middle ear and the outer ear incorporate fre
quency dependent transmission response curves w i th resonant frequen
cies at 1000 and 4 0 0 0 Hz respectively w i th their corresponding t ime 
constants. Since the transmission response curves are rather flat, they 
contribute only as a correction factor to the short averaging t imes of 
the inner ear. On the other hand, the muscle contractions in the middle 
ear have significant importance. These muscles are activated around 
75 — 90dB(A) reducing the sensitivity of the ear at low frequencies. 
However, this does not occur instantaneously, since it takes t ime for 
the signal to pass from the muscle, ear and nerves to the brain where 
it is perceived and sent back to the muscle. The total t ime is approxi
mately 3 0 0 — 5 0 0 ms. [13] . 

Discussion of Results 
Having examined the transmission characteristics of the different parts 
of the ear, it can be seen that the short impulses are transmitted w i th -
out obstruction through both the outer and the middle ear to the nerves 
in the organ of Corti, where the nerve ends are exposed to the ful l am-
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plitude also of the short sound impulses; it is first the summing up in 
the brain of the sound impression that perceives a short impulse as 
less loud than a longer one. 

It is further shown that there is a resonance amplification of 3 — 10dB 
in the outer and middle ear of frequencies around 4 kHz. It is therefore 
quite natural that the damaging effects of also the industrial noise on 
our hearing faculty starts in the frequency region around 4 kHz, partly 
because by far the majority of the high noise levels are to be found in 
this frequency region (although we cannot hear them with their proper 
loudness) and partly because of the resonance of the ear at 4 kHz 
which further amplifies periodic sound pressures with a frequency of 
4 kHz. 

It can be concluded from the analyses of the impulses shown that we 
are exposed daily to impulsive noises which are more intensive than 
our hearing impression perceives them to be. However, these impulses 
are so long that they reach the inner ear wi th their full amplitude. It 
has been shown that a short impulse that is propagated through our ou
ter ear can be 6 — 7 dB higher at the ear drum than the highest sound 
pressure outside the ear, see Appendix. During passage through the 
middle ear, a further similar amplification can occur, so that signals 
with a frequency content of 4 to 6 kHz would reach the inner ear wi th 
a total amplification up to 10 — 12 dB. If the amplitude of the impulses 
are high enough, the nerve ends are damaged, even though a normal 
sound level meter would indicate that the noise is lower than the 
danger level. 

Risk Criteria 
The consequence of our finding this reasonable explanation of the mys
tery of the hearing threshold shift at 4 kHz is that in evaluating the dam
aging effects of noise and thereby setting the limits for maximum per
missible noise levels, we must not only determine the sound level wi th 
a normal sound level meter, but must furthermore determine the impul
sive content of the noise with a sound level meter that can be charged 
up very quickly. This evaluation can be carried out in several ways: in 
the following, a rather simple method has been proposed which has 
the further advantage that all the material available today, from experi
ence gained about the correlation between the measured noise and 
hearing loss, can be utilized by a simple correction for the content of 
peak values in the noise. 
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A number of measurements have been taken in different industries 
wi th the use of a B & K Sound Level Meter Type 2209 with "Ho ld " cir
cuit for peak voltage measurements and which, wi th the A-fi lter cou
pled in, has an averaging time of 30fjs for peak measurements. The 
sound level meter was equipped wi th a 1 / 2 " microphone for some of 
the measurements whi le a 1 / 4 " microphone was used for both high le
vels and the sharpest peaks. 

The results are shown in Table 1. The measurements were all taken ac
cording to dB(A) "Fast"( 125 ms), dB(A) " lmpulse"(35 ms), and dB(A) 
" Imp. Hold" in which case the reading noted was the mean of 5 values 
measured wi th approximately 10 second intervals. Finally, measure
ments were also taken wi th dB(A) "Peak Hold"(30/ is) wi th 5 to 1 0 sec
ond intervals and the mean of 5 measured values noted. The most inter
esting aspect in this connection is to ascertain how large the "Peak" 
value is above dB(A) "Fast" or dB(A) " Impulse" and is denoted by A in 
the table. The larger the difference is, the more dangerous the noise. 
A pure sinusoidal tone has the same value for "Fast" and "Imp. Hold" 
whi le the "Peak" value should be and is 3 dB higher. It can be seen 
that beat music and other electronic music has very low peak values; 
the same is true for noise in aircraft and a number of (especially high 
speed) machine tools and woodworking machines. Larger differences 
are revealed by lawn mowers, type writers, and naturally all types of 
percussion machines such as pneumatic nailing machines, bottling ma
chines (bottles clattering against each other) and punch presses. Obvi
ously direct impacts, gunshots and explosions manifest the largest dif
ferences. 

It is now possible — from the theories developed here, together wi th 
the vast amount of practical experiences described in literature — to 
set-up some risk criteria for different types of industrial noise. 

Passchier-Vermeer has in the reference mentioned earlier, [9], directly 
related the hearing loss to the Leq measured in three different 
branches of industry: 

a) wood industry wi th relatively steady noise, 

b) metal industry wi th percussion machines, lathes and milling ma
chines, 

c) metal industry wi th punch presses, 
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the last two wi th f luctuating noise. Since the hearing loss in the wood 
industry relates reasonably wel l to the total energy principle, there is 
every indication that it is correct for noise wi thout peaks. On the other 
hand, the figures for the metal industries do not agree we l l , as hearing 
loss occurred at equivalent noise levels that were 10 — 20 dB lower 
than the noise in the wood industry. 

Passchier-Vermeer has put forward a criterion for hearing loss in the 
wood industry and other constant level noise, which gives a 50% proba
bility for hearing loss after 10 years of normal days work in an equiva
lent noise level of 1 0 2 d B . From here, one can set-up risk criteria for 
other types of noise w i th different relations between their peak and 
dB(A) values. By comparing the results given in Table 1 for machines in 
the wood industry and other machines w i th constant noise levels, it 
can be seen that the peak values are around 10dB higher than the 
dB(A) values for this type of noise. As a result, the base line after the 
total energy principle, valid for 3 months to 2 0 years of noise exposure, 
is drawn 1 0 dB above the line for wood-working machines in Fig. 1 4. 

By referring to Table 1 and f inding the difference between the peak 
value and the dB(A) value, the risk criteria for different types of noise 

Fig. 14. Risk limits of hearing loss (50% probability) for different types 
of noise, evaluated on the basis of the relation between dB(A) 
value and Peak value 
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such as from punch presses, in turning shops, mechanical workshops, 
noise in aircraft etc. can be found. It can be seen from Fig. 14 that 
KZ 3 aircraft, mentioned in Table 1, could be f lown approximately 7 ye
ars wi th a 50% probability of hearing loss, whereas beat music w i th a 
noise level of 1 1 5 dB(A) could be endured for approximately 18 months 
of total noise exposure, 

The curves shown in Fig. 14 are taken from the measurement results 
given in Table 1. When faced w i th a practical problem, it is best to mea
sure the difference between the peak value and dB(A) value of the 
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^ ^ ^ ^ Fast Imp. Imp. Hold Peak Hold 
Sound Source dB(A) dB(A) dB(A) 5 x dB(A) 5 x A 

Sinusoidal pure tone 1 0 0 0 Hz 94 94 94 97 3 
Beat Music from a grammophone 90 91 93 97 4 
Modern music from a grammophone 102 103 103 105 2 
Electric guitar from a grammophone 85 86 86 91 5 
Motorway traffic 1 5 m distance 80 80 81 89 8 
Motorway traffic 50 m distance 68 68 68 76 8 
Train 7 0 k m / h rail noise 1 0 m distance 95 96 98 106 8 
Train 70 k m / h rail noise 1 8 m distance 85 87 87 94 7 
Noise in aircraft Type PA 23 , cruising speed 90 91 91 100 9 
Noise in aircraft Type Fatco F 8, cruising speed 97 98 98 109 1 1 
Noise in aircraft Type KZ 3, cruising speed 102 102 103 1 12 9 
Noise in car Type Fiat 5 0 0 , 60 k m / h 78 79 79 93 14 
Noise in car Type Volvo 1 4 2 , 8 0 k m / h 75 75 76 86 10 
Lawn mower 10 HK 1 m distance 97 99 99 1 16 17 
Typewriter IBM (Head position) 80 84 83 102 19 
Electric shaver 2,5 m distance 92 92 92 107 15 
75 HK diesel motor in electricity generating plant 100 101 101 1 13 12 
Pneumatic nailing machine 3 m distance 1 12 1 14 113 128 15 
Pneumatic nailing machine near operator's head 1 16 120 120 148 28 
Industrial ventilator 5 HK 1 m 82 83 83 93 10 
Air compressor room 92 92 92 104 12 
Large machine shop 81 82 82 98 16 
Turner shop 79 80 81 100 19 
Automatic turner shop 79 80 80 99 19 
4 0 tons Punch press, near operator's head 93 98 97 121 24 
Small automatic Punch press 100 103 103 1 18 15 
Numerically driven high speed drill 100 102 103 1 12 9 
Small high speed dril l 98 101 101 109 8 
Ventilator w i th filter 82 83 83 94 1 1 
Machine driven saw, near operator's head 102 102 104 1 13 9 
Vacuum cleaner Type Hoover, 1,2 m distance 81 81 81 93 12 
Bottles striking each other 85 88 90 105 15 
Bottling machine in brewery 98 99 101 122 21 
Toy pistol (cap) 105 108 108 140 32 
Pistol 9 mm, 5 m distance from side 1 13 1 14 1 16 146 30 
Shotgun 5 m distance from side 108 1 10 1 1 1 143 32 
Saloon rifle 1 m distance from side 107 1 10 1 10 139 29 

Table i 1 



corresponding noise. The risk criterion can then be drawn relative to 
the base line and parallel to it. 

The difference between the peak value and dB(A) value should be deter
mined over a long time and in various places. Also, in evaluating the 
risk criterion the mean value should not be taken directly but, to be on 
the safer side, rather more weight should be placed on the highest le
vels. 

In the risk criteria given in Fig. 14 the levels of the very short noise 
peaks contribute their full value. It might rightly be argued whether this 
is correct. It might be possible to think of a combination where the peak 
values contribute only half or two thirds of their dB values to the 
risk criterion. To determine this requires more measurements and prac
tical information than we have today. 

On the other hand, Passchier-Vermeer has found, for the two metal in
dustries that she has investigated, that punch press plants should have 
approximately 13 — 1 7 dB lower noise levels than the wood industry 
for the same risk. For the measurements taken here on punch presses, 
a difference of 14dB is found. For a normal mechanical workshop wi th 
a combination of percussion machines, drill ing and milling machines, 
Passchier-Vermeer has found a difference of approximately 9 d B , whi le 
for this investigation 6 dB was found for a normal mechanical work
shop and 9dB for a turning shop. This information indicates that the 
peaks should contribute to the risk criteria wi th their full value. 

It has to be stressed that it is only in "no rma l " industrial noise that 
these risk criteria can be valid. As soon as there is an exceptionally 
long time between these peaks, like single shots and punch presses 
which are only used very seldom, these risk criteria cannot be used di
rectly. 

Conclusion 
It is well known that for industrial noise the limits for the risk of com
mencement of the hearing loss is 85 — 90 dB(A) whi le 100dB(A) pres
ents an extremely high risk even after a relatively short t ime. One there
fore cannot help wondering why youngsters, who go dancing day after 
day in discotheques where the noise levels from beat music is often 
110 — 115 dB(A) do not, according to all available investigations, differ
entiate themselves from reference groups of the same age, [14] . Many 

have noticed this phenomenon and different explanations have been 
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searched for, e. g. movement of the body should reduce the risk of hear
ing damage, [1 5]. 

Another example is some flying instructors who have for more than 
5 0 0 0 hours f lown a very noisy training aircraft of the type KZ 3. They 
have always f lown wi thout radio and wi thout ear-protectors. Yet their 
hearing ability is normal in spite of the noise level of 1 03 dB(A) in the 
cockpit. Their audiograms show no deviation from the normal age-re
lated hearing loss in spite of the many hours spent in high noise levels. 
On the other hand, it is wel l known that pilots who have f lown noisy 
planes and used radio for communicat ions, wi thout special equipment 
for shielding the cockpit noise, often have appreciable hearing loss. 

According to Table 1, both beat music and the noise in aircraft referred 
to, have relatively very low ratios of peak to dB(A) values. In the case of 
beat music, this is due exclusively to the use of electronic amplif ication 
which is limited in its capacity to deal w i th high peak values. The peaks 
are simply cut-off in the amplifier system. The noise in training aircraft 
is by nature very steady and continuous. The peaks due to combustion 
in the engines are effectively smoothed out by a small exhaust muffler, 
whi le the engine's elastic suspension takes care that the peaks are not 
transmitted to the aircraft body. On the other hand, the noise from ra
dio communication systems, apart from blaring and clicks, contains 
many short duration high level peaks. 

Another situation that is also quite inexplicable is the wide spread in 
the degree of hearing loss among a group of subjects who have been 
exposed to apparently the same noise. The variations are considerably 
larger than in a group of subjects who have been exposed to other 
types of hazards such as over-exertion, hunger, cold, weightlessness, 
etc. The spread in the variations for hearing loss is approximately 10 
times greater. 

Also, as mentioned previously, no sensible reason has been given to 
date why the hearing loss of industry workers due to noise is always 
greatest and starts around 4 kHz when the largest amount of energy in 
industrial noise lies in the much lower frequency region. 

A possible explanation of these paradoxes and peculiarities would seem 
to be, that it is the noise peaks of short duration which damage the ear 
to a significant degree and which reach the nerve ends near the Basilar 
membrane but are not perceived by the brain. If this theory is accepted, 
we have an immediate explanation for the fol lowing: 

23 



a) that industries wi th steady noise are less liable to cause hearing loss 
than metal industries where short, high peaks are prevalent; 

b) that the greatest damage occurs around 4 0 0 0 Hz simply because the 
maximum energy content of the peaks lies in this frequency region; 

c) that the wide spread in the degree of hearing loss is due to the large 
differences in the distribution of peaks from one working place to 
another. On account of the high frequency nature of noise peaks 
they do not propagate far, as they are damped out by air absorption. 
Further, objects and screens (similar to the case of light) shade large 
areas against noise peaks, whi le the noise level that is measured by 
a normal sound level meter is almost constant over the whole room; 

d) that beat music and the above mentioned noise in training aircraft 
are not harmful on account of the absence of peaks. 

If we take the consequences and accept that a sound level meter, deve
loped solely to measure hearing levels, cannot be used to grade the an
noyance effects and even less the damaging effects, and also accept 
that the short peaks in loud noise have a considerable influence on the 
degree of risk, we must conclude that two different sound level meters 
are required for measuring noise correctly: 

1) a normal sound level meter to measure hearing levels, i .e. sounds 
that we wish to hear and 

2) a sound level meter wi th a "peak"holding capacity for determining 
the risk of hearing loss. 
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APPENDIX 

Sound Impulses through a resonant circuit 
In order to obtain an idea of how sound impulses — long as well as 
short — are amplified and distorted during the passage through the ou
ter and middle ear, the fol lowing measurement results are shown. 

The outer ear has a fundamental resonance around 3 5 0 0 — 4 0 0 0 Hz 
as shown in Fig. 13 on account of the resonance in the ear canal. It is a 
simple mechanical vibratory system, where the air in the ear canal con
stitutes the mass whi le the air volume and the ear drum constitute the 
spring, see F ig . lA . The system is rather damped on account of the fric
tion between the moving air and hair and skin. The maximum pressure 
amplification is approximately 4,5 times (Q = 4,5) or 13dB at resonant 
frequency. 

The fundamental resonant frequency of the middle ear is significantly 
lower, 8 0 0 — 1000 Hz and simultaneously the vibratory system is 
much more complicated since there are .several resonances, as also 
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Fig.lA. An acoustical, mechanical and an electrical simple vibratory 
systems 
Left: Resonant circuit corresponding to the outer ear 
Middle: A very simplified mechanical analogue of the lowest 
resonant mode of vibration of the middle ear 
Right: The electrical analogue 

shown in Fig.13. The masses in the vibratory system are the moving 
part of the ear drum, the small sound transmission bone and the oval 
w indow. The stiffness is contributed partly by the ear drum stiffness, 
partly by the bending stiffness of the bones and the elasticity of all the 
linking elements. Damping is due to the frictional resistance in linking 
elements together w i th a significant amount due to good impedance 
matching wi th the inner ear. The fundamental resonance, similar to the 
outer ear, gives an amplif ication of 4,5 t imes (Q = 4,5) or 13dB . A m 
plification is here defined as the ratio of the pressure at the entrance of 
the inner ear (oval window) to the pressure at the ear d rum, although it 
should be remembered that it is the particle velocity at the oval w indow 
that is responsible for generating the vortices in the Scala Vestibuli and 
Scala Tympani. 

Both the outer and middle ear's vibratory system can be made analo
gous to a simple electrical oscillatory circuit, where the self induction 
L corresponds to the masses, capacitor C to the stiffnesses and the re
sistance R to the dampings. On such an electrical oscillatory system, 
some measurements of the amplif ication due to some typical sound im
pulses have been made and are shown in the fo l lowing. But first of al l , 
the normal frequency characteristics, i .e. output voltage relative to in
put voltage for varying frequency, have been obtained. 

Fig.2A shows on the left an oscillogram wi th linear amplitude. The reso
nant frequency is 1 0 0 0 Hz and the maximum voltage amplif ication is of 
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Fig.2A. Left: Resonance curve in the time domain seen on an oscillo
scope for sweeping frequency 
Right: Normal frequency characteristics in dB after rectification 
of the signal 

the same order as it is for the mechanical vibratory system in both the 
outer and middle ear, namely Q = 4 ,5 or 13 dB. On the right is 
shown the conventional way of describing a resonance circuit, by 
the frequency characteristics where the ampli tude is plotted on- a lo-
gari thmic scale in dB against frequency. The averaging t ime can be de
termined from the upper cut-off frequency 3 dB below the top. Signals 

Fig.3A. Measuring arrangement with the Digital Event Recorder Type 
7502 for generating any type of signal and obtaining its oscillo-
gramf spectrogram and peak value 
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that are slow (i. e. composed of low frequencies) pass through the fi lter 
wi thout distort ion, whereas faster signals are distorted. The output sig
nals, for short impulse inputs, are proportional to the energy content of 
the impulse i .e. the integral of the energy in the impulse. Around re
sonance itself, the situation is rather complex when short impulses are 
applied at the input. In most cases, one obtains a pressure — or vol
tage — amplif ication of the signal and at the same t ime the signal is 
considerably distorted. 

Wi th the help of the Digital Event Recorder Type 7 5 0 2 it is possible to 
generate any kind of a signal and play it back at any desired speed and 
repetition frequency. The measuring set-up shown in Fig.3A can pro
duce oscillograms and also measure the maximum amplitude of both 
the input and output signals of the fi lter. 

Three different types of impulse configurations are shown in Fig.4A. 
First a shock-impulse in the form of an idealized gunshot corresponding 
approximately to that of Coles et al . [16 ] , i .e. a sharp, high positive 
pressure peak fol lowed by a long, low negative peak. On the top of the 
figure on the left, the t ime trace of the impulse is shown and just be
side it the t ime trace of the signal at the output of the oscillatory circuit 
when the signal passes slowly through it. The positive part of the pulse 
corresponds to 0,1 times the resonant frequency of the circuit and st 
can be seen that the impulse in this case goes through undistorted 
wi thout any change of amplitude. 

When the impulse becomes so short, that the positive part of the im
pulse corresponds exactly to the resonant frequency of the circuit, the 
situation is rather different. In this case some amplif ication takes place 
fol lowed by a negative peak, which is just as large, and some decaying 
periods of oscillations. The amplif ication here is 2 3 % and can theoreti
cally reach up to 7 0 % for an oscillatory circuit w i th a high Q. Fre
quency distortion and amplif ication can be seen clearly also in the spec
trograms in Fig.5A, where the high frequencies of the input impulse 
are cut out. 

If the impulse becomes even shorter, e .g . corresponding to 2 and 5 
times the resonant frequency, the maximum amplitude gets smaller 
and smaller depending on the energy content of the impulse. The ideal
ized gunshot impulse is of mostly theoretical interest, since, as shown 
earlier, it is seldom found in practice. On the other hand, the next im
pulse, composing of a single sinusoidal period, is experienced very of
ten in connection w i th all sound phenomena, arising due to the me-
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Fig.5A. Spectrograms of the input impulses shown in FigAA and of 
the corresponding output impulses at the resonant frequency of 
the filter 

chanical movement of an object at supersonic speed, such as sonic 
bangs, projectile sounds, gunshots, explosions and even a whip-crack. 
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Near the source, the sound pressure curve has a sharp rise fol lowed by 
a slower decaying rate of the pressure to just as large a negative value 
which then dies out abruptly. Such a pressure curve is often referred to 
as an N curve since the phenomenon resembles an N. After propagat
ing for some t ime through the air, the higher frequencies are damped 
out to a greater extent than the lower frequencies whereby the N shape 
is modified to the form of a single period of a sine wave. Similar to the 
idealized shock impulse, the N shape impulse, when it is slow, goes 
through the fi lter wi thout distort ion. Around resonance, the first posi
tive part of the wave is amplif ied by the same amount as for the ideal
ized gunshot impulse, approximately 25%, whereas the amplif ication of 
the fol lowing negative part of the wave is considerably higher, approxi
mately 2,16 times or 6,5 dB. In other words, a short impulse that is 
propagated through our outer ear can be 6 — 7dB higher at the ear 
drum than the highest sound pressure outside the ear. During passage 
through the middle ear, a further similar amplif ication can occur, so 
that signals wi th a frequency content of 4 to 6 kHz would reach the in
ner ear w i th a total amplif ication up to 10 — 12 dB. 

The negative part of the N curve being larger, explains also the appar
ent paradox that if an explosion outside a house is so intensive that the 
windows are shattered, the glass pieces always fall outside the house. 
The same occurs if a supersonic fighter flies rather low, the glass sides 
of a green-house when shattered, are as a rule slung out of the green
house. As in the case of the idealized shock impulse, the amplitude of 
the N curve also gets significantly smaller when the impulse becomes 
short. 

Finally, the typical hammer blow which is characterised as a decaying 
sinusoid wi th many periods. Also in this case, the slow signal passes 
undistorted and wi thout amplif ication through both the outer and mid
dle ear. Around resonance, considerable amplif ication takes place and 
as seen from the spectrogram the higher frequencies of the signal are 
cut-off. For stil l shorter impulses, the amplitude is damped just as in 
the case of the previous impulse forms. 
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News from the Factory 

Digital Frequency Analyzer Type 2 1 3 1 

As the name suggests this real t ime analyzer is almost entirely digital 
in operation as it uses digital techniques for f i l ter ing, RMS detection 
and averaging. It is designed to measure and display on a large cali
brated screen either 42 1/3 octave channels having centre frequencies 
from 1,6 Hz to 20 kHz or 1 4 1/1 octave channels having centre frequen
cies from 2 Hz to 16 kHz together w i th a linear channel. The input sig
nal may be A weighted prior to analysis, if required, in which case an 
A weighted spectrum is then displayed and the linear channel (in oc
tave mode) gives the A weighted input signal level. 

The digital techniques utilized by the analyzer not only have inherent ad
vantages but also give the analyzer significant operational facil it ies. 
Among them is the extreme ease of the use of the instrument on ac
count of almost all the functions being pushbutton controlled from an 
electronic panel wi th LED indicators to show their status. They can also 
be remotely sensed and controlled from a B & K Computer Type 7 5 0 4 
or from an IEC Interface Bus Controller if the optional IEC interface is 
f i t ted. The text for the data display which is calibrated in dB and chan
nel number, is generated in Read only Memories. The calibration is au
tomatically adjusted when the input attenuation or frequency range is 
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altered. With the use of the channel selector, the centre frequency and 
amplitude of any of the channels can be read off the alphanumeric dis
play on the screen. 

A digital memory is included for storing the spectrum which can be re
called to the display at a later t ime for comparison wi th newer data that 
can be held in an additional store. This store may also be used to hold 
the maximum level occurring in each channel, as wel l as be used inde
pendently of the memory for examination of analyzed data. 

t 

Facilities for output of the spectra from both the memory and the store 
are incorporated for analogue and digital peripherals. The built- in inter
face for digital output permits direct connection to a Computer Type 
7 5 0 4 or a Tape Punch Type 6301 in which case the punched spectra 
may be re-entered into the 2131 store (via a Tape Reader Type 7102) 
for long term storage of reference spectra. 

Apart from the facts that the digital fi lter has better controlled filter 
shape, greater freedom from drift and requires no special t r imming to 
maintain its properties as components age, the most significant advan
tage is that it greatly simplifies the use of a digital detector and a digital 
averager. The digital detector permits true RMS detection wi thout crest 
factor l imitations, whi le the digital averager permits both linear and ex
ponential averaging. In both modes 13 different averaging times from 
1 / 3 2 s to 128 s in a binary sequence can be selected. To obtain the 
same statistical accuracy in each channel for measurements on random 
signals, exponential averaging can be used wi th a fixed 68% confi
dence level for a < 1 dB, a < 2 d B o r a < 5dB . 

Finally a reference voltage of 1 0 0 d B RMS referred to 1 JJV is built- in 
for calibration and can be adjusted in steps of 10dB through a range of 
± 5 0 d B . 

Power Amplifier Type 2 7 1 3 
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When a high capacitive transducer such as a Standard Hydrophone is 
used as a transmitter, the driving voltage should be high to obtain the 
best possible signal to noise ratio at low frequencies where the trans
mitt ing sensitivity is low. This is turn leads to a heavy current at high 
frequencies where the transmitt ing sensitivity is higher. Also the driv
ing amplifier must deliver a constant voltage wi thout being influenced 
by the capacitive loading presented by the hydrophone and cable. 

These special requirements, which place severe demands on the output 
section of the Power Ampli f ier, are fulf i l led by the Type 2 7 1 3 which 
can deliver 1 0 0 V A into capacitive loads up to 30 nF whi le maintaining 
a good signal to noise ratio. 

The Power Ampli f ier has a frequency range 1 0 Hz to 2 0 0 kHz wi th a 
maximum gain of 60 dB in 10dB steps w i th continuously variable gain 
in each step. In order to protect the transducer, switchable voltage l i 
mits of 100 V RMS for reactive loads, 75 V RMS for resistive loads or 
3 1 , 6 V RMS for both reactive and resistive loads can be selected. 

Precautions have been taken to prevent damage to the amplifier and 
the transducer due to overload or overheating. Also an overload lamp 
as wel l as a socket for monitoring the output voltage are incorporated. 

Condenser Microphone Cartridge Type 4 1 6 0 

The 1 " Condenser Microphone Cartridge Type 4 1 6 0 is an equivalent to 
the condenser microphone WE 6 4 0 A manufactured by Western Elec
tric. As Western Electric has ceased the production of WE 6 4 0 A, B & K 
has, in agreement,started the production of Type 4 1 6 0 as a successor 
of the WE 6 4 0 A. 

Type 4 1 6 0 is a backvented 1 " pressure microphone mainly intended 
for coupler measurements (e .g . reciprocity calibration) and as a labora
tory standard. It fulf i ls the ANSI S 1.1 2 - 1 9 6 7 standard for laboratory 
standard microphones types L and XL. 
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This microphone is very similar to Type 4 1 4 4 but is equipped wi th a 
gold plated adaptor at its front (similar to Adaptor DB 01 1 1) to provide 
the front volume required by the standard. The adaptor is permanently 
fixed to the microphone to ensure min imum leakage from the front vo
lume cavity when the microphone is used in couplers fi l led wi th hy
drogen. A gold plated protection grid (similar to DD 0015) is also in
cluded. The microphone is delivered wi th a normal calibration chart, ex
cept for the frequency response which is recorded as an actuator char
acteristic in a helium atmosphere giving a response curve which is 
similar to the real pressure response. 

r 
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