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Abstract: Several studies have presented the effects of environmental
noise in and around buildings and communities in which people live and
work. In particular, the noise introduced into a building is mostly
evaluated using the A weighted sound pressure level (LAeqg ) as the only
parameter to determine the perceived annoyance. Nevertheless, if noise is
produced by activities or sources characterised by a low frequency
contribution, the measurement of LAeq underestimates the real
disturbance, in particular during sleeping time.

The international literature suggests methods to evaluate the low-
frequency noise contribution to annoyance separately from the A weighted
sound pressure level; almost all of the proposed methods are based on
exceeding a threshold limit.

This paper tests international criteria, by applying them in real-life
indoor noise situations, and then analysing, comparing and contrasting
results.

Based on the result of the procedure above, a new criterion consisting of
a single threshold is proposed, which simplifies the procedures in case
of low-frequency components, but could be used for any situation.



Detailed Response to Reviewers

Reviewer’s comment

Authors’ feedback

In this article, the difference of the evaluation results by each method is mentioned.
However, in this article, the number of samples for each sound sources (each one
case only) is too smal

Thank you for your suggestion.

The number of samples for each source often was not just one measure. In
fact for Large HVAC, Disco music in the same building, Live concert, Distant
disco music, many measures in different days and nights were performed.
What is presented in the paper is one of these measurements but the
highlights we pointed out were applicable to all the measures we realized.

Though, Authors do not think the cases number is too small, because it covers
many typical disturbing sources. This paper wants to start a discussion on this
topic within literature using real cases study to show and highlights the
importance of this issue.

Regard to Live concert, Karaoke and piano bar, disco music, the sound pressure level
(Lceq-Laeq) vary with the time variations of the sound sources. On the other hand, in
regard to HVAC, the value of Lces-Laeq does not vary with the time variations, this
sound source is considered as a steady noise. To organize the evaluation results of
each method for each sound source, the noise disturbance is present in the
evaluation result of German method for only Large HVAC. In regard to /Australian
methods, the noise disturbance is present in the condition of 5 kinds of sound source
except for the sound of disco music coming from the same building. In addition, the
noise disturbance is present for Large HVAC both the German method and the
Danish/Australian methods, it is not present for the sound of disco music coming
from the same building. For this reason, about the relationships between the time
variations of sound sources and the evaluation result of each method, reviewer would
like to investigate the influence on the evaluation results by each method of the
difference of the time variations of the sound sources. Reviewer has a strong desire
for the time range in the horizontal axis of Fig.1, 4-a), 6-a), 8-a), 10-a) and 12-a).

Thank you for your suggestion.

The Lceq-Laeq difference is shown only to show how the difference between the
the 1997 and the 2013 version of the DIN standard change from 20 dB to 15
dB. The clue in authors’ mind was the difference between 100 ms sampling
and 1 second sampling and not the time range. These two approaches provide
very different results implying a misinterpretation on the final assessment as
reported in paragraph 3.1 “The change of sampling clearly affects the
assessment method. It is evident how the 1 second sampling hardly met the
20 dB threshold and the general sound pressure level is quite lower than the
100 ms sample one”. In the standard there is no indication on the time gap
usable for this comparison and so we have chosen the worst case providing
the higher sound pressure level. A sentence was added in the paper in
paragraph 2.3.4andin 3.1

The time range was added in captions as requested by reviewer but authors
highlight that the figures have the only aim to show the difference between
the two version of the DIN and the difference of sampling methods. This latter
issues, in authors’ mind, is the one of paramount importance. Though the




figures do not represents the entire measures but just little samples of them,
chosen in the middle of the time range where graphically the difference was
clearer.

Regard to Large HVAC (Table 5) and Traditional HVAC (Table 6), the noise disturbance
is present by Danish method because Lpa, tris greater than 20 dB in each Table 5 and 6.
However, in this article, “The noise disturbance isn’t present .... ” is mentioned.
Would you reexamine about it ?

Thank you for your suggestion.

The measurements and the assessments were carried out in day time. In this
period the limit of the Danish method is 25 dB and not 20 dB. A specification
was added in paragraphs 2.3.2 and 3.6
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Assessment criterion for indoor noise disturbance in the presence of low frequency sources

Abstract

Several studies have presented the effects of environmental noise in and around buildings and
communities in which people live and work. In particular, the noise introduced into a building is
mostly evaluated using the A weighted sound pressure level (Laeq ) as the only parameter to
determine the perceived disturbance. Nevertheless, if noise is produced by activities or sources
characterised by a low frequency contribution, the measurement of La.q underestimates the real
disturbance, in particular during sleeping time.

The international literature suggests methods to evaluate the low-frequency noise contribution to
annoyance separately from the A weighted sound pressure level; almost all of the proposed methods
are based on exceeding a threshold limit.

This paper tests international criteria, by applying them in real-life indoor noise situations, and
then analysing, comparing and contrasting results.

Based on the result of the procedure above, a new criterion consisting of a single threshold is
proposed, which simplifies the procedures in case of low-frequency components, but could be used
for any situation.

Keywords

Noise disturbance; objective assessment method; mid-low frequency; inner comfort;
measurement evaluation; noise assessment guidelines;

1. Introduction

The existing and consolidated assessment methods of annoyance inside dwellings are widely
based on the A-weighted sound pressure level measurement (Laeq ). Nevertheless this parameter
leads to an underestimation of the influence of mid (generally over 250 Hz) and low (generally
below 250 Hz) frequencies [1, 2, 3].

Noise disturbance has increased hugely in the last 15-20 years. Even if traffic noise is generally
considered as the first cause of disturbance, both for annoyance or sleep problems, in many cases
the source is related to music, people speaking or external noisy machinery. In particular,
concerning the first source, weekends have become a very difficult period for inhabitants living
close to venues such as clubs, discotheques and pubs. Furthermore, these activities have usually
powerful external HVAC (Heating, Ventilating, Air Conditioning), increasing the noise problems at
low frequencies.

Moreover, at night the residual noise is generally lower than during the daytime and
consequently the disturbance is increased. In many countries, the existing regulations do not
provide an objective method able to determine whether music, HVAC or other sources create
annoyance in relation to a given moment or period.

Often, the criteria used are fully based on A-weighted sound pressure levels. The A-weighting is
based on the peculiar perceptions of the human ear. So using Laeq level as a mean value or as the
difference with background or residual noise could lead to a misinterpretation of the results, as
explained below.

The background noise is defined as the Loy value; on the other hand the residual noise is the
result of a measurement where the noise sources are turned off.

Several measurements throughout the years have shown that the A-weighted sound pressure
level was misleading in determining noise disturbance. McCullough and Hetherington [4] show
how this parameter underestimates the prediction of nuisance, using a in situ based measurement
technique. Jakobsen [5] described how the A-weighted filter overestimates the loudness at low
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levels at low frequencies. The authors stated that the Ls.q parameter do not give a good estimate of
the annoyance. Mirowska [6] as well as Cocchi et al [7] using both laboratory measurement under
strict medical protocols and real case studies demonstrated how low frequencies are less tolerated
and perceived as more annoying than other frequencies and then the common L aq single number
methods could not represent the a good subjective evaluation
Though, distorted results are possible and could depend on many reasons:

a. underestimation of structural transmissions at low frequencies,

b. time of day or night when the noise appears

c. receiver exposure time.

As a matter of fact, if the residual noise is not characterised by low frequencies, the presence of
sources with these components leads to a stronger perception [8], especially at night. Therefore it is
evident that the single A-weighted sound pressure level cannot be a reliable indicator, suitable to
assess whether the disturbance exists or not.

Because of this reason, in this paper a selected number of noise assessment criteria (both single
number and frequency analysis) are tested in order to understand and compare their methods. As a
result, what was found is that all these criteria do not include many issues such as precise
measurements guidelines or punctual and clear measurement spot selection; furthermore they
provide very different hearing or assessment thresholds. Then, a proposal for a harmonised criterion
is established by combining methods supplied in the literature with those established by the Italian
legislation.

The proposed method is to be used in lawsuits, disputes or whenever an objective evaluation is
needed. In this study, noise disturbance is considered both as annoyance and sleep disturbance.

2. Literature review

2.1 General studies and soundscape approach

In the last decades many authors have described the sound pressure level risks [9] both outside
and inside dwellings. Miedema and Oudshoorn [10] connected annoyance with noise, focusing on
transportation noise using DNL and DEN values. Even if this is a very good method, it requires
very long measurements and only works for transportation sources. Indeed, it is difficult to apply it
to disco pubs, people speaking, HVAC, etc.

More recently, the COST TUD action TD 0804 collected a large number of results obtained by
different participants worldwide. Within the published e-book [11], many issues are presented in
order to investigate noise and soundscape. The definition of soundscape, using the standard ISO
12913-1:2014 [12], is as follows: “acoustic environment as perceived or experienced and/or
understood by a person or people, in context™.

In particular, Kang et al. [11] report that over 30 % of the EU population is exposed to noise
levels above the WHO recommendation; Drever [13] studied the effect of ultra-rapid “ecological”
hand dryer on vulnerable groups; Ortiz et al. [ 14] focused on quite zones; Lercher et al. [15] studied
the noise effects on children; Prodi et al [16] studied the impact of noise on intelligibility in
classrooms; Hiramatsu [17] connected noise and soundscape. These studies were very important in
order to understand the subjective effect on receivers, but it does not supply an objective method to
assess the disturbance.

Soundscape studies approach noise as a “resource” rather than “waste” [9]. In lawsuits or
disputes, however, this approach is never used. In addition, it requires people to complete
questionnaires regarding their positive or negative feelings towards sounds and noise. In a dispute,
these results become difficult to use, as the different parties are not interested in soundscapes, but
rather in winning the case.

None of these methods takes into account the facade, airborne and impact sound insulation in
buildings because disturbance is measured in the context in which it takes places (noise
propagation, time of day and night, etc). Therefore, in order to evaluate the annoyance of the
intruding noise, its characteristics are more important than the way in which it enters the dwelling.
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Clearly, the sound insulation performance of the building can affect the final perception of the
intruding noise [18], even at low frequencies or in the case of impact noise [19, 20]. Nevertheless,
this relates only to the rating of the buildings [21, 22] and not to the evaluation of the intruding
noise. In order to reduce disturbance, when necessary, sound insulation can be improved or the
noise level of the source can be reduced.

2.2 Single value: Lseq based techniques

2.2.1 International method: WHO guidelines

The WHO guidelines [23] are frequently used in the acoustical community. They propose
health-based limits for night noise exposure stating that noise nuisance exists when the measured
Lacq value inside a dwelling at night exceeds 30 dB(A), with higher limits when short-term
measurements or maximum values are considered. Furthermore, it is specified that an external level
below 30 dB(A) does not create negative effects on the health of the dwellers, including vulnerable
groups such as children. This limit is to be considered as a long-period equivalent level. Interim
levels of 40 dB(A) and 55 dB(A) were also proposed where the 30 dB(A) ultimate target cannot be
achieved in a short period.
The WHO approach sets maximum thresholds for both inner and outer levels. Noise levels
exceeding these thresholds are deemed to disrupt sleep. It was mainly created for traffic noise and it
is based on overall levels (Lamax and Laeg) only. This makes measurements and post-elaboration
fairly easy, but does not take into account the mid-low frequencies contribution. The use of a single
number value could lead to an underestimation of the noise disturbance since it is the average of
every frequency from 20 Hz to 20000 Hz. Then it could take into account different sources from the
studied one(s) and (because it is weighted) it modifies the frequency and though the final
evaluation.

2.2.2 Regional methods: Italian methods

As an example, Italian methods are presented, the first is required by the applicable legislation
[24] and the second is an agreed but not codified “comparative” system adopted when the actual
conditions do not allow the use of the mandatory method. It is sometimes used in court if required
by the judge.

The first method consists of the La., measurement and third octave bands analysis with a
minimum sampling rate of 125 ms. This is necessary for the investigation of tonal or impulsive
events in the measured signal (frequency range 20 Hz — 20000 Hz).

The final values need to comply with the mandatory requirements specifying separate limits for
daytime and night time. These limits take into account both external and internal acoustic
conditions. The outer (absolute) values are not to be exceeded and are based on equivalent levels
over the whole day or night periods. The inner values (differential) are evaluated considering the
difference between the environmental and the residual noise (noise source switched off). If the
measured Lacq 1s greater than the residual noise by 5 dB during the day (6-22) and 3 dB during the
night (22-6), then the measured noise is regarded as disturbance. The measurements are based on
short-term periods (about 1 to 20 minutes for example), with the disturbing source on and off.

There are lower minimum limits for the applicability of this method: the disturbing noise has to
be greater than 50 dB(A) during daytime and 40 dB(A) during night time within the dwelling with
open windows and 35 dB(A) and 25 dB(A) within the dwelling with closed windows. The
differential limits do not apply to any type of traffic sources.

The mid-low frequency effect is taken into account only for tonal phenomena (a noise in which
a frequency is predominant) but not for broadband. The very high sampling definition requires the
acquisition of a lot of data. As a consequence, measurements and post processing are difficult, and
expensive sound level meters are needed.

The “comparative method”, is sometime used in lawsuits, but it has no scientific bases. As a
consequence no robust results are supplied.
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2.3 Frequency analysis based methods

2.3.1 Polish criterion

The Polish criterion is robust and detailed [6] and its use was made a legal requirement (see for
application chapter 3). It establishes two control conditions for the definition of indoor noise
disturbance: the 1/3 octave band L., spectrum needs to exceed the given threshold and the measured
value needs to exceed the background noise by 6 dB. Background noise is defined as the noise
measured when no disturbing and thus measurable source is active (i.e. residual noise). The noise
constitutes a nuisance if both of the above conditions are met in any 1/3 octave band between 10 Hz
and 250 Hz. No measurement guidelines are given and no sampling criterion is included.

This method is based on both clinical and acoustical evidence and it is the only method taking
into account residual noise and considering a wide frequency range (up to 250 Hz).

2.3.2 Danish criterion

This method [5] focuses on the 10 Hz — 160 Hz bandwidth and uses a logarithmic summation of
these 1/3 octave bands but no sampling criterion is included. Its application is required by the law .
The obtained value, named Lja 1r, must not be greater than Lya 1r =25 dB during day time and L,
LF = 20 dB during night time inside dwellings. A maximum value of L,c= 85 dB(G) (using G-
weighting) is required for infrasound, splitting the low frequency domain.

The measurements must be performed in three different positions and the final value is obtained
by averaging the measurements. This method combines measuring guidelines and an assessment of
vibration and refers to the background noise measured when the noise source is turned off (residual
noise).

2.3.3 Australian criterion (1)
This method [25] is almost equal to the Danish method, but the limit is reduced by 5 dB in the
event that the source is disco music.

2.3.4 German criterion

This is the only standardised method within DIN 45680:1997 [26]. This German standard was
reviewed in 2011 and 2013 [27] and two unapproved drafts are currently being discussed.

A first check is made on the measured noise: if Lceq 1s 20 dB (15 dB in the 2011 and 2013
drafts) higher than Laeq , then the disturbance can be evaluated. No time range in indicated as
reference period. To do so, the exposition period and the rating time must be assessed; no sampling
criterion is included. The residual noise must be 6 dB below the disturbing noise. The standard
requires measurement with linear weighting.

Once the above steps have been completed, the linear L., is weighted with high penalising k,;
coefficients derived from the EN 60651 standard [28]. The final value is compared with daytime,
evening and night time limits. Then, a logarithmic summation of 8 Hz to 100 Hz 1/3 octave bands is
required, but only for those that are higher than the threshold indicated for the disturbance. The
2011 and 2013 DIN 45680 drafts use the ISO 226 [29] threshold, while the DIN 45680:1997
version is based on the threshold provided by the same standard.

2.4 External noise criterion

This criterion is used in the Australian method II [30]. According to this system, the noise is
measured outside the building using a C weighting curve. The measurement procedure is simple (no
need to access the dwellings by night, no need to arrange measurement time and day etc.).

Nevertheless, neither the noise source within the same receiver building nor structural
transmission (through substructures etc.) are taken into account.

Other methods using only external noise exist, but they contain almost the same issues of the
presented one.
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3. Application in real-life cases

In recent years, several measurements were carried out by the authors with different types of
sources and different situations for the receiver.

For discotheques, pubs etc. the noise disturbance can be divided in two categories:

1) People speaking outside;

2) Music source from live concerts, disc-jockeys, karaoke, HVAC etc.

The first case has already been discussed in [31] and other similar cases where presented in [32],
with both environmental health officers and researchers/engineers arriving to the same conclusions
while using different methods. In the second case, different assessment methods lead to different
results.

In the following paragraphs, the results of the application of different methods for any of the
different types of sources, are shown. In the following figures, the general definition of “level (dB)”
reported in y axes, refers to what the specific paragraph is concerning about.

3.1 Live concerts

In the following example, the indoor noise disturbance in a residential apartment came from the
live concert inside a music pub (blues/jazz/pop music). The disturbed room was located on the
second floor of the building and the pub was located on ground floor of the same building.

- German criterion

The first step is to verify the 20 dB (or 15 in the drafts) threshold between Lceq and Laeq. Figure
1 shows the comparison between 100 ms sampling and 1 second sampling rate. In the standard there
is no indication on the time gap usable for this comparison and so it was chosen the worst case
providing the higher sound pressure level. The change of sampling clearly affects the assessment
method. It is evident how the 1 second sampling hardly met the 20 dB threshold and the general
sound pressure level is quite lower than the 100 ms sample one. Furthermore, the 20 dB threshold is
very difficult to reach. No indication is given of whether a single excess in an individual sample is
enough to move on to the next steps, or whether the whole measurement has to exceed the threshold
to continue the assessment.

The second step provides a comparison between the 1/3 A weighted octave bands (Li,,) and the
DIN 45680 threshold (figure 2).

——20 dB threshold 100 ms sampling ——20 dB threshold 1 s sampling
S

. L1
bl b, ) i,

(dB)

T
"

j: | M\ lllm.”Mi““

||
Jiki

- Laeq

- Laeq (dB)

iWJWLM T

Lceq

Time [s] Time [s]

Figure 1 — Operability threshold (20 dB yellow line, 15 dB green line) according to DIN 45680
(time range 22.15 — 23.37).
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Figure 2 — comparison between the 1/3 A weighted octave bands (Lie,) and the DIN 45680
threshold

In this case, the 80 Hz and 100 Hz bands exceed the limit. Using the corrections of ka;
coefficients provided in Annex 1 of the DIN 45680, the obtained overall value of the noise inside
the room is 18.9 dB(A). According to the night time limits provided (25 dB(A)), no disturbance is
found.

- Polish method

Figure 3 (a) shows a comparison between the noise level Laeq and A weighted background
noise; the threshold curve Ly 1s also reported. Figure 3 (b) shows the difference between L aeq and
the threshold values (AL;) and between Laeq and background level (AL). In the first case the
disturbance is verified for AL;>0; in the second one the disturbance is verified for AL,>6 dB.
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Figure 3 — Polish method trends, (a) noise and threshold; (b) defined parameters

The presence of disturbance between 80 Hz and 250 Hz is evident, as it is when applying the
German method (before k,; weighting).

- Danish method

Here the comparison between A-weighted sound pressure level for low frequencies (Lpar)
within 1/3 octave bands 10 Hz to 160 Hz range and G-weighted for infrasound (L,g) and given
daytime and night time limits is reported. For the latter period these are Loarr = 20 dB(A)
maximum and Ly = 85 dB(G) maximum. Table 1 shows the final measured values.

Table 1- noise trends Lpa Lr and L, parameters

Frequency [Hz] Loarr (dB(A)) Ly (dB(G))

10.0 -36.2 34.2
12.5 -34.2 33.2
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16.0 -30.4 34.0
20.0 -28.6 30.9
25.0 -16.5 31.9
31.5 -6.4 29.0
40.0 -1.4 21.2
50.0 7.5 17.7
63.0 8.3 6.5
80.0 18.2 4.7
100.0 20.8 -4.1
125.0 23.4 -12.5
160.0 27.9 -18.7
overall 30.2 40.4

The noise disturbance is present at low frequencies but not in the infrasound range.

- Australian method (1)

This method is very similar to the Danish method, but for impulsive sources like disco music the
given limit is 5 dB(A) lower. This penalisation has not been applied in the case analysed here (live
music). Noise assessment with the Australian method produced exactly the same results as with the
Danish method.

3.2 Karaoke and piano bar
In this case the measurements were carried out inside a dwelling during a piano bar and karaoke
night; the disturbance came from both inside and outside the pub.

- German method

Figure 4 shows the difference between Lceq and Laeq represented with 100 ms sampling; both
thresholds (15 and 20 dB(A)) are exceeded. The comparison between the 1/3 A weighted octave
bands (L;-,) and the DIN 45680 threshold is then provided.
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Figure 4 — (a) first step (time range 22.06 — 23.01) and (b) 1/3 octave band assessment

The noise disturbance is found from 80 Hz. Nevertheless, if k,-weighting is applied the final
value is 16.2 dB(A). Since the night limit is 25 dB(A), no disturbance can be ascertained.

- Polish method

Figure 5 shows a comparison between the noise level L., and residual noise and the difference
between L 4., and the threshold values (AL;) and between L., and residual level (AL;). This method
shows a wider noise disturbance range (from 80 Hz to 250 Hz).
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- Danish method
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Here for the night time period these are Lyair = 33.9 dB(A) maximum and L, = 58 dB(G)
6 maximum. Table 2 shows the final measured values.

19
297 Table 2— noise trends Lya L r and L,g parameters
21
22
23 Frequency [Hz] Loarr (dB(A)) Ly (dB(G))
gg 10.0 -13.4 57.0
26 12.5 -19.4 48.0
27 16.0 -18.7 45.7
o 20.0 -14.7 44.8
30 25.0 -18.4 30.0
31 31.5 -10.5 24.9
gg 40.0 0.2 22.8
2 50.0 -2.1 8.1
35 63.0 7.7 5.9
36 80.0 27.1 13.6
37 100.0 29.7 4.8
gg 125.0 22.3 -13.6
20 160.0 29.1 -17.5
4l overall 33.9 58.0
42
498
il%()9 The noise disturbance is present at low frequencies but not in the infrasound range.
0
1 - Australian method (1)
2 This method is very similar to the Danish method, but for impulsive sources like disco music the

£d3  given limit is 5 dB(A) lower. This penalisation has not been applied in the case analysed here (live
4  music). Noise assessment with the Australian method produced exactly the same results as with the
35  Danish method.

6
7 3.3 Distant disco music
55 8 Here, the indoor noise disturbance comes from a club 70 meters away . The sources are both

549  disco music and a live concert, often playing with open windows and doors.

300
‘;’%1 - German method
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Figure 6 shows the difference between Lceq and Laeq represented with 100 ms sampling; both
thresholds (15 and 20 dB(A)) are exceeded. The comparison between the 1/3 A weighted octave
bands (L) and the DIN 45680 threshold is then provided.
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Figure 6 — (a) first step (time range 23.45 — 00.15) and (b) 1/3 octave band assessment

The noise disturbance is found from 100 Hz. This is due to the absence of structural

transmissions. Nevertheless, applying the k,i-weighting, the final value 1s 16.2 dB(A). Since the
night limit is 25 dB(A), no disturbance is confirmed.

- Polish method

Figure 7 shows a comparison between the noise level L 4., and residual noise and the difference
between L 4., and the threshold values (AL) and between L., and residual level (AL;). This method
evidences a noise disturbance range from 100 Hz.
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Figure 7 — Polish method trends, (a) noise and threshold; (b) defined parameters

- Danish method

Here for the night time period these are Lpar = 24.9 dB(A) maximum and L, = 45.3 dB(G)
maximum. Table 3 shows the final measured values.

Table 3— noise trends Lpa L r and L, parameters

Frequency [Hz] Loarr (dB(A)) Ly (dB(G))
10.0 -26.2 44.2
12.5 -29.9 37.5
16.0 -33.2 31.2
20.0 -35.7 23.8
25.0 -32.0 16.4
31.5 -16.9 18.5
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40.0 7.3 15.3
50.0 6.3 16.5
63.0 9.9 8.1
80.0 L1 12.4
100.0 14.2 -10.7
125.0 22.8 -13.1
160.0 18.8 -27.8
overall 24.9 453

The noise disturbance is present at low frequencies but not in the infrasound range.

- Australian method (1)

This method is very similar to the Danish method, but for impulsive sources like disco music the
given limit is 5 dB(A) lower. This penalisation has not been applied in the case analysed here (live
music). Noise assessment with the Australian method produced exactly the same results as with the

Danish method.

3.4 Disco music coming from the same building

The measurements were carried out inside a block of flats, in the apartment belonging to a

family who complained about the noise from a disco club.

- German method

Figure 8 shows the difference between Lceq and Laeq represented with 100 ms sampling; both
thresholds (15 and 20 dB(A)) are exceeded. The comparison between the 1/3 A weighted octave

bands (L) and the DIN 45680 threshold is then provided.

- Laeq (dB)

ﬁ%vwh v ™
i

Lceq

Time [s] 20 dB threshold
--- 15 dB threshold

120

Y

8 10 125 16 20 25 315 40 50 63 80 100
Frequency [Hz]

~—threshold DIN 45680

—Lterz,r

Figure 8 — (a) first step (time range 01.38 — 02.15) and (b) 1/3 octave band assessment

The noise disturbance is found from 50 Hz, highlighting the structural path as predominant.
Nevertheless, applying the kii-weighting, the final value is 24.4 dB(A). Since the night limit is 25

dB(A), no disturbance is confirmed.

- Polish method

In figure 9 a comparison between the noise level Ly, and residual noise and the difference
between L., and the threshold values (AL;) and between L., and residual level (AL,) is shown.

This method evidences a noise disturbance range from 80 Hz.
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11
B4 - Danish method
5 Here for the night time period these are Loar = 19.5 dB(A) maximum and L, = 57.8 dB(G)
6  maximum. Table 4 shows the final measured values.
]13?77 Table 4— noise trends Lya 1 r and Ly parameters
18
;g Frequency [Hz] | Lyarr (dB(A)) Lo (dB(G))
> 10.0 -13.4 57.0
>3 12.5 -19.4 48.0
24 16.0 -18.7 45.7
25 20.0 -23.4 36.1
2 25.0 -22.9 25.5
o8 31.5 -12.9 22.5
29 40.0 -6.9 15.7
30 50.0 4.5 15.2
g; 63.0 8.4 7.6
33 80.0 9.4 -4.1
34 100.0 14.3 -10.6
35 125.0 12.6 -20.3
gg 160.0 14.1 -32.0
38 overall 19.5 578
R
879 The noise disturbance is not present at low frequencies as well as in the infrasound range.
A80
8%1 - Australian method (I)
482 This method is very similar to the Danish method, but for impulsive sources like disco music the

3 given limit is 5 dB(A) lower. This penalisation was applied in the case analysed here (Disco music)
4 and so the disturbance was assessed.

AR5
BR6 3.5Large HVAC
IR7 In this case, the noise came from a large (4x2x2 meters) HVAC system for winter and summer

8 air and water conditioning unit located at a distance of 1 meter from the receiver windows. It had
9  in-built silencers and noise barriers. The measurements were carried out during daytime.

sH0
B1 - German method
392 Figure 10 shows the difference between Lceq and Laeq acquired with a 100 ms sampling rate,

3 where only the 20 dB(A) threshold is exceeded. The comparison between the 1/3 A weighted octave
4 bands (L) and the DIN 45680 threshold is then provided.
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The disturbance cannot be assessed as the Lacq — Lceq check never exceeds 15 dB. Nevertheless,
if the standard method is used, the output values exceed the threshold starting from 50 Hz and by

- Laeq (dB)

Ceq

~—threshold DIN 45680

L terz, r

\<\/*

Time [ms]

20 dB threshold
--- 15 dB threshold

8 10 125 16 20 25 315 40 50 63 80 100

Frequency [Hz]

Figure 10 — (a) first step (time range 17.30 — 18.30) and (b) 1/3 octave band assessment

applying the k,;-weighting the final value is 29.5 dB(A), which confirms the disturbance.

Figure 11 shows a comparison between the noise level L., and residual noise and the difference
between Ly, and the threshold values (AL;) and between L, and residual level (AL;). This

Polish method

confirms a disturbance at 50 Hz and from 100 Hz.

Here for the night time period these are Lyar = 24.6 dB(A) maximum and L, = 51.3 dB(G)

N
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Figure 11 — Polish method trends, (a) noise and threshold; (b) defined parameters

Danish method

maximum. Table 5 shows the final measured values.

Table 5— noise trends Lpa L r and L, parameters

Frequency [Hz] Loarr (dB(A)) Ly (dB(G))
10.0 -42.0 28.4
12.5 -34.5 32.9
16.0 -15.6 48.8
20.0 -14.8 44.7
25.0 -5.4 43.0
31.5 1.0 36.4
40.0 4.1 26.7
50.0 19.1 31.1
63.0 6.6 4.8
80.0 6.0 -7.5
100.0 12.8 -11.1
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125.0 17.2 -17.7
160.0 20.9 -20.7
24.6 51.3

overall

The noise disturbance isn’t present at both at low frequencies and in the infrasound range.

- Australian method (1)

This method is very similar to the Danish method, but for impulsive sources like disco music the
given limit is 5 dB(A) lower. This penalisation has not been applied in the case analysed here
(HVAC). Noise assessment with the Australian method produced exactly the same results as with
the Danish method.

3.6 Traditional HVAC

The measurements are carried out inside an apartment located on the 4™ floor of a building; the
indoor noise disturbance comes from a traditional (air cooling 1x0.8x0.4 m) HVAC system located
in the courtyard. The measurements were carried out during daytime

- German method

Figure 12 shows the difference between Lceq and Laeq acquired with a 100 ms sampling rate;
both thresholds (15 and 20 dB(A)) are exceeded. The comparison between the 1/3 A weighted
octave bands (Ly.-,) and DIN 45680 threshold is then provided.

120

E % ‘ 80
g t ‘ | —t 2 60
2 a>) ——threshold DIN 45680
. 3 L te
- v : M L ol %0 erz, r
¢ bl N
-
20
T
‘ 0 S
Time [ms] 20 dB threshold 8 10 125 16 20 25 315 40 50 63 80 100
--- 15 dB threshold Frequency [Hz]

Figure 12 — (a) first step (time range: 20.30 — 22.00) and (b) 1/3 octave band assessment

The noise disturbance is found starting from 50 Hz. Nevertheless, if the k,-weighting is applied,
the final value is 16.4 dB(A). Since the night limit is 25 dB(A), no disturbance is ascertained.

- Polish method

Figure 13 shows a comparison between the noise level L., and residual noise and the difference
between Ly, and the threshold values (AL;) and between L, and residual level (4L;) . No
disturbance is ascertained.
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Figure 13 — Polish method trends, (a) noise and threshold; (b) defined parameters

- Danish method

Here for the night time period these are Lyar = 23.0 dB(A) maximum and L, = 59.3 dB(G)
maximum. Table 6 shows the final measured values.

Table 6— noise trends Lya Lr and L, parameters

Frequency [Hz] Loarr (dB(A)) Ly (dB(G))
10.0 -14.5 55.9
12.5 -11.7 55.7
16.0 -17.1 473
20.0 -14.8 44.7
25.0 -10.1 38.3
31.5 -5.9 29.5
40.0 4.4 27.0
50.0 18.9 29.1
63.0 11.8 10.0
80.0 14.1 0.6
100.0 8.7 -16.2
125.0 11.9 -24.0
160.0 17.2 -29.4

overall 23.0 59.3

The noise disturbance isn’t present at both at low frequencies and in the infrasound range.

- Australian method (1)

This method is very similar to the Danish method, but for impulsive sources like disco music the
given limit is 5 dB(A) lower. This penalisation has not been applied in the case analysed here
(HVAC). Noise assessment with the Australian method produced exactly the same results as with
the Danish method.

3.7 Discussions of results

All methods require the 1/3 octave band frequency analyses and provide specifications on
background noise conditions. Some of them contain measurement specifications and only one
introduces a penalty depending on the disturbance occurring by day or by night.

The German method does not confirm the existence of the disturbance at any time while the
Danish/Australian methods, in most cases, do. No method considers the frequency trend of the
source, nor the influence of multiple sources, nor the sampling measurement step.

Some processes require multiple measurements and supply hearing or disturbance thresholds.
Finally, the different frequency ranges are investigated and no importance is attached to the
windows being open or closed.

If the measure is slightly over the threshold changing receiver positions, sampling, etc. can
affect the final result regardless of the chosen method.

If no strict rules are imposed on the measurement and parameters methodology, the results
cannot be compared and disturbance cannot be clearly and objectively assessed.

4. Proposal for a harmonised assessment criterion

Since measuring subjective disturbance is impossible as each individual has is sensitive to noise
in a different way, no universal threshold can and will ever be established. Despite the use of



subjective interviews for example in soundscapes [11], in the cases described here the noise is
considered a disturbing source and never a positive contribution. Subjective evaluations,
particularly in the case of legal disputes, are not a reliable form of measurement.

Nevertheless, several studies have been carried out over the years in many different countries
using laboratory subjective tests in order to obtain a hearing/disturbance threshold [2,3,5,6,11].
Determining a new threshold using subjective tests therefore makes little sense.

The aim of this work is to determine an objective method to assess the noise disturbance
(considered both as annoyance and sleep disturbance) in the usual conditions and for the average
individual, taken for granted that this is the only way to include as many people as possible. So it
makes sense to calculate the average of the hearing thresholds included in standards/literature as
presented in figure 14 and table 7, since they come from different authors who have used different
techniques and operate in different part of the world and since these thresholds are average
themselves. In a way, this represents the “average of the averages”.

Hz dB
8 100.2
" comparison of different average trend 10 90.9
12.5 83.3
o0 | 16 76.9
\ 20 72.7
D 25 64.5
3 — a0 31.5 57.3
§ 60 - —On 40 51.1
2 e 50 459
£ o —verage 63 42.6
\ 150 226 30 387
2 100 36.2
125 35.2
160 315
Frequency M 200 28.5
250 21.5
Figure 14 — literature standard and average of the averages Table 7 — average of the
trends averages

After all this case history, the present study suggests the following steps in order to assess

disturbance:

1) Noise should be measured both inside the dwelling where the disturbance is higher and at

the source. If the source signal is stable enough, then this measurement can be carried out
separately. If the 1/3 octave bands trend of the former is comparable with the latter (also a
composition of frequencies due to many sources), then this method can be used, according to
[7].
The source(s) measurements have to be carried out at a distance of 1 meter from the highest
emitting point. If the noise source is composite (industrial plant) then the receiver should be
placed in a spot equally distant from the different sources in a normal direction starting from
the focal point of the overall surface. If this is not possible (close walls, irregular shape) the
instrument needs to be placed closer to the surface, remaining in a normal direction starting
from the focal point.

2) The residual noise (source(s) off) should be measured in the same period of the day and
week before or after the noise source is used.
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3)

4)

The residual noise should be compared and contrasted with the disturbing noise. If the
difference (in 1/3 octave band analysis) is higher than 6 dB according to [6], the disturbance
can be evaluated using following steps.

The measured disturbing noise within the dwellings should be compared and contrasted with
the average threshold. If the former exceeds the latter two different scenarios must be
considered:

a. If it is night time (from 22 to 7 h); if the receivers are children up to the age of 3 or
people with serious illnesses (all day long); if the receivers are in hospitals or schools
or buildings where silence is needed (all day long), then the excess of the threshold
confirms the existence of the disturbance. Night time period (22-7) represents the
typical and average sleeping time of children and workers.

b. If none of the above conditions applies, the excess has to be equal to or higher than 3
dB according to [23] in any 1/3 octave band.

Measurement guidelines:

1)

2)

3)

4)
5)

1)
2)

3)
4)
5)
6)

7)

A minimum of three different 15-minute measurements are to be averaged. If the noise is
shorter, then the use of multiple receivers is needed (3 minimum) with at least 1 minute
measurement time each. The microphone(s) need to be 50 cm away from each other.

If the noise source(s) is not constant (e.g. concert, short and repeated HVAC cycle etc.) and
the related residual noise is shorter than 2 minutes, then the measures have to be post-
processed in order to compute the disturbing noise only and exclude the residual noise. The
minimum sampling step is set to 1 second, based on authors experience realizing this study.
The described time ranges are based on the authors’ measurement experience related to the
development of this study and concern the minimum time lapse within whom the sound
event could be considered robust and reliable.

At the same time an instrument must be placed near the source(s) in order to acquire the
frequency trend. If the signal is stable enough, then this measurement can be carried out
separately (before or after those in the dwelling).

No other person except the engineer(s) must be present during the measurements. All the
external acoustic events are to be taken into account and post-processed to avoid any outer
interference.

All doors and windows must be closed.

The measurements must be carried out in closed rooms such as dining room, living room,
bedroom, etc. No corridors, storerooms, bathrooms smaller than 8 square meters (minimum
area for repeatable measurements, taking into account furniture, room shape etc.) should be
considered.

When providing results:

Report measurement methodology

Identify irrelevant acoustic events during occurring during measurement operation and do
not factor them in while assessing the disturbance

Report name, type and certification of the instrumentation

Describe the source type and report the frequency and trend.

Attach pictures of the measurements and of the sources

Report the 1/3 octave band assessment trend and indicate if and where the presence of a
noise disturbance is confirmed

Propose possible solutions

5. New method application

The 6 cases discussed above were used to test, analyse and assess the methods proposed in the
literature, to understand their rationale and identify potential issues. Lessons were in this way
learned and translated into a new method meant to provide an objective assessment of noise
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disturbance, which was obviously not available when the 6 cases above were initially assessed and
could therefore not be applied.

Following its creation, chances arose to apply the new method in just two of the six above
discussed:

1) Disco music coming from the same building (paragraph 3.4). Here the noise was measured
by night and no receivers listed in 4) sub a) with no receivers as described in point 4) sub a)
in the building

2) Large HVAC (paragraph 3.5). Here the noise was measured by night and no receivers listed
in 4) sub a) with no receivers as described in point 4) sub a) in the building

The comparison with the described literature methods could not be reported since the new
criterion obtained results could not be compared with other results. This fact is caused by the
different measurement guidelines approach (sampling, time rate, frequency range, thresholds,
weighting, and measurements number). So final results would be sensibly affected by these
differences.

In 1) the methods provided in the literature produced very diverging results. Those who dwelt
inside the building while the measures were in progress nevertheless unanimously reported the
presence of a noise disturbance (first step, fig. 15). The proposed approach also confirmed the
existence of the disturbance. The source was subsequently modified (by means of a limiter and a
DSP analyser) and the disturbance was measured by 2 different teams. The new method was used in
addition to the old method in order to contrast results.

By using the methods proposed in the literature, the 2 teams once again obtained diverging
results, owing to unspecific measurement procedures and uncertainty as to which threshold should
be applied in which case.

By using the new method, the 2 teams obtained comparable results and concluded that there was
no disturbance (second step, fig. 15), which was in line with the subjective perception of the police,
present in the building, and the owners of the building

120.0

- \

\ ——average
first step
= second step

. /\/__/\/\/\

0.0

3
o
o
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4
o

Threshold Level (dB)

IS
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8 10 125 16 20 25 31.5 40 50 63 80 100 125 160 200 250
Frequency [Hz]

Figure 15 — the new method applied in real-life circumstances (see paragraph 3.4)

In 2), the results obtained using the methods provided in the literature are at utter variance,
although all those who dwelt inside the building while the measures were in progress agreed that the
disturbance was there (first step, fig. 16). The disturbance could also be identified using the new
method. The source was then modified by applying the appropriate silencer and the new method
was used along the old method to assess the disturbance, so that the results could be contrasted.
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And again, using the methods proposed in the literature, the team obtained diverging results,
owing to unspecific measurement procedures and uncertainty as to which threshold should be
applied in which case

By using the new method, the team concluded that there was no disturbance (second step, fig.
16), which was in line with the subjective perception of the police, present in the building, and the
owners of the building
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Figure 16 — — the new method applied in real-life circumstances (see paragraph 3.5)
6. Conclusions

Sound measurements inside dwellings are commonly used to understand noise and sleep
disturbance. As a consequence, many researchers worldwide have tried to determine objective
methods to assess whether a disturbance is present or not. Some countries use the discussed criteria
and have made their use compulsory. Each method focuses on some features, leaving possible
interpretations to the engineers, which may cause misunderstandings. The goal of this paper is to
inform stakeholders in the drafting of new standards or legislation, or in the integration of existing
legal requirements by proposing an objective method built on robust and scientific criteria that
should replace the current, unreliable but widely used procedures and their subjective interpretation.

To this end, an in-depth analysis of different disturbance assessment methods was carried out.
Six different traditional sources were analysed and measured and results were compared and
contrasted. Pros and cons were highlighted and a new assessment criterion was proposed and
successfully tested combining, were possible, the different approaches and standards discussed in
the literature. A new average threshold is supplied which simplifies the procedures in case of low-
frequency components, but which could be used for any situation. This is complemented with new
and well defined measurement steps and guidelines.
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