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2 Division of Built Environment, RISE Research Institutes of Sweden, Bor̊as, Sweden, Email: nata.amir@ri.se

Introduction

In the nineties, when the change of Swedish regulations
allowed for building multi-storey houses in wood, impact
sound insulation turned out to be a critical issue. Even
in cases where the demands on impact sound insulation
were fulfilled according to regulation, people perceived
the sound from e.g. walking neighbours as extremely dis-
turbing. The main reason was and is the low frequency
response of wooden floors to walking forces especially
when walking barefoot. Although regulations have been
changed to include lower frequencies, down to 50 Hz, in
the standard evaluation of impact sound, the problem
regarding disturbance by low-frequency impact sound in
wooden buildings still remains. In a recent study car-
ried out by RISE, Swedish building industry identified
the need for satisfying impact sound still as the main
acoustic challenge for wooden houses influencing strongly
the acceptance of wooden houses by the tenants (see [1]).
Therefore a test facility is needed which allows investigat-
ing the subjective perception of impact sounds preferably
in the design state. For a coherent evaluation of different
floor designs by listening test, the facility should ensure
that the same excitation by a walker and the same re-
ceiving room are involved. Only the floor design should
be changed. As a consequence the spread in the data will
only be due to the spread in the perception by subjects.

Approach

In this paper the use of a virtual design tool for low
frequency impact sound is demonstrated. It consists of
four parts;

• Measured walking forces.. An inverse measure-
ment method has been used to determined the forces
when walking on a wooden floor. The method is
based on the LMS algorithm in the time domain
(details see [2])

• Floor models. In the following a modal approach
is used for a simply supported, orthotropic plate un-
der pre-stressed conditions (see [3]). However, any
numerical model (e.g. a FE model) could be used
for the floor.

• Auralisation system. Twenty Genelec 8020B
loudspeakers (mounted on a regular grid all over
the ceiling) covering the mid and high frequency
range between 66 Hz and 21 kHz and four Neumann
KH805 active subwoofers (mounted in the four up-
per corners of the room) with a frequency range of

18 to 300 Hz are used to reproduce the volume flow
created by the vibrating floor.

• Receiving room. The room (length: 4.8 m, width:
3.73m, hight: 3.6 m) is furnished as a common living
room (see Figure 1)

A more detailed description can be found in [3] and [4].ü = 4.80 × 3.73 × 3.52	m

 

Figure 1: The Living Room Lab at Chalmers, Applied
Acoustics

Studied Cases

The described approach is used to investigate the impact
sound from 10 different floors. All the floors have the
same dimensions (L:4800 mm, W:3730 mm, H:100 mm).
The material data are shown in the Figure 2. M1 is
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M1 450 0.35 10 0.37 - 0.2
M2 450 0.35 7.5 0.37 - 0.2
M3 450 0.35 5 0.37 - 0.2
M4 450 0.35 10 0.37 10000 0.2
M5 350 0.35 10 0.37 - 0.2
M6 250 0.35 10 0.37 - 0.2
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M9 450 0.35 10 - 0.2
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!

"

#!"#

Reference

Prestress

Lightweight
concrete

Isotropic

R
E
E
T
!
!
"
"

I
C

Figure 2: Material data for the investigated floors

the reference floor with material data for a typical CLT
floor with rather low impact sound insulation. For floor
M2 and M3 the modulus of elasticity and for floor M5
and M6 the density is reduced. Floor M7 and M8 has
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different material damping. In addition to these system-
atic variation of the reference floor, three additional floors
were included. M3 is a prestressed floor, M9 an isotropic
floor and M10 is a lightweight concrete floor.

The floors were excited with forces for a barefoot walker.
A typical force signal for one step is shown in Figure 3.
Barefoot walking excites mainly frequencies below 100
Hz. The red circle indicates the initial heel impact of
the footstep which is responsible for the main part of the
excitation energy.
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Figure 3: Material data for the investigated floors

For the simulations a walking path has been prescribed
consisting of a sequence of 21 steps in different directions
as shown in Figure 4

Figure 4: Material data for the investigated floors

For each step a variation of the force as shown in Fig-
ure 3 has been applied. The forces were transformed to
the frequency domain and a modal approach was used
to calculate the frequency response of the floors. The
vibrational response on a dense grid on the floors was
then transformed back into the time domain. The floors
area was divided in 20 subareas for the medium and high
frequency loudspeakers and in 4 subareas for the sub-
woofers. By integration over these subareas the volume
velocity for each area was determined and mapped to the
loudspeaker in the position corresponding to the area. In
this way the radiation of the floor is captured as along as
the spatial resolution given by the loudspeaker is suffi-
cient to represent the modes involved in the vibration of
the floor. The approach has also been validated towards
a complete numerical simulation as shown in [4].

The Design of the Listening Test

For subjective evaluation of the walking sound on differ-
ent floors semantic differentials [5] were used. The adjec-
tives used in the semantic scales were selected in associ-
ation with various properties of the sample floors. The
semantic differentials were adapted so that they could re-
flect the intended physical properties of the floor and also
gave information about the plausibility of the sounds.
Therefore, both bipolar and artificial bipolar semantic
scales were used in the test. For example, for evaluation
of loudness a bipolar scale using the adjectives ”Low”
and ”High” was used, while for example for annoyance,
an artificial bipolar scale ranging between ”Not annoy-
ing” and ”Very annoying” was used. The rating scales
consisted of 7 equidistant steps, ranging from 1 to 7. A
list of the attributes as well as their range are presented
in Table 1. Attributes such as distinctness and thump-
ing have been used in the literature [5] to describe the
perceived impression of impact sound from walking on
different floor structures.

Atribute Range
Loudness Low High

Distinctness Not distinct Very distinct
Thumping Not thumping Very thumping

Reverberation Not reverberant Very reverberant
Annoyance Not annoying Very annoying

Naturalness (plausibility) Artificial Natural

Table 1: List of attributes used in the listening test and their
range.

The selected listener’s sitting position was representative
of a real-life case, with the listener sitting on the sofa in
front of the TV. This means that selection of the listen-
ing position was not based on the flatness of the room
response in that position. The only consideration for the
sitting position was to be away from the center and the
corners of the room, where the probability of exposure
to the minimum or the maximum sound pressure level
in the room is higher. Fifty subjects (thirty identified
themselves as male, twenty as female) participated in the
listening test. The distribution of the participants’ age
is shown in Figure 5.

Figure 5: Age distribution among the subjects

19 of the participants lived in wooden buildings, 21 in
buildings in concrete. 42 have been earlier disturbed by
impacts sound, while 8 reported that they have never
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been disturbed. The sounds were played in random or-
der twice. The subjects could control the timing by a
computer screen. Figures 6-8 show the results from the
semantic test as boxplots. Behind each result there are
100 answers.

Figure 6: Annoyance and loudness judgments for the inves-
tigated floors

While loudness, thumping, and reverberation seem to
correlate well with annoyance, distinctness does not show
the same correlation to annoyance and is very little in-
fluenced by floor design.

Figure 7: Reverberation and thumping judgments for the
investigated floors

Figure 8: Annoyance and loudness judgments for the inves-
tigated floors

There are two floors design which give the lowest annoy-
ance values, the light weight concrete floor (M10) and
the pre-stressed CLT (M4). For the concrete floor the re-
sponse in general is lower due to higher weight and bend-
ing stiffness. For the pre-stressed floor the first eigenfre-
quency is shifted up to about 60 Hz. All other floors
have their first eigenfrequency around 20 Hz. This might
explain the differences in annoyance for M4.

The average over all subjects for each floor for annoy-
ance, loudness, thumping and reverberation area highly
correlated as

R2 (p-value)
Loudness Thumping Reverberation time

Annoyance 97%(2.3e−7) 98%(3.4e−8) 80%(3e−4) .

The correlation, however, does not necessarily mean that
the annoyance can be explained by loudness or thumping,
but rather that e.g. loudness could be used to predict
annoyance.

A multiple comparison analysis shows that reducing the
density, introducing pre-stress and drastically changing
damping leads to statistically significant changes in per-
ceived loudness and annoyance.

The approach used here has the advantage that the
spread in data is exclusively due to spread in the per-
ception by subjects. To illustrate this the data were
evaluated with respect to gender, experience and age of
the subjects. Figure 9 presents the judged naturalness
as function of floor design and experience with impact
sound insulation.

There is a clear tendency that those who have been dis-
turbed by impact sound at home or live in a wooden
house judge naturalness higher, while those who have
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Figure 9: Naturalness judged by different groups for the
different floors

never been disturbed by impact sound or live in house
made of concrete judged the sound as less natural. How-
ever, this observation is only true for floors which were
experienced as higher with respect to annoyance. For
floor M4 and M10 there were no bigger differences ob-
served.

Figure 10: Annoyance judged by different groups for the
different floors

In addition, those who have been disturbed by impact
sound at home judged annoyance higher than those who
have never been disturbed. Although the results shown
in Figure 10 indicate clear differences, these are only ob-
servations and it was not possible to show that the results
are statistical relevant. Similar is true for Figure 11.

There the judgement of loudness is shown as function of
gender and age for the different floors. There is no influ-
ence of gender on the results. There are clear differences
in loudness between the different groups with respect to
age. Although the p-value are small, the results are not
significant.

Similar results are obtained for Annoyance (not shown
here). However, in the case of annoyance, the differences
between the group younger than 27 years and the group
older than 35 are statistically significant. The reasons
for the dependency of the judgements on age is not clear.
However, the results show that one has to select the group
of subjects with care especially if one aims on stringent
results between different studies.

Figure 11: Loudness judged by different groups for the dif-
ferent floors

Conclusions

A virtual design studio for impact sound has been de-
veloped. The tool can produce plausible walking sounds
and demonstrate and predict the performance of floors.
Advantage to work with virtual environments is that one
has control over the complete test. The approach allows
for very controlled evaluation of subjective response as
function of floor design. The results confirm the impor-
tance of loudness but also reverberation and thumping for
the characterisation of the perception of impact sound.
It can also be concluded that the results depend on age
and level of experience with impact sound.
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