
Applied Acoustics 197 (2022) 108955
Contents lists available at ScienceDirect

Applied Acoustics

journal homepage: www.elsevier .com/locate /apacoust
Correlation between sound insulation and occupants’ perception –
Proposal of alternative single number rating of impact sound, Part III
https://doi.org/10.1016/j.apacoust.2022.108955
0003-682X/� 2022 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

⇑ Corresponding author.
E-mail address: fredrik.ljunggren@ltu.se (F. Ljunggren).
Fredrik Ljunggren a,⇑, Christian Simmons a,b

a Lulea University of Technology, 97187 Luleå, Sweden
b Simmons Akustik och Utveckling, Chalmers Teknikpark, 41288 Gothenburg, Sweden

a r t i c l e i n f o a b s t r a c t
Article history:
Received 2 September 2021
Received in revised form 21 June 2022
Accepted 25 July 2022

Keywords:
Impact sound insulation
Low frequencies
Lightweight buildings
Footstep annoyance
Subjective perception
Single number quantity
Through a series of Swedish research projects carried out over twelve years, the relation between the
measured impact sound insulation and the corresponding subjective rating given by residents of
multi-storey apartment buildings has been studied. Previous results, based on a limited number of build-
ing cases, suggested the need to include frequencies below 50 Hz in a frequency weighted single number
quantity to get a reasonable correlation with the subjective ratings.
The purpose of this paper is to include an extended amount of data compared to the previous studies to

secure more substantiated results. Data has been examined for 38 building cases, including a variety of
lightweight and heavy constructions. More than 1200 questionnaire responses form the basis for compre-
hensive statistical analyses.
The results confirm the conclusions of the previous parts (I, II), stating that frequencies below 50 Hz are

of importance when evaluating impact sound insulation, primarily in lightweight buildings. The correla-
tion between measured weighted single number quantities and annoyance ratings increases significantly
when the frequency range is extended down to 25 Hz. The strongest correlation was obtained when eval-
uating the impact sound insulation, again from 25 Hz, when using the weighted single number quantity
LnT,w + CI,25–2500 where the CI-term is evaluated according to ISO 717-2 amended to the extended fre-
quency range 25–2500 Hz. It is also suggested that in the lowest one-third octave bands, 25–40 Hz, there
is no need to normalize the impact sound pressure levels with respect to the reverberation time.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

1.1. Background

Timber building construction is becoming increasingly popular,
and there is now a need for a sound insulation descriptor that is
appropriate for all types of building structures, which also takes
very low frequencies into account. At the same time, such a
descriptor must still be appropriate for other types of building con-
struction, for example, buildings made of concrete. A key factor is
the building materials; different values of mass per unit area lead
to different dynamic characteristics at low frequencies, which
affect the sound insulation. Impact sound insulation is commonly
measured and evaluated in the frequency range from 100 to
3150 Hz and presented as a frequency weighted single number
quantity (SNQ), either normalized to a reference sound absorption
area (Ln,w) or standardized to a reference reverberation time (LnT,w)
as described in ISO 717-2 [1]. As an option, the frequency range can
be extended down to 50 Hz and applying the spectrum adaptation
term CI,50–2500. This term has been incorporated into the Swedish
building regulation since 1999.

Regarding international standards development, progress has
been slower, despite several research studies on acoustic comfort
in dwellings and its relation to measured sound insulation. In a
study in 1985 [2], it was suggested that the inclusion of data from
50 Hz upwards resulted in a stronger correlation with the subjec-
tive response from residents when compared to evaluation from
100 Hz upwards. This work has been followed by other studies,
for example, [3,4], which supported the proposal to measure from
50 Hz. More recently, studies in Norway [5] and France [6] have
confirmed the importance of amending the evaluation with 50–
80 Hz one-third octave bands. A review of indoor acoustic comfort
[7] states that significant annoyance may occur, especially from
impacts by neighbours. It is concluded that ‘‘the lack of very low-
frequency content in the impact sound measurements leads to
weak statistical association with a subjective response of resi-
dents”. In a review paper on the acoustics of lightweight timber
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buildings [8], a main conclusion is that the effects of human
response due to impact noise ‘‘requires further deepening”.

However, for more than a decade, extensive research has been
carried out in Sweden to develop alternative impact sound insula-
tion descriptors, SNQs, applicable to multi-storey residential build-
ings. A novel spectrum adaptation term, from 20 Hz upwards, was
included in the Swedish standard [9] in 2015 as a recommendation
for qualification into higher sound classes. This was a direct result
of the research project AkuLite (Part I), where it was indicated that
the correlation betweenmeasured impact sound insulation and the
ratings given by residents was superior compared to correlations
based upon SNQs evaluated from 50 Hz or 100 Hz [10].

In the following project Aku20 (Part II), the purpose was to
strengthen or reject the previous indication. The database was
extended with measurement and survey results from additional
case studies to cover a greater variety of building constructions.
Thirteen new building case studies were added to the previous
ten, and the basic findings from the original study were confirmed
[11]. When the annoyance ratings given by the residents were
correlated against the measured impact sound insulation LnT,w, a
coefficient of determination, R2, of just 18 % was reported. If
instead LnT,w + CI,50–2500 was applied, R2 increased to 49 %. With
another frequency extension down to 20 Hz, or alternatively
25 Hz, the coefficient of determination increased to about 70 %.

However, Part II left certain issues unresolved. First, there was
no firm recommendation on the lower frequency limit for evalua-
tion since the limits of 20 and 25 Hz gave similar results. Secondly,
it was argued that measuring the reverberation time in the receiv-
ing room in one-third octave bands below 50 Hz may infer a great
uncertainty. It was suggested to investigate whether reverberation
times below 50 Hz simply omitted could give an equally good cor-
relation betweenmeasured impact sound insulation and subjective
perception.

Within the project Aku20, the possible importance of frequen-
cies below 50 Hz related to impact sound insulation was examined
where a listening test was performed inside a studio using the
combination of headphones and a subwoofer [12]. Even though
limited to two floors – one of concrete and one of wood – the
results were in close agreement with those based upon field mea-
surements and with the residents’ rated annoyance, which
strengthened the conclusions.

The work reported in the present paper is based upon the
research project AkuTimber (Part III). The database was further
extended, and the issues raised by Part II have been given atten-
tion. Since Part III is the last part of this research work, the conclu-
sions reported are based on the results of the whole program. The
database now includes 38 case studies over twelve years, 2010–
2021. The impact sound insulation has been evaluated with and
without normalization concerning reverberation time for the
one-third octave bands 20–40 Hz. Furthermore, different statistical
parameters, related to the subjective rating, like means and various
proportions, have been considered.

1.2. Objectives

The objectives of this paper are:

̵ To further evaluate the importance of impact sound insulation
at frequencies below 50 Hz,
̵ To find out the lowest one-third octave band to be included in
such an evaluation,
̵ To consider whether impact sound insulation at frequencies
below 50 Hz could be evaluated without normalization with
respect to reverberation time,
̵ To evaluate an optimal spectrum adaptation term for all types
of building construction material.
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2. Method

2.1. Building cases

All residential buildings included have between two to eight
floor levels. They are constructed with a variety of mainly modern
building techniques. The building case studies are divided into
three sub-categories with respect to the building construction of
the separating floors, mainly related to the mass of the
construction:

1. Lightweight – loadbearing structure of wooden or thin steel
beams combined with various types of boards,

2. Cross laminated timber (CLT) – semi-lightweight structure based
upon layers of timber, glued together to form approximately
homogenous slabs,

3. Concrete – homogenous or hollow-core slabs.

Out of the 38 case studies, 17 are lightweight, 11 are CLT and 10
are concrete. All buildings have plastic carpet or parquet floor with
a resilient backing to attenuate high-frequency impact sounds.

The characteristic properties of building cases are summarized
in Table 1, where cases 1–23 originate from the previous research
projects (Parts I and II) and cases 24–38 are from the latest project,
AkuTimber. The label ‘‘New building” denotes that sound insulation
measurements were taken inside a recently finalised building prior
to occupation. ‘‘Existing building” refers to a modern building, fully
comparable to today’s standard of living, but the measurements
were taken in furnished dwellings. However, two of the concrete
cases labelled as existing were comparatively older; they were
included to ensure a greater variety within the category.

2.2. Field measurements

All cases have been examined by field measurements of sound
and vibration properties: a) airborne sound insulation, b) impact
sound insulation with the standardized tapping machine as well
as the ISO rubber ball, c) vibration levels close to junctions (as an
indication of flanking transmission), and d) vibration levels of the
floor surface at various distances from the impact source. Measure-
ments a–d were performed in the frequency range from 20 Hz. The
details of the measurement procedures are given in Part I [10].

In the present paper, the focus is on impact sound insulation
using the tapping machine. The measurements were in accordance
with the so-called default procedure of the ISO standard 16283-2
[13] and evaluated according to ISO 717-2 [1] or in accordance
with the corresponding former standards for the cases investigated
at an early stage. The single number quantity is the weighted stan-
dardized impact sound level LnT,w, where the reverberation time is
normalized to 0.5 s. In this paper, the symbol (́) has been omitted
when denoting LnT,w (instead of ĹnT,w) for the sake of simplicity,
although all measurements were carried out in the field. The defi-
nition of the standardized impact sound level follows from Equa-
tion (1).

LnT ¼ Lp � 10log
T
T0

� �
ð1Þ

Lp is the sound pressure level and T0 = 0.5 s.
A set of spectrum adaption terms are compiled to examine

alternative SNQs using abbreviated denotations; LnT,w,50 corre-
sponds to LnT,w + CI,50–2500, LnT,w,25 corresponds to LnT,w + CI,25–2500
and LnT,w,20 corresponds to LnT,w + CI,20–2500. The two latter adapta-
tion terms are presently not included in any ISO standard. They are
calculated in the same way as CI,50–2500 but in the frequency range
starting at 25 or 20 Hz. The definition is given by Equation (2).



Table 1
Building case studies and rated annoyance due to footstep noise (question No. 5), n refers to the number of questionnaire responses.
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CI;X�2500 ¼ 10log
X
i

10ðLnTi10 �15Þ
 !

� LnT;w ð2Þ

X is 20, 25 or 50 Hz.
The given spectrum adaptation terms use a flat frequency spec-

trum, that is, none of the one-third octave bands is given any other
weight relative to the other bands. This is similar to the ISO stan-
dard [1], where a constant weighting of –15 dB is applied. This is
in contrast to the spectrum adaptation terms CI,AL,20–2500 and CI,
AL,25–2500 originally developed during the AkuLite project (denoted
by the index ‘‘AL”). These terms put extra weight on the one-
third octave bands below 50 Hz and above 400 Hz [10]. The
3

weighting factors from Table 2 replace ‘‘–15” in Equation (2) for
each one-third octave band when CI,AL,20–2500 is evaluated.

The sound insulation was generally measured in four to six
rooms in each building, evenly distributed among living rooms
and master bedrooms. The arithmetic mean value of all measure-
ment results within each building is used for the following statis-
tical evaluation.

2.3. Questionnaire survey

The questionnaire according to Fig. 1, was developed within
the European COST Action TU0901 [14] based on the technical



Table 2
Weighting factors in one-third octave bands for spectrum adaptation terms CI,AL,20–2500 and CI,AL,25–2500.

Frequency (Hz) 20 25 31 40 50–400 500 630 800 1 k 1.25 k 1.6 k 2 k 2.5 k

Weighting factor –7 –9 –11 –13 –15 –14 –13 –12 –11 –10 –9 –8 –7

Fig. 1. Questionnaire.

F. Ljunggren and C. Simmons Applied Acoustics 197 (2022) 108955
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specification ISO/TS 15666 [15]. It has been used throughout this
study with only some minor modifications. The residents have
been instructed to rate their perceived annoyance from several
potential types of sound and vibration in their homes. On a numer-
ical scale ranging from 0 to 10, where ‘‘000 means not at all bothered,
disturbed or annoyed and ‘‘10” means extremely annoyed. The
respondents marked their rating for a total of 17 questions. The
ratings following question No. 5 were used to calculate the corre-
lation with the mean measured impact sound level SNQs measured
in the associated building:

Thinking of the last 12 months in your home, how much are you
bothered, disturbed or annoyed by this source of noise?

– Neighbours; footstep noise, i.e. you hear when they walk on the
floor

Two more questions in the questionnaire can be related to
impact sound insulation. These concern rattling or tinkling noise
from the furniture in the respondent’s own apartment, and
impact or scraping noise from, for example, chairs, kitchen work
and toys. Since the reported annoyance from these sources is
considerably lower than those from walking neighbours, which
was presented earlier [11], they are not further discussed in this
paper.

The questionnaires were distributed by land mail six months
or later after occupancy. In total, over 1200 questionnaires were
returned, which corresponds to an average response rate of
about 50 %. As a starting point, the mean value from all ques-
tionnaires returned from each case was used for the statistical
evaluation, but parameters based upon fractions were also
included.

2.4. Statistical analysis

The statistical relationship between the rated annoyance from
impact sound and various single number quantities derived from
the impact sound levels measured in one-third octave bands were
investigated using regression analyses. The linear model is
expressed by the relation Y = a + bX where Y is the annoyance rat-
ing and X is the SNQ. The statistical model determines the coeffi-
cient of determination, R2, (equivalent to the square of the
correlation coefficient r) is determined. From the confidence inter-
val from the slope of the regression line, it can be stated whether a
statistical relation exists between the two parameters Y and X. If
the 95 % confidence interval does not include the value ‘‘000, the sta-
tistical relation is reported as ‘‘yes”, otherwise ‘‘no”. All the pre-
sented analyses indicate statistical relation between the tested
parameters, except in a few cases.

This way of handling the statistical analyses follows the meth-
ods used in the previous Parts I and II. However, in this study,
the analyses are extended in the following ways:

a) No normalization 20–40 Hz
As an alternative, sound pressure levels at frequencies below

50 Hz are evaluated without normalization of reverberation time,
that is, they represent Lp rather than LnT. This approach may be jus-
tified from a practical point of view, since the procedure to mea-
sure the reverberation time at such low frequencies may be
cumbersome and induce a significant uncertainty in the related
SNQ [16].

b) Weighting group size
The annoyance ratings from all the 38 building cases have so far

been represented by their mean values in the previous analyses
(Parts I, II). However, since the number of questionnaire replies
varied between cases, parallel analyses have been carried out in
two alternative ways: 1) a linear weighting is added related to
the total number of responses (n), meaning that all individual
5

responses for all cases are treated with equal weight, and 2) a
weighting factor equal to the square root of the number of replies
for each case.

c) Fractions
There is no common standardized method for a statistical eval-

uation of a subjective dose–response relationship to noise annoy-
ance. According to the European Commission Services’ [17], one
kind of analyses may be based on the mean annoyance. Another
alternative is to define a cut-off point as a basis for the analysis.
A common way is to use the percentage related to being highly
annoyed, often defined by the cut-off point of 72 %, corresponding
to ratings of 72 or higher on a numerical scale from 0 to 100
[17,18]. For the 11-point scale ranging from 0 to 10 as has been
used, this percentage matches the ratings 8, 9, or 10, using a
73 % cut-off. Another common choice is to include the percentage
being annoyed or moderately annoyed by using a cut-off of about
50 %. In our case, this is close to including ratings 6 or higher,
55 % cut-off. The measured impact sound level was linearly mod-
elled to the responses from the survey using the rated annoyance
fractions �6, �7 and �8, representing the range of cut-off points
most commonly used.

The reason for including several subjectively related parameters
is to study whether they influence the correlation with the mea-
sured sound insulation. This can be viewed as a sensitivity analysis
that will indicate the robustness of the methods and the data. If
small differences are observed with respect to the parameters
used, any of those could serve as the main parameter for further
study.
3. Results

3.1. Impact sound level

The range of single number quantities among the 38 building
cases is 38–62 dB for LnT,w, 46–66 dB for LnT,w,50, 47–68 dB for both
LnT,w,25 and LnT,w,20, 48–69 dB for LnT,w,AL,25 and 48–72 dB for
LnT,w,AL,20. In Fig. 2, the mean SNQs, together with their correspond-
ing standard deviations are presented for all building cases sorted
into the three sub-categories with respect to the type of construc-
tion. All the 24 combinations of SNQ and constructional type were
tested for normal distribution. Referring to standardized skewness
and standardized kurtosis, 22 of the combinations were within the
range expected for data from a normal distribution [–2 2], while
two of them were outside this range; LnT,w,50 for the categories
‘‘All” and ‘‘Lightweight” buildings.

Note that the SNQs LnT,w,X (where X is the lower frequency
range) always become larger as the frequency range is extended,
which follows from their definitions where sound levels in one-
third octave bands are summed. The SNQs that include frequencies
below 50 Hz (LnT,w,25, LnT,w,20, LnT,w,AL,25, and LnT,w,AL,20) are pre-
sented without the 0.5 s normalization of the levels in the fre-
quency bands 20, 25, 31, and 40 Hz. Omitting this normalization,
the SNQs were found to increase by 2.3–3.7 dB for the lightweight
buildings, by 1.6–3.1 dB for the CLT buildings, and by 0.4–0.9 dB for
the concrete buildings.

For LnT,w, that is, evaluation from 100 Hz, the mean values for
each sub-category are close to identical, about 49 dB, but as the
evaluation with spectrum adaptation terms is extended towards
lower frequencies, the difference between the construction cate-
gories successively increase. Comparing LnT,w with LnT,w,25, the
weighted impact sound level increases by 9.9 dB – on average –
for the lightweight cases, 6.5 dB for the CLT cases, but only
1.7 dB for the concrete buildings. The difference becomes even lar-
ger with the AL-weighting. Table 3 presents SNQs for all building
cases.



Fig. 2. Impact sound level in terms of mean value and standard deviation of the building cases. Frequencies below 50 Hz are evaluated without normalization of reverberation
time.

Table 3
Average single number quantities of impact sound level (dB) within each building case. Impact sound levels at frequencies below 50 Hz are evaluated without
normalization of reverberation time.

F. Ljunggren and C. Simmons Applied Acoustics 197 (2022) 108955
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Fig. 4. Mean annoyance rating for different building construction types from
impact sound (question No. 5). Error bars indicate one standard deviation within
each building type (±).

Fig. 5. A histogram of the mean annoyance rating due to impact sound (question
No. 5) from all 38 building cases.
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3.2. Questionnaire survey

The subjective ratings from the questionnaire surveys are
shown in Fig. 3 as the average of all cases within each of the three
construction categories in Table 3. The figure is limited to 13 ques-
tions (No. 2–14) related to annoyance ratings from various sound
sources common in homes: voices and TV through the walls (ques-
tion No. 2), voices and TV through the floor (3), music (4), footstep
from neighbours (5), scraping (6), rattling (7), voices from the stair-
well (8), footstep from the stairwell (9), water pipes (10), ventila-
tion (11), machines (12), premises (13), and traffic (14). Overall,
the residents seem to be quite satisfied with their indoor acoustic
climate, which results in low mean ratings of annoyance. However,
one question stands out: number 5, sounds from walking neigh-
bours, with an annoyance rating about twice as high as for other
types of noise. The high annoyance rating, together with the
free-text comments given in the questionnaires, indicate that
disturbance from impact sound is a serious problem with many
residents. Note that for this question (No. 5), responses from resi-
dents living on the uppermost floor in the buildings have been
omitted from the analysis since they do not have neighbours living
above.

Regarding impact sound, the mean annoyance is normally dis-
tributed for all cases as well as for the sub-categories. The related
standard deviations are shown in Fig. 4, where the overall standard
deviation is 1.4. Within the constructional groups, the standard
deviation is highest for the lightweight buildings (1.5), closely fol-
lowed by the CLT buildings (1.4), while the concrete buildings have
a lower standard deviation (0.5). The relatively large standard devi-
ations for the lightweight and CLT buildings reflect the great vari-
ety in sound insulation among these cases.

There is a clear difference between the constructional cate-
gories concerning the rated annoyance from impact sound. The
mean rating from the lightweight buildings is about 70 % higher
than the mean rating from the concrete buildings, supporting that
impact sounds at low frequencies are generally of greater concern
for lightweight constructions than for concrete constructions. The
difference in mean annoyance between the lightweight and con-
crete buildings and between the CLT and concrete buildings was
found to be statistically significant at the 95 % level based on
double-sided t-tests. A histogram of the mean annoyance for the
38 buildings cases is shown in Fig. 5. The mean annoyance and
the fractions for the individual cases are found in Table 1.
3.3. Correlation between impact sound insulation and residents’ rating

3.3.1. SNQs including normalization of reverberation time 20–40 Hz
As a starting point, the measured impact sound insulation for all

one-third octave bands, including the bands below 50 Hz, were
normalized with respect to the reverberation time of 0.5 s in accor-
Fig. 3. Mean annoyance rating for different building construction types from
impact sound (No. 5) compared to other sources. The numerical annoyance scale
ranges from 0 to 10.
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dance with the ISO standard [13]. Further, the rated annoyance is
represented by the mean value for each building case. This was
also the method used in the previous Part I [10] and Part II [11].
The resulting coefficients of determination from the linear regres-
sion analyses are presented in Table 4, where the lower boundary
in the frequency range is shifted gradually, first from 100 to 50 Hz
and then by steps of one-third octave. Table 4 also includes the
SNQs based on CI,AL,25–2500 and CI,AL,20–2500, parameters that add a
weight of 2 dB for each successive one-third octave band at fre-
quencies ranging from 40 Hz and below (c.f. Table 2). The param-
eter LnT,w,AL,20 gave the highest R2 in Part I [10], where the number
of lightweight cases was over-represented, while LnT,w,25,AL gave
the highest R2 in Part II [11].

Evaluating the impact sound insulation by LnT,w, results in the
coefficient of determination of just 12 %. A dramatic improvement
is seen if LnT,w,50 is used as R2 increases to 36 %. The correlation
increases further as lower frequencies are included and the evalu-
ation from 31, 25 or 20 Hz place all results in R2 around 50 %, with
the highest value of 53 % for LnT,w,25. Additional weighting for the
lowest frequencies improves R2 marginally as 54 % is reached for
LnT,w,25,AL.

3.3.2. SNQs without normalization of reverberation time 20–40 Hz
In the following, frequencies below 50 Hz are evaluated without

normalization of reverberation time. In Table 5, the obtained coef-
ficient of determinations without considering the reverberation
times at 20–40 Hz is seen. Compared to the evaluation with the
normalization according to section 3.3.1, the results alter with
somewhat either higher or lower R2, depending on the SNQ. The



Table 4
Coefficient of determination R2 for single number ratings, with normalization of impact sound levels to 0.5 s reverberation times at 20–40 Hz.

SNQ LnT,w LnT,w,50 LnT,w,40 LnT,w,31 LnT,w,25 LnT,w,20 LnT,w,AL,25 LnT,w,AL,20

R2 (%) 12 36 43 50 53 46 54 37

Table 5
Coefficient of determination R2 for single number ratings, without normalization of impact sound levels to 0.5 s reverberation times at 20–40 Hz.

SNQ LnT,w,40 LnT,w,31 LnT,w,25 LnT,w,20 LnT,w,AL,25 LnT,w,AL,20

R2 (%) 48 55 57 44 54 36
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highest obtained coefficient of determination, 57 %, is found using
LnT,w,25. No benefit can be seen in this case using the weightings
LnT,w,AL,25 or LnT,w,AL,20.

3.3.3. Alternative weightings with respect to number of residents
within cases

In Table 6, the coefficient of determination is presented using
three different weightings with respect to the number of question-
naire replies from the building cases; 1,

ffiffiffi
n

p
and n, where 1 was

used in the previous sections, that is, the mean results from all
building cases were given equal weight. The highest R2 value,
59 %, is found for LnT,w,25 when it is weighted by the total number
of replies, but the difference is rather small compared to the other
weightings where R2 is 57 %.

3.3.4. Fractions instead of mean value
Instead of letting the mean response serve as the annoyance

parameter in the regression analyses, fractions of the responses
related to the 11-point scale have been applied. This alternative
divides the respondents into two groups with a specified rated
annoyance level at a given cut-off point. Table 7 shows the results
in terms of R2 for three fractions having their cut-off points fixed at
6, 7, and 8. Thus, the fractions show the percentage of respondents
who rated their annoyance to � 6, �7, or �8. A general tendency is
that the cut-off point 8 shows somewhat lower correlation with
the SNQs than the other cut-off points. Relatively small differences
are found between the cut-off points 6 and 7, although marginally,
the greatest coefficient of determination is observed for the frac-
tion �7. R2 gives a maximum of 62 % for LnT,w,25 with the relation
according to Equation (3).

Fraction of annoyance rating of seven or more

¼ 2:66 � LnT;w;25 � 126 ð3Þ
Table 6
Coefficient of determination R2 (%) for single number ratings obtained with various weigh
sound levels to 0.5 s reverberation time at 20–40 Hz has been applied.

Weight LnT,w LnT,w,50 LnT,w,25

1 12 36 57ffiffiffi
n

p
4 32 57

n 1 30 59

Table 7
Coefficient of determination R2 (%) using various fractions compared to mean. No normali

Fraction LnT,w LnT,w,50 LnT,w,25

Mean 12 36 57
�6 13 39 59
�7 11 40 62
�8 7 32 52

8

Regardless of which fraction or method of regression analysis,
the results are consistent when assessing the SNQs. The strongest
correlation is found when LnT,w,25 is applied; R2 is then around
60 %, which is 3–5 percentage points greater than LnT,w,25,AL while
LnT,w,20, LnT,w,AL,20, and LnT,w,50 all show weaker correlation. The
weakest correlation is found using LnT,w. Results of the regression
analysis of LnT,w, LnT,w,50 and LnT,w,25 are shown in Fig. 6 for the
cut-off point 7. Note that all symbols representing the building
cases share the same numerical value on the y-axes (the rated
annoyance) in all the three figures, while the measured SNQ on
the x-axes varies with respect to frequency range and weighting.

4. Complementary analysis and discussion

A comparison is made between coefficients of determination
from different statistical analyses of the 38 building case studies
with those found in the previous study, Part II, involving 23 case
studies. In general, Part II resulted in stronger correlations; R2

was above 70 % for both LnT,w,20 and LnT,w,25, and as high as 77 %
for LnT,w,AL 25, see Table 8. This could possibly be related to the fact
that the fraction of lightweight buildings was higher in Part II than
in the present study. Also, to lesser extent, the mixture was altered
in such a way that the present database includes a few older
buildings.

More importantly, the differences in R2 between the SNQs are
similar in both studies. In the present study, evaluations from
100 Hz through LnT,w gives a remarkably weak correlation. This is
also indicated by Fig. 6 for the analysis with the fraction �7, where
the symbols representing the building cases seem random with a
coefficient of determination of 11 %. A significant improvement is
observed if LnT,w,50 is used. R2 is then 40 %, but almost as large an
improvement can be seen when evaluating from 25 Hz, LnT,w,25,
as R2 increases to 62 %.
ting factors with respect to the numbers of responses, n. No normalization of impact

LnT,w,20 LnT,w,AL,25 LnT,w,AL,20

44 54 36
45 54 39
48 56 43

zation of impact levels at 20–40 Hz to the reverberation time 0.5 s has been applied.

LnT,w,20 LnT,w,25,AL LnT,w,20,AL

44 54 36
46 54 37
49 58 39
41 49 32



Fig. 6. Linear regression of annoyance from footstep vs the single number
quantities LnT,w, LnT,w,50 and LnT,w,25 with the corresponding R2 of 11, 40 and 62 %
respectively. No normalization of impact levels at 20–40 Hz to the reverberation
time 0.5 s has been applied.
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Comparing the four analyses from the present data in Table 8,
the resulting correlation coefficients are consistent with respect
to the SNQs with mostly small variations in R2 with respect to
mean annoyance vs fraction �7 and with vs without normalization
of reverberation time. The strongest correlation with the rated
Table 8
Coefficients of determination, R2 (%), for various single number quantities. Comparison betw
annoyance), with(*) and without (**) normalization of the reverberation time 20–40 Hz.

Study Fraction LnT,w LnT,w,50

Present* �7 11 40
Present** �7 11 40
Present* Mean 12 36
Present** Mean 12 36
Part II* Mean 18 50
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annoyance is generally found using LnT,w,25, R2 is then about 60 %.
LnT,w,AL,25 results in close to the same R2 evaluated by the mean
annoyance but LnT,w,25 shows 3–4 percentage units greater R2 eval-
uated using the cut-off point 7.

It can be argued that a coefficient of determination of about
60 % indicates a strong relationship between measured and per-
ceived impact sound insulation. How unwanted sounds are per-
ceived by individuals is certainly a complex matter, and it is not
realistic to expect values of R2 close to 100 %. The sound insulation
is one important parameter, but others are the behaviour of neigh-
bours (do they act silently or loudly?) as well as personal prefer-
ence, for example, individual sensitivity to unwanted noise [19].
Even noise coming from outdoors may affect the annoyance from
indoor noise [20].

Two important questions were addressed but not answered in
the Part II study. The questions related to how measurement and
evaluation of impact sound insulation should be carried out below
50 Hz if included in any building standard and/or legislation: 1)
which is the lowest one-third octave band that makes sense to
include in such a procedure, and 2),iIs it necessary to take the
reverberation time into account for the frequencies below 50 Hz?

The first question can now be answered as the present work has
shown that the 25 Hz one-third octave band should be a frequency
low enough for evaluation of impact sound insulation. It is also
suggested that no frequency weighting below 50 Hz is necessary
since no clear evidence that AL-weighting strengthens the correla-
tion has been found. LnT,w,25, using a flat frequency weighting in the
spectrum adaptation term, seems to work properly. Since sound
measurements in general often become a bit more cumbersome
to carry out at these low frequencies, it is advantageous not to
include the 20 Hz band from this perspective. It can also be noted
that evaluation from 25 Hz adds one full octave band compared to
an evaluation from 50 Hz.

The second question, whether to normalize the sound pressure
to the reverberation time of 0.5 s, can just partly be answered. A
small difference in correlation between LnT,w,25 and annoyance
was found, to the favour of not including the reverberation time
25–40 Hz. Therefore, together with potential problems and uncer-
tainties in the reverberation time measurement [16], it is sug-
gested not to consider the reverberation time in the frequency
bands 25–40 Hz. This statement is somewhat preliminary, though,
until it has been sorted out to what extent normal furniture affects
the reverberation time within this frequency range. However, stud-
ies including frequencies down to 50 Hz, for example [21], exist,
and extrapolating available data down to 25 Hz support the
hypothesis that furniture absorption might be negligible. A sugges-
tion not to include the reverberation time at 25–40 Hz in the eval-
uation process is also beneficial from a practical point of view since
additional equipment in terms of a separate low-frequency loud-
speaker will not be needed at the measurement site, a circum-
stance that could lead to a greater acceptance than otherwise.

Discussing whether normalization of reverberation and/or
weighting factor should be applied to frequencies below 50 Hz, it
should be noted that these two parameters affect the outcome sim-
ilarly. The AL weighting factor increases the impact sound level by
een the present study (annoyance: mean and fraction � 7) and previous Part II (mean

LnT,w,25 LnT,w,20 LnT,w,AL,25 LnT,w,AL,20

58 51 59 42
62 49 58 39
53 46 54 37
57 44 54 36
72 71 77 67
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2–6 dB for the one-third octave bands 25–40 Hz. As the reverber-
ation times in the rooms normally are longer than 0.5 s, excluding
the normalization procedure will also increase the impact sound
level. In the case of a reverberation of 1.0 s, just as an example,
LnT will increase by 3 dB according to the definition. Applying addi-
tional frequency weighting in combination with no normalization
of the reverberation time will likely exaggerate the low frequen-
cies’ importance.
5. Conclusions

The presented study reports impact sound insulation measure-
ments from 38 building cases collected over more than a decade.
The cases represent a variety of building techniques, including
lightweight as well as heavyweight constructions. More than
1200 questionnaire responses in which the residents rated the
annoyance from footstep noise were processed, and statistical rela-
tions to the measurement data were examined.

Impact sound evaluations at 100 Hz and above, using LnT,w,
showed a weak correlation with the rated annoyance from foot-
steps noise, with a coefficient of determination of about 12 %. Suc-
cessive downward extensions of the frequency range, including
spectrum adaptation terms, lead to substantially stronger correla-
tions. Evaluation from 50 Hz through LnT,w,50 gave R2 � 40 %, and
the extension down to 25 Hz by LnT,w,25 gave R2 � 60 %.

The recommendations, based on the data from the present
study, are accordingly:

� Impact sound insulation should be measured and evaluated
from 25 Hz.

� No additional weighting to impact sound levels at frequencies
below 50 Hz is required.

� There is no need to include normalization of the impact sound
pressure level to the reverberation time of 0.5 s below 50 Hz.

These recommendations apply to lightweight and heavyweight
constructions. They offer a material-neutral single number param-
eter of impact sound. When only heavyweight constructions are
considered, LnT,w,50 remains appropriate.

Two matters require additional attention and are suggested for
future work:

� The influence of furniture on the overall sound absorption and
reverberation times, at low frequencies 25–40 Hz.

� Proposals for appropriate numerical limiting values to be sug-
gested either for minimum requirements or for the purpose of
stricter requirements related to higher sound classes. This is
necessary since a specific numerical value of LnT,w,50 (or LnT,w)
is not equivalent to LnT,w,25, and they must therefore be inter-
preted independently.
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