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Wooden floors usually have worse impact sound insulation (ISI) at low frequencies than concrete floors having
the same rating level. Rating level is usually expressed by single-number quantities (SNQs), such as weighted
normalized impact sound pressure level Ly . Psychoacoustic research among wooden floors is very limited
although a controlled laboratory experiment is the strongest method to point out the most adequate SNQs to be
declared for the floors. The purpose of our study was to determine how four standardized SNQs of ISO 717-2, Ly,
ws> Lnw + Ci, Lnw + Ci50, and Lia pmax,v,1> and a recently proposed SNQ, Ly + Ci 25, are associated with the
annoyance of natural impact sounds transmitted through wooden floors. Fifteen floors were built in the labo-
ratory based either on cross-laminated timber (heavy) or open box wood (light) slabs. Different coverings and
suspended ceilings were applied on these slabs. The ISI was tested within 25-3150 Hz using both tapping ma-
chine and rubber ball. Thereafter, five natural impact sounds were recorded for each floor: rubber ball drops,
steel ball drops, walking, jumping, and chair pushing. Fifty-two people rated the annoyance of these 75 recorded
natural impact sounds in psychophysics laboratory. Annoyance was best associated with Ly, for all the five
impact sound types. That is, measurement of ISI within 100-3150 Hz is sufficient from subjective point of view.
All four SNQs based on tapping machine explained annoyance better than the SNQ based on rubber ball. Our
results can significantly guide the future research, development, and regulations of wooden floors.

1. Introduction

tapping machine and the rubber ball. The latter represents a heavy and
soft impact source.

Impact sounds caused by neighbors can be important sources of
environmental dissatisfaction in multi-storey apartment buildings.
Impact sounds include, e.g., walking, jumping, vacuum cleaning,
furniture moving, water gurgle in toilet bowl and shower, and items
dropping. To minimize the noise annoyance, it is important to control
noise by using such floor constructions that provide sufficient impact
sound insulation (ISI).

The ISI of a floor construction can be objectively determined in
laboratory conditions according to the international standard ISO
10140-3 [1]. Measurements are based on standardized impact sound
sources which are not natural, but their force towards the floor is highly
controlled. The standard sources are beneficial in measurement since
they produce a constant, strong, wideband structure-borne vibration to
the floor. ISO 10140-3 offers two alternative impact sound sources: the

The tapping machine is the mandatory impact source in most
countries. The tapping machine produces a chain of metal hammer
impacts (ten impacts per second). The measurement with the tapping
machine provides the normalized impact SPL, L, [dB], within 1/3-
octave frequency bands from 50 to 5000 Hz. The performance of the
floor can be summarized from the measured data by three single-number
quantities (SNQs) defined in ISO 717-2 [2]: Ly w, Ln,w + Cr, and Ly w + Cy,
50 (abbreviation of C[,50,2500).

The measurement with rubber ball provides the standardized
maximum impact SPL, Ljpmaxyv,r [dB], within 1/3-octave frequency
bands from 50 to 630 Hz. The performance of the floor is summarized
using a SNQ, Lia Fmax,v,T, also defined in ISO 717-2 [2]. The use of rubber
ball has been justified because the SPL spectrum is closer to the SPL
spectrum of walking and children jumping [3]. From scientific point of
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view, it is important to investigate both standardized impact sound
sources in parallel.

The main function of a SNQ is to rank various kinds of floors, inde-
pendent on materials used in different layers, in the correct order of
superiority with respect to noise control. The ranking order that a SNQ
gives for floors is expected to have the highest possible correlation with
the ranking order that people give to the same floors from subjective
perspective (i.e., annoyance) when the floors are excited by natural
impact sounds. There is clear evidence that standardized SNQs of ISO
717-2 serve that purpose at least for concrete floors when the natural
impact sounds are walking with hard shoes, walking with soft shoes, or
chair moving [4].

It is well-known that the standardized SNQs are not based on solid
scientific evidence. Standard proposals are usually based on consensus
agreements within standardization working groups. Final standard
proposals are submitted to ballots among international standardization
committees. These decisions might be changed with time only if strong
scientific evidence about a better SNQ exists and a sufficient political
acceptance of new evidence is reached. At this moment, strong scientific
evidence regarding concrete floors or wooden floors does not exist.

Ljunggren and Simmons [5] conducted ISI measurements and resi-
dential surveys about perceived noise annoyance due to neighbor noises
in 38 houses, out of which 17 had lightweight floors (mainly wooden rib
slab construction), 11 had cross-laminated timber (CLT) floors, and 10
had concrete floors, respectively. They found that noise annoyance due
to impact sounds produced by residents in an upper floor was larger in
residential multistorey buildings with wooden floors than in buildings
with concrete floors, although, the floors would be equal from an
objective point of view (similar L'yt values). Standardized weighted
impact SPL, L’yt,w, is a counterpart of L, which is also based on ISO
717-2but it is intended for field measurements. They analyzed, how well
different SNQs of ISI are associated with the annoyance caused by
impact sounds among the residents. They investigated the following
SNQS: LuT,w, L'n,tw + Cr50, L'n,tw + C1.25, L'n,Tw + C1,20, L'n;Tw + CrAL 25
and L', tw + Cr,aL,20 (see definitions in Sec. 2.5.) They found that L', tw
+ Cp,25 (including 25—3150 Hz) correlated best with annoyance caused
by neighbor’s impact sounds. They recommended that impact SPL
should be measured within 25-3150 Hz.

Cross-sectional surveys cannot be used to prove causal relationships
since surveys are very sensitive to several biases. First, it is not possible
to control nor measure the impact sounds that residents upstairs pro-
duce. Second, it is not possible to control the non-acoustic factors that
might affect residents’ ratings at home even more than the stimulus itself
(e.g., attitudes towards the neighbor, expectations about the sound
insulation, ownership, and lifestyle in general). Third, residents have
uncontrollable masking sound levels at homes (e.g., family members,
radio, TV, and fans). Fourth, the ISI measurements are only conducted in
few apartments per building, not in every apartment. The ISI values
cannot be applied to all apartments of the building since the standard
deviation of ISI is very large especially in wooden houses [6]. Fifth, there
are several sources of neighbor noise in residential apartments which
can confound the annoyance ratings (not only impact sounds from up-
stairs). These five reasons significantly increase the uncertainty related
to both stimulus and perception. This problem was also present in the
data of Ref. [5]: completely different mean annoyances were observed in
lightweight, CLT, and concrete houses having similar L’yr, value.
Therefore, an experimental study is needed to test their finding.

Psychoacoustic laboratory experiments do not suffer from un-
certainties related to the SPLs of stimulus and background noise. In
psychoacoustic experiments, the desired SPL is usually obtained by
recording the actual impact sounds for specific floors, whose ISI has
been measured. The SPL of sounds presented to the participants can
usually be controlled with an accuracy of 1-2 dB Laeq. That is, the SPL
heard by the participant almost perfectly matches with the desired SPL.
The background noise can also be perfectly controlled in laboratory
experiments and variations in the SPL of background noise cannot
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confound the outcomes. Furthermore, the between-resident variance of
annoyance caused by non-acoustic factors are absent in laboratory ex-
periments. The participants must solely focus on the presented sounds in
laboratory conditions. The remaining factors causing between-
participant variance in annoyance ratings are, e.g., individual noise
sensitivity, motivation, mood, and general response style. In laboratory
environment, the absence of all other visual, social, or acoustic stimuli
guarantees that the focus on sounds is high, and the differences in in-
dividual subject’s ratings mostly depend on perceived differences be-
tween the experimental sounds.

Vardaxis and Bard [7] reviewed psychoacoustic laboratory experi-
ments related to impact sound insulation. They found 16 papers. Several
peer-reviewed papers were identified that investigated how well the
standardized and alternative SNQs explain the perceived annoyance of
impact sounds through concrete floors so that the psychoacoustic
stimulus was based on real recordings and not on SPL simulations. Two
studies involved a mixture of wooden and concrete floors [8,9]. Wooden
and concrete floors usually have quite different ISI spectra at low fre-
quencies. Therefore, it is justified to expect that the subjectively optimal
SNQ for these two floor families might need different spectrum
weightings. Thus, it is justified to assess these floor families in separate
studies to reach the basic understanding about possible differences be-
tween the weighting spectra.

Although the research on wooden floors is strong in general, there
are very few psychoacoustic experiments that have involved only built
wooden floors. Gover et al. [10,11] found that L,, and L,w + Ci
explained the annoyance produced by walking with socks better than L,
w + Ci,50. They focused on wooden joist floors. Massive wood slabs, such
as CLT or LVL slab, were not involved. Moreover, they did not study
high-frequency natural impact sounds, nor extended measurements
below 50 Hz.

It is well known that the spatial variation of one-third octave band
SPLs normal-sized rooms vary a lot below 200 Hz due to room modes (e.
g., Ref. [12]). The spatial SPL variation is the strongest, if the trans-
mitted sound contains a tone that matches the frequency of a room
mode. The sound radiated by a floor usually has a broadband nature.
However, the sound can have a tonal nature if the construction involves
a resonance frequency. An example of that is the floating floor reso-
nance, which usually takes place under 200 Hz [13]. In some cases, the
A-weighted SPL can be dominated by this resonance and the spatial SPL
variation becomes an additional issue of ISI measurement uncertainty.
Floating floors and suspended ceilings are frequently used with wooden
floor slabs. Therefore, it might be relevant to use more than one
recording position also for psychoacoustic recordings. According to our
knowledge, the impact sound recordings for previous psychoacoustic
experiments have been made using a single position in the receiving
room. It is relevant to study, whether the recording position affects the
results of a psychoacoustic experiment.

The purpose of our psychoacoustic experiment was to determine how
the standardized SNQs based on ISO 717-2, i.e., Lyw, Lonw + Ci, Lnw +
Ci,50, and Lia rmax,v,1, and the recently proposed SNQ, Ly w + Ci 25, are
associated with the annoyance of natural impact sounds transmitted
through wooden floors. Another purpose was study whether the results
of the psychoacoustic experiment depend on the recording position in
the room.

2. Materials and methods
2.1. Overall study design

We conducted a psychoacoustic laboratory experiment, where the
participants rated the annoyance of five natural impact sounds trans-
mitted through 15 different wooden floors making altogether 75 sounds.
The stimuli were obtained in an ISI laboratory, where the 15 floors were
built one after the other. For each floor, the ISI was measured, and the
natural impact sounds were recorded.
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The independent variables of the psychoacoustic experiment were
the sound type (five alternatives) and the ISI of each floor, described by
five selected SNQs. The dependent variable was the annoyance.

2.2. Participants

Voluntary persons were reached by sending an advertisement to the
student news or email lists of Turku University of Applied Sciences and
University of Turku. The requirements for participation were Finnish
native language, age between 20 and 40 years, and normal hearing
ability. The recruitment letter stated the following information: “We seek
voluntary persons to an experiment, where the task is to listen and evaluate
sounds heard in residential dwellings. The sounds are not loud and there is no
risk of hearing damage or frightening. The experiment lasts for 1 h and each
participant receives a 20-euro gift token after the execution of the
experiment”.

The research ethic board of Turku University of Applied Sciences
supported the research (Statement 2022-049, 6th Jun 2022).

Fifty-two persons (33 women, 17 men, 2 other) participated volun-
tarily in the experiment. The participants were between 18 and 42 years
old (Mean = 27, SD = 6). Based on the hearing threshold test (Sec. 2.9),
all participants had normal hearing ability as required in the
recruitment.

2.3. Floor constructions
Initially 38 floor constructions (later: floors) were built to the ISI

laboratory to create a sufficiently large pool of stimuli. The construc-
tions consisted of load-bearing slab and different toppings. Most of the

Floors O1-0O8 based on open-box woos slab 415 mm:
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wooden constructions also involved a suspended ceiling. The pool con-
sisted of 11 wooden floors based on 260 mm CLT slab, 4 wooden floors
based on 140 mm CLT slab, 15 wooden floors based on 370 mm open
box slab, and 8 concrete floors based on 160 mm steel-reinforced con-
crete slab. The ISI (see Sec. 2.4) was measured, and natural impact
sounds (see Sec. 2.6) were recorded for these 38 floors. Since the
number of experimental sounds in a psychoacoustic experiment must be
reasonable, 15 wooden floors were selected from this pool of data to this
experiment such that the L, ,, values cover the range of ISI regulations
between European countries well [14,15]. Rasmussen [14] has surveyed
the regulations and the range is from 48 dB (Austria) to 68 dB (Serbia).
This range probably represents the regulations well also globally,
although, the SNQs applied in different countries vary a lot. Further-
more, it was required that all the 15 floors must have the same floor
covering (laminate) because previous psychoacoustic experiments faced
challenges in producing feasible stimuli with, e.g., chair pushing when
coverings with different kinetic friction were mixed [4,8,13].

The schematic construction drawings of the 15 selected wooden
floors used in this experiment are shown in Fig. 1. Detailed structure
drawings are shown in Fig. S1—-S4 (Supplementary material).

It should be noted that floors O1 and O2 have identical constructions.
However, both floors were tested and recorded for separate installations
of the floating floor. Floor O2 was built and tested 4 months later than
floor O1. This setup allows to analyze the uncertainties related both to
objective and subjective assessments of ISI for reproduced constructions.

The load-bearing slabs, toppings, and suspended ceilings were
mostly installed by two of the authors, who are experienced in con-
struction work. Screed layers were installed by external contract
workers but under the surveillance of these two authors. The screed
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Fig. 1. Schematic section drawings of the 15 investigated wooden floors. The load-bearing slab is indicated with hollow square. Detailed structure drawings are in

Fig. S1—-S4 (Supplementary material).
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thickness varied less than +2 mm. The screed was cured at 20 °C for at
least 14 days. A thin plastic layer was placed below the screed to prevent
leakages and to enable the removal of screed without damaging the
load-bearing floor.

2.4. Impact sound insulation measurements

All fifteen floors were built and tested in the ISI laboratory (Turku
University of Applied Sciences Ltd., Turku, Finland) during 2021 —2. The
section of ISI laboratory is shown in Fig. 2. The dimensions of the test
floor were 4.1 x 2.5 m (10.25 m?).

The normalized impact SPL, L, [dB], produced by standardized
tapping machine (Nor 277, Norsonic Ltd., Norway) was determined
according to ISO 10140-3 [1] in 1/3-octave bands within 25-3150 Hz.
Although measurements within the range 25-40 Hz are not specified in
the standard, and the measurement uncertainty is unknown, the range
was included because of scientific reasons. SPL measurements were
conducted with sound level analyzer (B&K 2260, Briiel & Kjeer Sound &
Vibration Measurement A/S, Denmark). As required by the standard, 5
positions of tapping machine were used. For each position 5 fixed
microphone positions were used. Positions of the microphone and the
tapping machine with respect to each other and room and floor
boundaries followed the standard’s requirements. Measurement dura-
tion in each position was 15 s. Reverberation time measurements were
conducted using the interrupted noise method produced by a loud-
speaker (Nor 276, Norsonic Ltd., Norway) and an amplifier (Nor 280,
Norsonic Ltd., Norway). The decays were stored (Tascam HD-P2, Teac
Corporation, Japan) and later analyzed (Nor 840, Norsonic Ltd.,
Norway).

The standardized maximum impact SPL, L; gmayx,v,T [dB], produced by
rubber ball was determined according to ISO 10140-3 [1] within
1/3-octave bands in the range 25-3150 Hz. The dropping height of the
rubber ball (YI-01, Rion Co Ltd., Japan) was 1.000 m from the floor. As
required by the standard, four dropping positions of the rubber ball were
used. For each position, four fixed microphone positions were used.

The ISI curves of the 15 floors are shown in Fig. 3. The data is also
available in open data format [16,17].

2.5. Inspected single-number quantities
Five SNQs were inspected:

1. Weighted normalized impact SPL, Ly w. It is based on the ISO 717-2
standard [2].

R1

Load-bearing wooden slab

R2

= Vibration isolation pads or strips Not in scale
mmm  Concrete, connected to ground
Concrete, vibration-isolated from ground

Fig. 2. Principal section drawing of the impact sound insulation laboratory.
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2. Weighted normalized impact SPL involving a spectrum adaptation
term Cy 100 within 100-2500 Hz, L, w + Ci. It is based on an infor-
mative Annex A of ISO 717-2 [2].

3. Weighted normalized impact SPL involving a spectrum adaptation
term Cyso within 50-2500 Hz, Ly w + Cis0. It appears in a note
of the informative Annex A of ISO 717-2 [2], where it is denoted
Lnw + Cr,50-2500-

4. Weighted normalized impact SPL involving a spectrum adaptation
term Cj o5 within 25-2500 Hz, L, w + Ci 2s. It is based on Ref. [5].

5. A-weighted standardized maximum impact SPL, Lia Fmax,v,T, Within
50-630 Hz. It is based on the normative Annex D of ISO 717-2 [2],

The spectrum adaptation terms of 2-4 are determined by

i=1

Cin=10- 1OglO |:Z IO(LLX')/10:| - Ln,w (1)

where X; = 15 dB, M is the lowest frequency band of interest (100, 50, or
25), and n is 15, 18, or 21, respectively.

The single-number values of the 15 floors are shown in Table 1. The
single-number values were well distributed since there are not many
floors having equal values. This is indicated by the small value of D,
which indicates the standard deviation of the differences between the
nearby rank-ordered single-number values of the floors. The distribution
of the single-number values for each SNQ is also shown in Fig. S5
(Supplementary material) indicating the smooth distribution of the
single-number values.

2.6. Natural impact sounds

Two independent studies [4,13] have shown that the subjective
ranking order of different floor constructions can be different with
different impact sound types. Therefore, it is important to investigate
spectrally different natural impact sound types.

Natural impact sounds usually consist of people walking/jumping
(low frequency sound), hard items dropping (high frequency sound),
vacuum cleaning (high frequency, long-term sound), and furniture
moving (broadband frequency, long-term sound). Therefore, seventeen
different sound types were recorded for each floor to create a sufficient
pool of impact sound data. The impacts were created by standardized
tapping machine, standardized rubber ball drops (Rion Impact ball,
diameter 178 mm, 2.5 kg, drop heights 250, 500, and 1000 mm), 20-
mm-diameter steel ball drops (33 g, drop heights 250, 500, and 1000
mm), 30-mm-diameter steel ball drops (110 g, drop heights 250, 500,
and 1000 mm), 50-mm-diameter steel ball drops (511 g, drop height
500 mm), necklace drops (71 g, drop height 1000 mm), normal walking
with socks (7 steps, pace 120 bpm), heel walking with socks (7 steps,
pace 120 bpm), jumping with socks (140 bpm), chair 1 pushing (5050 g,
soft walking pace 110 bpm), and chair 2 pushing (5700 g, walking pace
110 bpm).

Some of the 17 sound types were very loud for some floors (more
than 60 dB L rmax), so that they were presumed to produce very high
annoyance for all 15 floors and very little difference between the floors.
On the other hand, some other sound types were inaudible for certain
floors. After the analysis of 17 sound types, we could identify 5 sound
types which represented the broad spectral spread described above. In
addition, they were not too loud nor inaudible. The 5 sound types chosen
to the psychoacoustic experiment, and their abbreviations in brackets,
were

Rubber ball drop from 250 mm height (Rubber ball)
Steel ball (20 mm) drop from 250 mm height (Steel ball)
Heel walking with socks (Walking)

Jumping with socks (Jumping)

Chair pushing (Chair)
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b)

B

5

5

Li Fmax,V,T [dB]

Fig. 3. Test results of impact sound insulation according to ISO 10140-3 as a function of frequency, f, for the 15 floors. A) Normalized impact SPL produced by the
tapping machine, L,. b) Standardized maximum impact SPL produced by the heavy/soft impact source, i.e., rubber ball drops from 1.00 m height, L; pmax,v,r- Nu-

merical values are given in Table S1-S2 (Supplementary material).

The rubber ball drop has been created to resemble the sound pro-
duced by children jumping [18]. The drops were created using the
standardized rubber ball (YI-01, Rion Co Ltd., Japan). Drops were al-
ways made in the same three positions on the floor. Recording was made
for 3 drops and the most representative drop was chosen to the psy-
choacoustic experiment. The variation between 3 drops was always
negligible due to the constant dropping height. The most representative
drop was determined to have an A-weighted equivalent SPL closest to
the mean of all three drops. The duration of the Rubber ball recording
used in the psychoacoustic experiment was 1.0 s. The chosen drop sound
recording was looped to produce periodic “one drop per second” (pace
60 bpm) sample in the psychoacoustic experiment. The recorded level of
Rubber ball was significantly higher compared to Walking for all 15
floors. To avoid the saturation of the annoyance responses, the level of
Rubber ball was reduced by 10 dB for every floor. The duration of
Rubber ball sample used in the experiment was 8.0 s.

Steel ball drop represents sound produced by the dropping of a hard
item. The drops were always made in the same three positions on the
floor as for Rubber ball drops. Other definitions and procedures were the
same as for Rubber ball drops above. The duration of the Steel ball
recording used in the psychoacoustic experiment was 1.0 s. The chosen
drop sound sample was looped to produce a periodic “one drop per
second” (pace 60 bpm) stimulus in the psychoacoustic experiment. The
duration of Steel ball sample used in the experiment was 8.0 s.

Walking was performed by the same person (male, 52y, 177 cm, 75

kg), who walked along a single diagonal path (4.8 m) on the floor. A
single walkthrough contained seven steps. Walking was strictly paced
using a metronome (120 bpm, 2 steps per second). At least 10 successful
walkthroughs were recorded for each floor. Either the first or the last
step of each walkthrough was removed since it was often different from
the six other steps of the walkthrough. The duration of each 6-step
walkthrough was 3.0 s. The successful recordings were analyzed. The
typical variation between recordings on one floor is shown in Fig. 56
(Supplementary material). The maximum standard deviation of Laeq,3s
was 1.2 dB. Therefore, the reproducibility of the walk impact forces
between different floors was not a concern. The most representative
recording was chosen to be the sample used in the psychoacoustic
experiment. It had a smooth pace, and the Leq,3s was close to the mean
Lpeq,3s of all ten candidates. The duration of the Walking sample used in
the psychoacoustic experiment was 3.0 s.

Jumping was performed by the same person as above. The trajectory
of metatarsus in the extreme position of one jump is shown in Fig. S7
(Supplementary material). Jumping was always made in the same po-
sition on each floor. Jumping was strictly paced using a metronome (140
bpm, 2.33 jumps second). Jumping was recorded at least 60 s in a row.
The recording divided into seventeen 3.4-s-long recordings. The most
representative recording was chosen to the psychoacoustic experiment.
The most representative recording had Laeq close to the mean Laeq of all
17 candidates. The SPL variation between 15 Jumping recordings was
smaller than that for Walking recordings. The most representative
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Table 1

The single-number values [dB] of impact sound insulation of the 15 studied
floors. Ly w, Ln,w + C, Lnw + Ci 50 are based on ISO 717-2 standard [2]. L, v + Cy,
o5 is based on the recommendation of [5]. Under the line, additional information
is given. Min and Max are the minimum and maximum values of the
single-number quantity. D is the difference of these extreme values. Dy is the
mean difference between nearest single-number values and Ds is the standard
deviation of the 14 differences. The source options are tapping machine, TM,
and rubber ball, RB. Range gives the frequency range [Hz] of each SNQ.

Low Low + Gt Low + Ci50 Lyw + Ci2s Lia Fmax,v,T
o1 61 64 65 65.6 65
02 63 64 66 67.1 63
03 60 61 64 64.4 60
04 56 57 58 60.4 53
05 46 47 49 56.3 49
06 44 44 47 56.5 47
o7 47 47 48 56.8 44
08 46 46 48 55.6 46
C1 65 65 65 65.3 66
C2 55 58 59 59.4 60
C3 45 46 51 53.6 51
Cc4 47 49 53 55.2 55
C5 60 62 63 62.9 60
C6 39 40 42 53.3 42
Cc7 38 42 44 53.8 39
Min 38 40 42 53.3 39
Max 65 65 66 67.1 66
D, 27 25 25 13.8 27
Dy 1.9 1.8 1.7 1.0 1.9
Dg 2.3 2.0 1.4 0.8 1.3
Source ™ ™ ™ ™ RB
Range 100-3150 100-3150 50-3150 25-3150 63-630

recording was chosen to be the sample used in the psychoacoustic
experiment. The level of Jumping was reduced by 5 dB for every floor.
The reason was the same as for the Rubber ball above. The duration of
the Jumping sample used in the psychoacoustic experiment was 3.4 s.

Chair pushing was performed by pushing the same chair (chair 2
above), along a diagonal path on the floor. Pushing was made by the
same person as above and always along the same path. The chair’s legs
were equipped with hard rubber tips, which resulted in reasonably
stable structure-borne dragging sound. The speed of pushing was
controlled by using a constant pace of walking (110 bpm metronome,
nine steps along the diagonal). Special care was made to avoid walking
to be louder than the chair pushing stimulus. For each floor, recording
was made for 10 walkthroughs. The SPL variation between 10 Chair
recordings was smaller than that for Walking samples discussed above.
The most representative chair pushing recording was chosen to be the
sample of the psychoacoustic experiment. This sample had the Laeq close
to the mean Laeq of all 10 Chair candidates. The duration of the Chair
sample used in the psychoacoustic experiment was 4.6 s.

The positions of the natural impact stimuli on the floor were always
the same. The walking path of Walking and Chair pushing, dropping
positions of Steel ball and Rubber ball, and Jumping position are shown
in Fig. S8 (Supplementary material).

The impact sounds were recorded in two positions, A and B, in the ISI
laboratory, because our purpose was to determine whether the psy-
choacoustic findings depend on the recording position. The locations are
shown in Figs. S9-S10 (Supplementary material). The impact sounds
were presented to the floor in the source room R1 (Fig. 2) and recording
was made in the receiving room R2 under the floor (Fig. 2). The rever-
beration time of the receiving room was shortened during recordings of
natural impact sounds because reverberation time in apartments is
usually around 0.5 s while it is exceptionally long in reverberation room
without any treatment. Similar shortening of reverberation time during
natural impact sound recordings was made also by Refs. [4,13]. The
shortening was made with additional absorbers, which were distributed
to walls, corners, and the floor. Details are given in Fig. S9—S10 (Sup-
plementary material). The reverberation times of the receiving room in
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the recording positions are shown in Fig. 4. The values conform very
well with the mean value of 207 furnished apartment rooms reported by
Ref. [19]. The SPL of background noise was 15.7 dB Laeq during the
recordings. The SPL within 20-5000 Hz was under the hearing threshold
of normal-hearing human as shown in Fig. S11 (Supplementary
material).

Two-channel recordings were made within 20-20.000 Hz using two
omnidirectional condenser microphones (G.R.A.S. 26 AK, GRAS Sound
& Vibration, Denmark) and Rion DA-21 Data recorder (Rion CO., LTD,
Japan). The recorder was located upstairs where the impact sounds to-
wards the floor were created.

Analyses of the recordings and the selection of samples for the psy-
choacoustic experiment were made with a custom-made analysis pro-
gram which enables detailed analyses of unweighted equivalent SPL, Ly,
and the unweighted maximum Fast time-weighted SPL, Lz pmax for any
desired length or moment of the recording (Matlab R2015a, Mathworks
Inc., USA). A 100 ms fade-in and 100 ms fade-out were added to the
sounds (Adobe audition 2021, Adobe Audio Team, USA) to enable
smooth looping of the sounds. This did not have any impact on the SPLs,
since the looping was made during faint moments of the stimulus.

2.7. Preparation of experimental sounds

The natural impact sounds recorded in the ISI laboratory were pre-
sented to the participants using open-back, circum-aural headphones
(Beyerdynamic DT 1990, Beyerdynamic GmbH & Co, Germany). Ac-
cording to the manufacturer, their frequency response was flat within
20-5000 Hz (+2 dB). This frequency range was critical, since the
recorded impact sounds were inaudible above 5000 Hz.

The signal from the computer to the headphones was provided via a
sound card (Roland Rubix22, Roland Corp., Japan). The sounds were
presented in mono (same microphone signal in left and right ear,
microphone signal A in experiment A and microphone signal B in
experiment B) within 20-5000 Hz. The SPLs presented by headphones
were measured using the head-and-torso simulator (HATS, B&K 4100,
Britel & Kjer Sound and Vibration Measurement A/S, Denmark),
microphone power supply (B&K 2804, Briiel & Kjer Sound and Vibra-
tion Measurement A/S, Denmark) and Sinus Soundbook MK2 (SINUS
Messtechnik GmbH, Germany).

The target of the audio preparation was to reach the same SPLs in
diffuse field (outside the ear) as measured in the ISI laboratory. Two
simultaneous criteria regarding the difference between target SPL and
measured SPL had to be fulfilled:

2.5
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Fig. 4. Reverberation time in the impact sound insulation laboratory during
the recordings of natural impact sounds. A comparison with three previous
studies is made.
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e Laeq shall not deviate more than 1.5 dB:
e one-third octave band levels shall not deviate more than 3.0 dB
within 20-500 Hz and more than 5.0 dB within 630-5000 Hz.

Larger error at high frequency bands was accepted, because the SPL
of stimulus was so close to the SPL of background noise in the psycho-
acoustics room. SPLs above 500 Hz were usually inaudible or at least 20
dB fainter than the most dominant one-third octave bands and this de-
viation remained insignificant from auditory point of view.

Although the quality of above-mentioned playback device was high,
the frequency response was not flat. The frequency response was
determined by playing pink noise (Spectrum 1, flat SPL within 20-5000
Hz) to the headphones and measuring the outcome (Spectrum 2) using
the HATS. The difference between Spectra 1 and 2 defined the frequency
response of the playback system. A spectrum correction (opposite of
frequency response) was applied to all test sound samples recorded in
the ISI laboratory. The spectrum correction was made in one-third
octave bands (Adobe audition 2021, Adobe Audio Team, USA). After
the spectrum correction, the spectrum of each test sound sample was
measured to assure that the operation led to a result that fulfilled the two
criteria above. Further adjustments in the sound samples were made
using 1/3-octave filters (Matlab).

All SPL measurements in the psychoacoustics laboratory were con-
ducted using the microphones located in the ear channel of the HATS.
The pinna amplifies the sound. The SPL in the ear channel is 1-11 dB
higher within 800—10.000 Hz compared to the SPL incident on the
pinna, i.e., what prevails in diffuse field (outside the ear). Therefore, the
diffuse field correction filter to the measurement results obtained with
the HATS was applied to remove the amplification effect and to obtain
the SPL that prevails in diffuse field. This corresponds to the SPL that
prevailed in the ISI laboratory. The diffuse field correction was made in
1/3-octave bands in analysis phase.

2.8. Psychoacoustics laboratory

The psychoacoustic experiment was conducted in a sound-proof

% 17| —

Fig. 5. Layout of the psychophysics laboratory. A photograph is shown in
Fig. S12 (Supplementary material).
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room which is specially designed for psychophysical experiments. The
layout is shown in Fig. 5. The SPL of background noise in the room was
14.3 dB Laeq between 20—10,000 Hz. The SPLs were below the hearing
threshold level of ISO 226 between 20—5000 Hz as shown in Fig. S11
(Supplementary material). Background noise was measured using the
HATS when the headphones were on. The room temperature was within
21-23 °C during the experiments. The air quality was good because the
fresh air inlet rate was approximately 20 l/s. Lighting level was
approximately 400 lux on the table level which meets the recommen-
dations for office work.

2.9. Psychoacoustic experiment

The experiment was conducted between August and October 2022.
One participant was tested at a time. The experiment took approxi-
mately 75 min per person.

The sounds were presented to the participants and their annoyance
responses were collected using a program coded in Python. The program
was running on a computer located outside the test room to avoid any
background noise from the computer.

The experiment consisted of seven phases. The participant was given
information about the phases of the experiment, the participant read the
informed consent form and signed it (phase 1). The initial questionnaire
(phase 2) gathered participants’ age and gender. The hearing ability test
(phase 3) was performed using the Hughson-Westlake method in fre-
quencies 250, 500, 1000, 2000, and 4000 Hz in both ears (Micromate
304, Madsen Electronics Ltd., USA). The test was carried out to check
that the participant’s hearing ability was normal. Normal hearing was
defined so that the pure-tone thresholds did not exceed the normal
hearing threshold curve by more than 20 dB in any of the frequencies.
All the participants appeared to have a normal hearing ability. The
familiarization phase (phase 4) let the participants become familiar with
the full range of experimental sounds. Phase 4 consisted of 10 impact
sounds, which included the quietest and the loudest sound of every
sound type. The sounds were separated from each other by 1 s silence.
The participants were not yet given the possibility to rate the sounds.
The rehearsal phase (phase 5) consisted of the annoyance rating of 15
sounds which included the quietest, midmost, and the loudest sound of
every sound type. Now, the participants were allowed to rate the sounds,
but these ratings were not analyzed. The first experimental phase (phase
6, Experiment A) took approximately 25 min. The participants rated
altogether 80 sounds recorded in position A in the ISI laboratory. After
phase 6, the participants were given the opportunity to take a small
recess (phase 7). Phase 8 was the Experiment B, in which the partici-
pants rated 80 sounds recorded in position B in the ISI laboratory. In
phase 9, the participants were given the gift token. If they had further
questions, only general answers were given.

Because the five sound types were very different and their mean levels
were different from each other, it was not feasible to present all exper-
imental sounds in a randomized order in phases 6 and 8. Instead, the
experimental sounds were presented in 5 blocks, i.e., one block for each
sound type. Each Block contained 16 sounds, and each Block represents
one sound type. The first sound was always a dummy sound. It was used
to orientate the participant to the new sound type. The rating of dummy
sound was not used in the analysis. Dummy sound was followed by 15
experimental sounds (15 floors) having the same sound type. Dummy
sound was always chosen from floor C2 because it represented the mean
Laeq of all investigated floors.

For every participant, different orders of both sound type (Blocks) and
floor were used. This way, possible bias due to order effects was
minimized.

The dependent variable of the psychoacoustic experiment was
annoyance. To make the ratings closer to a real residential situation, the
participants were given the following context advice in phases 4-8:
“When the sound is playing, imagine you are alone at home in an apartment
building in complete peace. You are reading a magazine or a book or browsing
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the internet and you start hearing noises from the apartment upstairs.” The
annoyance was measured with question: “How much does the sound
disturb, annoy, or bother you?” Annoyance was rated using the 11-step
numerical response scale of ISO/TS 15666 [20], where the extremes
were also verbally labeled (0 Not at all, 10 Extremely much). In addition,
there was a separate option “I do not hear the sound.” If that option was
chosen, annoyance could no longer be rated. These inaudible sounds
were identified by storing an annoyance value “-1” in the output data.
We counted the number of participants reporting inaudible sounds for
each experimental sound to assess the feasibility of the SPL range.
However, in the analysis of SNQs, the “-1” values were transformed to
“0” since the inaudible sounds do not annoy at all.

Participants were told to use the whole response scale and to try to
make the ratings consistently. To encourage the use of the whole
response scale, the participants were advised in phases 5, 6, and 8 that if
the sound is among the least annoying ones, options 0 or 1 are chosen.
Opposite to that, options 9 or 10 are chosen if the sound is among the
most annoying ones.

In phases 6 and 8, each sound was played for 8 s (forced minimum
listening time) before the annoyance rating scale appeared on the
screen. During this 8-s period, the sentence “You hear a sound like this.”
Was only shown on the display to make the participant focus on the
sound instead of the rating. Thereafter, the annoyance rating question
appeared on the screen. The sound was repeatedly looped until the
response was given.

2.10. Statistical analyses

The total number of inaudible sounds was 60 in Experiment A and 73
in Experiment B. Since both experiments contained 4160 ratings, it
means that 1.4—1.7% of sounds were inaudible. Inaudible sensations
were recoded to annoyance rating O in the subsequent analyses.

Outlier analyses of both experiments A and B were conducted using
the method documented by Ref. [21]. It inspects three types of response
biases at the same time: A. correlation coefficient between individual’s
response and mean of 52 responses (mean was 0.81); B. sum of squared
difference between individual’s response and mean of 52 responses
(mean was 300); C. number of responses deviating from the mean of 52
responses more than 4 units (mean was 3). Eight participants (6 in Expt.
A, 4 in Expt. B) were identified for which type C bias occurred for more
than 10 responses out of 75 responses (11—25 times). Despite of this, the
responses of these outlier candidates correlated reasonably (r > 0.46)
with the mean annoyance of 52 participants. This suggests that these
candidates had slightly uncertain or carefree response style, but they did
not respond randomly in the big picture. The removal of these outlier
candidates did not essentially affect the mean annoyance ratings, cor-
relation coefficients, nor the conclusions regarding the ranking order of
SNQs. The reported results are, therefore, based on the responses of all
52 participants.

The main analysis concerns the assessment, how the single-number
values of 15 floors explain the annoyance produced by a specific sound
type (5 alternatives) presented on these 15 floors. The analysis between
the single-number values of 15 floors and mean annoyance of 52 par-
ticipants was made using Pearson’s correlation coefficient, rp. The
annoyance responses were normally distributed for most of the 75
sounds in both Experiments (see Fig. S13 in Supplementary material). In
Experiments A and B, normal distribution criteria (skewness, kurtosis)
were slightly violated only for 4 and 8 stimuli, respectively. Violation
occurred for the faintest (mean annoyance below 1.5) or the loudest
(mean annoyance above 9.5) sounds. Normal distribution is almost
impossible to achieve close to the extremes of numerical response scales.
Therefore, mean of 52 participants was found to be a feasible descriptor
of annoyance data. Visual graphs depicting the correlation analysis
method are shown in Sec. 3. Since our correlation analysis was based on
mean annoyance, and mean annoyance was available for 15 floors (n =
15), rp values exceeding 0.51, 0.64, and 0.76 are statistically significant
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with 95% (p < 0.05), 99% (p < 0.01), and 99.9% (p < 0.001) probability
(2-way analysis), respectively. Since correlation analysis quite easily
reaches the lowest significance level (p < 0.05), we applied 99% prob-
ability as the limit for significance (p < 0.01). The existence of statisti-
cally significant differences between correlation coefficients was tested
by the method of Winkle et al. (1988). The tests were made within each
sound type for all 10 pairs of SNQs. The significance level was p < 0.05
(one-tailed).

The study contained two successive experiments, A and B. Both of
them involved the same 75 impact sounds simultaneously recorded in
different positions A and B in the receiving room. The correlation ana-
lyses were conducted separately to Experiments A and B instead of
averaging the annoyance responses between the Experiments, to see
whether the recording position affects the outcomes of the psycho-
acoustic experiment. The differences between the annoyance ratings in
Experiments A and B were investigated using paired sample t-test (two-
tailed).

3. Results

The overall A-weighted equivalent SPL, Laeq, of experimental sounds
is shown in Table 2. The values ranged within 17.8-57.4 dB. Further-
more, the mean SPLs of sound types did not differ very much which
suggests that the design of the stimulus was successful. The range of SPLs
obtained with 15 floors significantly depended on sound type. The range
was even 39.6 dB for Steel ball while it was only 12.2 dB for Walking.
Therefore, it was expected that the mean annoyance ranges are not
similar over sound types.

The mean annoyance ratings for the 75 experimental sounds of
Experiment A are collectively shown in Fig. 6. The subjective response
data confirms the expectations above based on Laeq: the range of mean
annoyance is the largest for Steel ball and the smallest for Walking.

The mean and 95% confidence intervals of annoyance responses in
Experiments A and B are compared in Fig. 7 for the 75 experimental
sounds. The agreement between the mean annoyance ratings in Experi-
ments A and B was reasonably good. The correlation coefficient between
the mean annoyances of Experiments A and B was 0.966. However, the
mean annoyance of Experiments A and B differed from each other
significantly (p < 0.05) for 30 sounds out of 75. These sounds are
indicated in Fig. 7. The difference was usually statistically non-
significant when the difference of the mean annoyance was less than
0.50. The mean annoyance of all 75 sounds of Experiment A was, on
average, 0.39 units higher than in Experiment B. The maximum differ-
ence was 2.13 units (C4_Jump). Considering the facts that the sounds of
Experiment A and B were recorded in different position in the receiving
room, and their sound levels were slightly different (Table 2), this result
is expected.

Our main research questions dealt with five SNQs: Ly, w, Lnw + Ci, Lp,
w + Ci50, Lnw + Ci25, and Lia pmax,v,T- The Pearson’s correlation co-
efficients between the mean annoyance and single-number values of 15
floors are shown in Table 3 for each sound type in Experiments A and B. In
addition, the mean rp over all sound types is given to facilitate the overall
assessment.

The correlation coefficients were 0.01-0.14 units higher in Experi-
ment B. The increment was the largest for sound type Jumping and the
smallest for sound type Steel ball. Furthermore, the standard deviations
of annoyance ratings for the 75 sounds were on average 4% larger in
Experiment A than in Experiment B. These findings suggest that the
learning process during Experiment A led to more consistent ratings in
Experiment B.

Fig. 8 illustrates the linear correlation between three interesting
SNQs (Ln,w, Lnw + Cis0, and Lyw + Cios) and mean annoyance in
Experiment B. Similar illustrations concerning Experiment A are shown
in Fig. S14 (Supplementary material).

It is notable in Table 3, that all rp values are statistically significant
for sound types Rubber ball and Steel ball in both Experiments. Opposite
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Table 2
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The A-weighted equivalent SPLs, Laeq,1, for the 75 experimental sounds in Experiments A and B. The durations T depended on the sound type as explained in Sec. 2.5.
Abbreviations of sound types: RB Rubber ball, SB Steel ball, W Walking, J Jumping, C Chair.

Floor RB RB SB SB w w J J C C
A B A B A B A B A B
o1 38.0 37.1 37.3 38.4 36.8 35.7 39.8 37.1 31.4 32.7
02 39.5 37.2 38.9 39.7 39.6 38.1 40.9 38.8 34.7 32.7
03 34.0 32.4 35.3 35.0 34.6 34.1 35.0 33.4 29.4 31.3
04 37.5 33.9 38.1 36.1 37.2 34.7 38.2 35.0 37.5 35.4
05 35.8 32.2 22.1 22.7 34.6 32.3 38.7 35.6 32.5 30.3
06 35.1 32.0 26.7 27.7 34.9 32.7 39.6 36.6 24.8 22.7
07 33.4 30.6 26.4 25.1 35.0 33.1 42.3 39.4 33.6 31.5
08 33.3 30.3 30.0 29.5 33.5 30.9 36.3 33.5 30.9 27.8
cl 32.9 35.3 56.7 57.4 28.7 26.3 31.2 29.5 41.7 42.9
c2 31.6 30.2 30.4 32.4 29.7 28.2 32.2 30.6 30.2 29.8
C3 29.6 25.4 28.0 30.0 30.7 25.9 35.0 29.0 25.6 25.9
c4 32.6 28.7 29.2 29.2 31.7 27.8 32.4 27.0 23.6 24.4
cs 29.9 29.2 32.5 33.5 30.1 29.3 27.9 26.6 28.6 30.1
c6 28.1 26.8 24.2 25.2 27.7 26.6 23.5 21.7 21.6 20.7
c7 26.6 25.1 18.0 17.8 27.2 26.1 21.8 19.7 18.8 20.1
Low + Ci, Lnw + Ci,50, Lnw + Ci,25, and Lia pmax,v,T) are associated with
10 a4 -CRubber ball the noise annoyance of natural impact sounds transmitted through
9 A—Steel ball wooden floors. To solve this research question, we conducted an
A o-Walking extensive psychoacoustic experiment involving five spectrally different
8 A - = Jumping natural impact sound types recorded from fifteen wooden floors.
7 ~2Chair The main results of our work are shown in Table 3. It suggests that
mean annoyance of impact sounds was best associated with L, ,, when all
S 6 five sound types and both Experiments A and B are simultaneously
§ considered. There were two exceptions in Experiment B where L, ,, was
§‘ 5 not superior. L, + Ci 25 had the highest rp for sound type Walking and
S 4 Lia Fmax,v,r had the highest rp for sound type Steel ball. However, the lead
= over L, . was marginal (under 0.02 units).
3 When all five sound types are simultaneously considered (means of
) Table 3), neither Ly + Ci, Lnw + Ci,50, nor Ly w + Ci 25 provided any
significant benefit over L,,. The finding suggests that, when the
1 assessment of subjective perception of impact sound insulation is under
0 main concern, measurements in the range 50-80 Hz are not necessary to
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Fig. 6. The mean annoyance of 52 participants for the 75 experimental sounds
(15 floors combined with 5 sound types) in Experiment A.

to that, none of the rp values was statistically significant for sound type
Jumping in Experiment A. However, the rp values became significant for
sound type Jumping in Experiment B except for Lis rmax,v,T- The rp value
of Lia rmax,v,T did not reach statistical significance in Experiment A for
sound type Walking unlike the other SNQs. Similarly, the rp value of Ly,
+ Ci25 did not reach statistical significance for sound type Chair in
Experiment unlike the other SNQs. On the other hand, all rp values were
statistically significant for sound types Chair and Walking in Experiment
B.

Statistically significant differences were not found between the rp
values of the SNQs within any sound type both in Experiment A and B.
However, it is clear from Fig. 8 and Fig. S13, and abovementioned
analysis of the statistically significant rp values, that there are very clear
differences between the SNQs. Therefore, it is justified to cautiously
question or promote certain SNQs based on our results, and to suggest if
certain SNQs are equally good.

4. Discussion
4.1. Main results

The main purpose of our study was to determine how five SNQs (Lp,w,

measure for wooden floors as Ly w + Cis50 Lnw + Ci25, and Lia pmax,v,T
presume. Furthermore, it is even less justified to measure frequencies
25—-40 Hz as L, w + Ci25 presumes.

Ref. [22] depicted the process of impact sound insulation regulations
in Sweden. L’;, v + Cy 50 replaced L',  in Swedish building regulations in
1998. In 2015, voluntary target values were based on L’ + Cr,AkuLite,20
requiring normalized impact SPL measurements within 20-3150 Hz. In
2018 [23], L’y was replaced by L’ytw + Ciso also in Finland. The
decision was made because it was expected that the Swedish choice was
justified. In addition, the psychoacoustic experiment of Ref. [4] based on
concrete floors found that L’y + Cp and L'y + Ciso explained
annoyance caused by natural impact sounds (walking with hard shoes,
walking with soft shoes, chair moving) almost equally well and slightly
better than L’p, .

Our results suggest that the abovementioned Swedish and Finnish
decisions related to the importance of 50-80 Hz for wooden floors were
not based on solid scientific evidence since our results question the
absolute necessity of measuring these frequencies. Most of European
countries still use SNQs based on ISI measurements within 100-3150 Hz
[14]. Based on our experimental results, the frequency range 100-3150
Hz could be sufficient for wooden floors.

Our results can also be interpreted in an opposite way: choosing Ly, w
+ Ci,50 or Lp,w + Ci 25 instead of Ly, ,, might not be a totally wrong choice.
This interpretation is justified since the mean rp values of Ly, v + Ci 50 or
Lyw + Ci25 were only 0.05 unit smaller than for Ly, and the rp values
did not differ from each other statistically significantly. However, it is
very questionable to choose such SNQs which include frequencies that
evidently do not improve the association between objective and sub-
jective assessments of noise. Furthermore, international measurement



V. Hongisto et al.

—a—Mean (A) ---LB(A)

---UB(A)

Building and Environment 244 (2023) 110727

—~—Mean (B)

—1B(@B) —UB(B)

Annoyance

-

\
\

\ |
R = R EE R A
2 Eggggggggg%gg%a E.E.E.‘é.E.E.E.E.E.E.E.EEEE
RGEEGEERGE

B = = e e e e e e N e
AR RN BN R W o M MR
O~ — AN N O — AN DO~ —ANN TN O — NN N O~ 0 — NN \O T~
QOOLLLLLLLOOOOOOOCVLLLLLLLOOOOOOOOVLLLLLLL
* * * ¥ * ¥ * %X X ¥ % * % * % * * *
Sound

Fig. 7. Basic statistics of annoyance of 52 participants for the 75 experimental sounds in Experiments A (black lines) and B (red lines) with mean (M), upper bound of
95% confidence interval (UB) and lower bound of 95% confidence interval. Asterisk* in sound name depicts that the difference between Experiments A and B was
statistically significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

standards do not currently support the frequency range 25-40 Hz,
mostly because the measurement uncertainty under 50 Hz is unknown
and reverberation time measurements are uncertain [24].

Our results question the cross-sectional residential survey findings of
Ref. [5], who proposed that ISI measurement of wooden floors should
include frequencies 25—80 Hz and L, ,, + Ci, 25 should be used instead of
Lpw or Ly w + Ciso. It is important to notice that the methodologies of
their and our study are completely different. Our data was obtained in
highly controlled acoustic conditions, where the SPL of both impact
sound stimulus and background noise were exactly known and the ISI of
the floor constructions were precisely known. The recordings were made
in the same ISI laboratory where the floors were also tested. The par-
ticipants focused on the acoustic stimulus only, and effects of
non-acoustic factors confounding individual annoyance responses at
home (see Sec. 1) were minimized. Therefore, our results provide
stronger scientific evidence related to auditory perception than the
cross-sectional study of Ref. [5]. In general, cross-sectional residential
survey method is not adequate method to assess different SNQs from
auditory point of view. On the other hand, cross-sectional residential
surveys are necessary in assessing, which target value levels (in decibels)
should be used for a specific SNQ to reach a certain level of residential
satisfaction. In our opinion, this assessment cannot be reliably made
using laboratory experiments. Therefore, both laboratory and field
research are needed in the design of sound insulation regulations.

Although our experiment is among the largest controlled laboratory
experiments in this field, more research is needed. Unlike in natural
sciences, human factor research requires several studies before strong
scientific evidence can be pointed out. Therefore, further independent
scientific evidence regarding the adequacy of these five SNQs is needed.

Further analysis is also needed about the suitability of alternative
SNQs studied by, e.g., Ref. [3] for rubber ball, and Refs. [4,5] for tapping
machine. Due to the large amount of the alternative SNQs, they were
deliberately excluded from the current study.

10

We did not expect these results since it is generally believed that
wooden floors suffer from poor ISI at low frequencies. We expected that
Ln,w might be well associated with the annoyance of Steel ball drop since
it has similar high-frequency character as the tapping machine. Based on
the literature, we believed that the annoyance of low-frequency sounds
might be better explained by Lis rmaxv,1- In advance, the findings of
Ref. [5] about the importance of frequencies 20—40 Hz sounded logical.
However, beliefs and opinions, even if they would sound extremely
sound, should not define what SNQs should be recommended for
voluntary target values, such as Ref. [15], or national building regula-
tions. Scientific evidence from our experiment is the broadest so far
related to wooden floors. Therefore, our results could serve as an
important guidance in future academic research and, in the SNQ choices
of target values.

Our results suggest that the natural impact sounds produced on
wooden floors are so loud at and above 100 Hz one-third octave band,
that subjective rating is mainly based on these frequencies. Although the
unweighted SPLs would be higher below 100 Hz than above it, the role
of frequencies below 100 Hz seem not to be so critical for perception. A
feasible explanation is that human loudness sensation below 100 Hz
reduces by 6 dB or more every time when frequency is reduced by one-
third octave (see hearing threshold level in Fig. S11 in Supplementary
material). The SPLs produced by natural impact sounds seldom increase
so steeply when frequency reduces from 100 to 25 Hz. Because of that,
the loudness within 100-200 Hz is probably higher than within 25-80
Hz. This is one potential explanation why L., which covers only
100—-3150 Hz, was sufficient.

It would be important to know more precisely, which frequencies
participants found the most important in our experimental data. In a
follow-up study, we are planning to analyze how different psycho-
acoustic metrics related to the sounds per se (instead of the SNQs of ISI)
explain the annoyances of our experiment. For example, Ref. [3] found
that Zwicker’s percentile loudness (N5) and arithmetic average of octave
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Table 3

Pearson’s correlation coefficients, rp, between five objective SNQs of ISI and
subjective annoyance (mean of 52 participants) for five sound types. a) Experi-
ment A. b) Experiment B. The SNQ having the highest rp is bolded. Values
exceeding 0.640 (excluding MEAN) are statistically significant with 99% prob-
ability (p < 0.01).

a)

Sound type Low Low + G Lnw + Ci50 Low + Ci25 Li A pMax,v, T
Rubber ball 0.859 0.813 0.809 0.837 0.786
Steel ball 0.798 0.743 0.755 0.706 0.791
Walking 0.691 0.649 0.679 0.680 0.633
Jumping 0.591 0.530 0.544 0.572 0.526
Chair 0.745 0.689 0.654 0.635 0.625
MEAN 0.74 0.68 0.69 0.69 0.67

b)

Sound type Low Low + G Lnw + Cis0 Lnw + Ci2s Li A FMax,v,T
Rubber ball 0.904 0.867 0.863 0.896 0.852

Steel ball 0.818 0.765 0.777 0.717 0.822
Walking 0.778 0.754 0.763 0.796 0.678
Jumping 0.726 0.673 0.664 0.709 0.630
Chair 0.807 0.762 0.738 0.693 0.713
MEAN 0.81 0.76 0.76 0.76 0.74

band SPLs measured with Fast max weighting (Liravg, Fmax) €xplained
well the annoyance ratings of rubber ball drops from 10 cm height on
simulated wooden floors. After that, it would be more meaningful to
assess how different alternative SNQs in different standards and litera-
ture explain the annoyance. Finally, it would be useful to derive an
optimized SNQ that is associated with the annoyances of our experiment
with highest possible correlation coefficient. An optimized SNQ for
concrete floors has been published [25,26] and similar methodology
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could be applied for our experimental data.

It has been known for long (e.g. Ref. [27]), that the proportion of
high frequency components produced by tapping machine is signifi-
cantly higher than in walking. Walking can be safely assumed to be the
most prevalent type of natural impact sounds although differences exist
if residents use shoes or not. Jeon et al. [18] compared the three impact
sources used in measurement standards (tapping machine, rubber ball,
bang machine). The frequency characteristics of rubber ball was found
to most resemble the spectrum of children jumping sounds in
multi-storey residential buildings having concrete floors. Based on the
psychoacoustic experiment of Ryu et al. [3], we expected that the SNQ
obtained with the rubber ball (Lis pmax,v,r) Would explain annoyance
better than the SNQs obtained with the tapping machine. Our results
showed that the ISO standardized SNQ based on rubber ball dropping,
Lia Fmax,v,T> €xplained mean annoyance of the five studied sound types, on
average, worse than the four SNQs based on tapping machine. It was
surprising that several SNQs based on tapping machine explained the
mean annoyance of rubber ball better than Lia rmax,v,T, Which is based on
the A-weighted rubble ball drops. Our finding agrees with Ref. [10].
They found that SNQs (Lyw, LnT,w + Ci, Lot,w + Cis0) based on the
tapping machine explained annoyance caused by walking better than
three SNQs based on the rubber ball drop. In their study, the three SNQs
based on the tapping machine explained annoyance caused by rubber
ball drop equally well than three SNQs based on the rubber ball drop.
Therefore, based on our study, it is safe to use tapping machine as the
primary impact sound source in the impact sound insulation measure-
ments of wooden floors.
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Fig. 8. Correlation between the single number values of 15 floors and mean annoyance rated by 52 participants in Experiment B.
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4.2. Validity of the results in field

We used SNQs based on normalized impact SPL, L, obtained with a
laboratory test. Laboratory test requires that flanking sound trans-
mission is significantly suppressed. In field conditions, flanking trans-
mission always exists, and the separating intermediate floor is not the
only surface that transmits sound to the receiving room. Therefore,
standardized impact SPL, Ly, is used in many countries in field mea-
surements. Standardized and normalized impact SPL are associated,
both in laboratory and field conditions, by equation

V.
L, — Lyr = 10-log,, (ﬁ)

In this laboratory, L, - Lyt = 3.1 dB. Because the constant is valid for
all frequencies, the correlation coefficients obtained for SNQs based on
Ly w are also valid for SNQs based on Lyt or L’yr,w-

(2)

4.3. Strengths and limitations

Our results were based on 15 wooden floors tested and recorded in
the same laboratory. Two load-bearing slabs were involved: open-box
timber slab and cross-laminated timber slab. Both suspended ceilings
and floor coverings were varied on both slabs. We are not aware of prior
experiments which covers such large number of wooden floors based on
two different wooden load-bearing slabs.

The impact SPL of the 15 floors covers almost the whole range of impact
SPL regulations applied in Europe. For example, the Ly, of studied floors
ranged from 38 to 65 dB (Lyr,w from 35 to 62 dB). For instance, the regulated
values of L’ ;1,5 in Europe range from 48 to 68 dB. On the other hand, Finland
has the most stringent impact sound insulation regulations regarding low
frequencies: it is mandatory to reach L’ 1, + Ci 50 <53 dB between residential
dwellings. Eight floors out of fifteen fulfilled this requirement
(Lnw + Ciso range was 42-66 dB’ L'nrw + Ciso range was 39-63 dB).
Therefore, our floors covered well also the most demanding sound insulation
designs used in dwellings.

Room modes cause strong spatial variation of SPL in rooms especially
below 200 Hz [12]. Since our natural impact sounds were expected to
produce clearly audible components below 200 Hz (except Steel ball),
we used two recording positions, A and B, in the receiving room. This
way, we could implement two independent Experiments A and B, and
we could also assess, whether the results are dependent on the choice of
listening position in a modal field. This approach strengthened the
methodological quality of our experiment. We are not aware of prior
psychoacoustic studies in building acoustics where two fixed recording
positions are used. The results suggest that the recording position plays a
role in the perception. However, because the recording position was
fixed within each Experiment, the comparison of the 75 sounds within
both Experiments lead to almost similar outcome regarding the ranking
order of SNQs. Based on that, it is not necessary to use more than one
recording position in the future experiments. However, our results
highlight the importance of doing the recordings for each floor in the
same room position. This is only possible in laboratory conditions. In
this light, such studies where the recordings for different floors are made
in different rooms may contain large uncertainties caused by modal field
(e.g., Ref. [8]).

We paid high attention to cover a broad range of sound frequencies
present in natural impact sounds. Many natural impacts are produced by
heavy and soft items, such as walking and jumping. On the other hand,
residents often produce impacts on the floor by hard and light items (i.e.,
children’s toys, vacuum cleaning, tool dropping). We deliberately did
not use tapping machine in the psychoacoustic experiment to represent a
high frequency impact sound since the sound of tapping machine is
artificial and too “hasty” — it has no counterpart in real life. Therefore,
we used periodic Steel ball drops as high-frequency impact sounds, and
Rubber ball drop, Walking, and Jumping as low-frequency impact
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sounds. Chair pushing is somewhere between these extremes, and it
represents a more continuous sound. Most previous psychoacoustic
studies on wooden floors have focused on low-frequency natural sounds
or even excluded high-frequency sounds. Therefore, our study provides
a broader understanding on the perception of natural impact sounds on
wooden floors.

Using the same laminate covering on every floor was a strength
because we could produce comparable results between floor construc-
tions also with Chair pushing, whose sound depends strongly on the
microstructure and kinetic friction of the surface. Several prior studies
have failed to produce reliable results with chair pushing because of
varying floor covering (e.g., Refs. [4,8,13]).

The study was deliberately limited to wooden floors. It would be
important to conduct a similar, highly controlled psychoacoustic
experiment (using same sound types, laminate flooring, fixed recording
laboratory) focusing only on concrete floors in a similar L, ,y range to see
how the five studied SNQs are associated with annoyance of natural
impact sounds. This kind of work would enable the comparison of
suitable SNQs between concrete and wooden floors and help the dis-
cussion whether different SNQs should be used depending on the
building material of the slab.

ISI measurements using tapping machine and rubber ball are not
described in ISO 10140-3 standard for 25—40 Hz [1]. We decided to
follow the same measurement procedure as the standards describes for
frequencies 50—5000 Hz. The accuracy of such measurements is un-
known. The study of [5] suffers from the same limitation. For example,
the uncertainty of reverberation time measurements increases towards
low frequencies [24]. According to ISO 5725-1 [28], the generic accu-
racy of laboratory tests should be determined by accuracy experiments
(a.k.a. inter-laboratory test, Round Robin test), where the same spec-
imen, or preferably two specimens with small and large Ly, values, is
tested in at least eight laboratories. The outcome of the analysis is the
reproducibility standard deviation (SD), sg, which is a superposition of
within-laboratory SD (a.k.a. repeatability), s;, and between-laboratory
SD, si. The latter SD mostly determines the sg value. We are not aware
of accuracy experiments concerning ISI laboratory tests of floor con-
structions. Ref. [29] reports a Round Robin test where 20 independent
laboratories (mainly consulting companies) measured the impact sound
insulation of a floor in an office building according to ISO 16283-2
standard [30]. The standard deviations were 1.4 dB, 1.1 dB, and 1.0 dB
for L’ n1,w, L'nt,w + C1, and L’y7,w + Ci,50-2500, respectively. The frequency
dependent SDs were quite similar within 50-1600 Hz. On top of that,
Ref. [31] studied the standard deviation of SPLs in 40 ISI measurements
conducted in situ according to ISO 16283-2. They found that the SDs
between four measurement points were quite similar within 50-5000
Hz, and in most cases below 5 dB. The range 50-80 did not show
especially large SDs. In general, the uncertainty within 50-80 Hz is a
larger problem for airborne than for impact sound insulation measure-
ments since the former requires SPL measurements also in the source
room. In conclusion, there is an obvious need for an accuracy experi-
ment concerning ISO 10140-3 within 20-5000 Hz so that the accuracy
issues could be constructively discussed in the future.

We attempted to answer to the accuracy question related to ISO
measurements and subjective ratings by using the same floor construc-
tion twice. Floors O1 and O2 were identical but their recordings and ISI
measurements were based on independent installations (see Sec. 2.3).
Based on Table 1, the objective differences between O1 and O2 were 2.0,
0.8,1.4,1.5and 1.6 dB for Ly w, Ln,w + Ci, Lnw + Ci,50, Ln,w + Ci,25, and
Lia Fmax,v,T> respectively. Installation O2 had somewhat higher values
than O1. The differences of three first SNQs agree with the SDs reported
by Ref. [29]. Based on Table 2, the A-weighted equivalent SPLs (Laeq) of
the natural impact sounds (sound types) measured in positions A and B
differed at most 3.3 dB between floors O1 and O2. Also here, 02 was
louder. Considering that single-number values were higher for 02, and
natural impact sound recordings are not spatially averaged and inevi-
tably involve larger SD than the SNQs do, the obtained differences in
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Laeq were acceptably low. The evaluation suggests that our floor in-
stallations, ISI tests, and natural impact sound stimuli were sufficiently
repeatable. Based on Fig. 7, the mean annoyance ratings differed be-
tween O2 and O1 by —0.12... +0.58 in Experiment A and by —0.44...
+0.69 in Experiment B, depending on sound type. On average, the mean
annoyance ratings were 0.27 and 0.18 units higher for floor O2 than for
floor O1 in Experiment A and B, respectively. This difference agrees with
the objective findings.

Our experiment suffers from the generic limitation concerning all
psychophysical experiments: the results can depend on the number and
choices of the stimuli (floor types, distribution of the single-number
values between floors, impact sound types). It would be beneficial to
have larger number of stimuli to obtain more reliable results. However,
our experiment was very long. To avoid fatigue, we decided to limit the
number of stimuli to 75 and repeat the stimuli obtained in two recording
positions. In human factor research, a single experiment can never be
used to propose strong conclusions, even if it would be excessively
broad. Therefore, further independent experiments are needed before
stronger conclusions can be made.

5. Conclusions

Our study represents one of the first major psychoacoustic experi-
ments which has investigated how well the standardized single-number
quantities of impact sound insulation are associated with the subjective
annoyance produced by natural impact sounds on wooden floors. The
study involved large number of participants, large range of wooden floor
constructions, five spectrally different natural impact sound types, and
assessment of each stimulus based on two recording positions under the
floor. Because the stimulus heard by the participants was precisely
controlled, our study provides a significant contribution in this field of
science.

Our results suggest that perceived annoyance of impact sounds was
best associated with L, ;y (based on 100—3150 Hz) for all the five natural
sound types. The finding suggests that measurements in the range
50-80 Hz are not necessary for wooden floors as Ly, w + Ci 50 and Lia rmax,
v,T requires. Furthermore, it was neither justified to measure frequencies
25—-40 Hz as L w + Ci25 requires.

Our experiment showed that all four SNQs based on tapping machine
explained annoyance better than the SNQ based on rubber ball for
wooden floors. This was true even for the sound type rubber ball, where
we expected an opposite result. Based on this experiment, prioritizing
rubber ball over tapping machine in wooden floor measurements is not
justified.

Our study involved two Experiments A and B, because we had two
recording positions, A and B, under the floor. Although the SPLs in po-
sitions A and B were slightly different, both experiments led to quite
similar ranking order of SNQs. Therefore, it seems to be sufficient to use
only one recording position in future experiments. However, it is
extremely important, due to room modes, to apply a fixed recording
room and a fixed recording position for every floor to avoid the con-
founding effect of room modes on SPL.

Because strong evidence in psychological research must be based on
several independent experimental studies pointing in the same direc-
tion, more research is needed in this field before strong conclusions can
be made.
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Open box slab 370 mm
100 mm glass wool, 10 kg/m3
45 mm timber stud, 45x45 mm, cc 400 mm
25 mm timber stud, 25x100 mm, cc 400 mm
13 mm gypsum board, 8.4 kg/m2 (screwing cc 200 mm ends cc 300 mm sides)
13 mm gypsum board, 8.4 kg/m2 (screwing cc 200 mm ends cc 300 mm sides)
13 mm glass wool, 24 MN/m3, 1.5 kg/m2
15 mm gypsum board, 15.4 kg/m2
15 mm gypsum board, 15.4 kg/m2
. 3.0 mm EPS underlayment, 0.14 kg/m2, 64 MN/m3
. 8 mm laminate, 7.3 kg/m2
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1. Open box slab 370 mm
2. 100 mm glass wool, 10 kg/m3
3. 45 mm timber stud, 45x45 mm, cc 400 mm
4. 25 mm timber stud, 25x100 mm, cc 400 mm
5. 13 mm gypsum board, 8.4 kg/m2 (screwing cc 200 mm ends cc 300 mm sides)
6. 13 mm gypsum board, 8.4 kg/m2 (screwing cc 200 mm ends cc 300 mm sides)
7. 13 mm glass wool, 24 MN/m3, 1.5 kg/m2
8. 15 mm gypsum board, 15.4 kg/m2
9. 15 mm gypsum board, 15.4 kg/m2
10. 3.0 mm EPS underlayment, 0.14 kg/m2, 64 MN/m3
11. 8 mm laminate, 7.3 kg/m2
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Open box slab 370 mm

100 mm glass wool, 10 kg/m3

45 mm timber stud, 45x45 mm, cc 400 mm

25 mm resilient stud, 0.32 MN/m2, cc 400 mm

13 mm gypsum board. 8.4 kg/m2 (screwing cc 200 mm ends cc 300 mm sides)
13 mm gypsum board, 8.4 kg/m2 (screwing cc 200 mm ends cc 300 mm sides)
3.0 mm EPS underlayment, 0.14 kg/m2, 64 MN/m3

8 mm laminate, 7.3 kg/m2

PR AW

Open box slab 370 mm

100 mm glass wool, 10 kg/m3

45 mm timber stud, 45x45 mm, cc 400 mm

25 mm resilient stud, 0.32 MN/m2, cc 400 mm

13 mm gypsum board. 8.4 kg/m2 (screwing cc 200 mm ends cc 300 mm sides)
13 mm gypsum board, 8.4 kg/m2 (screwing cc 200 mm ends cc 300 mm sides)
3.0 mm EPS underlayment, 0.14 kg/m2, 64 MN/m3

8 mm laminate, 7.3 kg/m2

PR AW

Fig. S1. Structure drawings of floors O1-0O4 based on the open box timber slab. It should be noted
that floors O1 and O2 have the same construction, but they have been measured for several months
apart (re-building in between). The drawings are shown with better resolution in Ref. [17].
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Open box slab 370 mm
100 mm glass wool, 10 kg/m3
45 mm timber stud, 45x45 mm, cc 400 mm
25 mm resilient stud, 0.32 MN/m2, cc 400 mm
13 mm gypsum board, 8.4 kg/m2 (screwing cc 200 mm ends cc 300 mm sides)
13 mm gypsum board, 8.4 kg/m2 (screwing cc 200 mm ends cc 300 mm sides)
13 mm glass wool, 24 MN/m3, 1.5 kg/m2
15 mm gypsum board, 15.4 kg/m2
15 mm gypsum board, 15.4 kg/m2
. 3.0 mm EPS underlayment, 0.14 kg/m2, 64 MN/m3
. 8 mm laminate, 7.3 kg/m2
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Open box slab 370 mm
100 mm glass wool, 10 kg/m3
45 mm timber stud, 45x45 mm, cc 400 mm
25 mm resilient stud, 0.32 MN/m2, c¢c 400 mm
13 mm gypsum board, 8.4 kg/m2 (screwing cc 200 mm ends cc 300 mm sides)
13 mm gypsum board, 8.4 kg/m2 (screwing cc 200 mm ends cc 300 mm sides)
35 mm EPS, 12 MN/m3
Geotextile
40 mm floor screed, 68 kg/m2

. 3.0 mm EPS underlayment, 0.14 kg/m2, 64 MN/m3

8 mm laminate, 7.3 kg/m2
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Open box slab 370 mm

100 mm glass wool, 10 kg/m3

45 mm timber stud, 45x45 mm, cc 400 mm

25 mm resilient stud, 0.32 MN/m2, cc 400 mm

13 mm gypsum board, 8.4 kg/m2 (screwing cc 200 mm ends cc 300 mm sides)
13 mm gypsum board, 8.4 kg/m2 (screwing cc 200 mm ends cc 300 mm sides)
15 mm gypsum board, 15.4 kg/m2

15 mm gypsum board, 15.4 kg/m2

15 mm gypsum board, 15.4 kg/m2

15 mm gypsum board, 15.4 kg/m2

11. 3.0 mm EPS underlayment, 0.14 kg/m2, 64 MN/m3

. 8 mm laminate, 7.3 kg/m2
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Open box slab 370 mm

100 mm glass wool, 10 kg/m3

45 mm timber stud, 45x45 mm, cc 400 mm

25 mm resilient stud, 0.32 MN/m2, cc 400 mm

13 mm gypsum board, 8.4 kg/m2 (screwing cc 200 mm ends cc 300 mm sides)
13 mm gypsum board, 8.4 kg/m2 (screwing cc 200 mm ends cc 300 mm sides)
40 mm floor screed, 68 kg/m2

3.0 mm EPS underlayment, 0.14 kg/m2, 64 MN/m3

8 mm laminate, 7.3 kg/m2

CENOUE LN

Fig. S2. Structure drawings of floors O5—O8 based on the open box timber slab. The drawings are

shown with better resolution in Ref. [17].
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Cross-laminated timber slab 260 mm (edge-glued)
13 mm glass wool, 24 MN/m3, 1.5 kg/m2

15 mm gypsum board, 15.4 kg/m2

15 mm gypsum board, 15.4 kg/m2

3.0 mm EPS underlayment, 0.14 kg/m2, 64 MN/m3
8 mm laminate, 7.3 kg/m2

1. Cross-laminated timber slab 260 mm (edge-glued)
2. 3.0 mm EPS underlayment, 0.14 kg/m2, 64 MN/m3
3. 8 mm laminate, 7.3 kg/m2

O S i =

C4

Cross-laminated timber slab 260 mm (edge-glued)
50 mm glass wool, 8 MN/m3, 3.4 kg/m2

15 mm gypsum board, 15.4 kg/m2

15 mm gypsum board, 15.4 kg/m2

15 mm gypsum board, 15.4 kg/m2

15 mm gypsum board, 15.4 kg/m2

3.0 mm EPS underlayment, 0.14 kg/m2, 64 MN/m3
8 mm laminate, 7.3 kg/m2

Cross-laminated timber slab 260 mm (edge-glued)
50 mm glass wool, 8 MN/m3, 3.4 kg/m2

15 mm gypsum board, 15.4 kg/m2

15 mm gypsum board, 15.4 kg/m2

3.0 mm EPS underlayment, 0.14 kg/m2, 64 MN/m3
8 mm laminate, 7.3 kg/m2

991 =1 (O Chi 80 191 =
SUns L

Fig. S3. Structure drawings of floors C1—-C4 based on the cross-laminated timber slab. The
drawings are shown with better resolution in Ref. [17].
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13 mm gypsum board 8.4 kg/m2 (screwing cc 200 mm ends & sides, cc 300 mm middle)
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1. Cross-laminated timber slab 260 mm (edge-glued)
e - - - 2. Hanging wire (steel 4 mm)
. . 3. Adjustable hanger (steel 0.8 mm) 0,83 pcs/m2
1. Cross-laminated timber slab 260 mm (edge-glued) 4 Longitudinal support (steel stud) cc 800 mm
2. 35 mm EPS, 12 MN/m3 5. Transverse support (steel stud) cc 400 mm
3. Geotextile 6. 100 mm glass wool 10 kg/m3
4. 40 mm floor screed, 68 kg/m2 ;
5. 30 mT EPS u“derl?(yme;t’ 0.14 kg/m2, 64 MN/m3 9. 3.0 mm EPS underlayment, 0.14 ke/m2, 64 MN/m3
6. 8 mm laminate, 7.3 kg/m 10. 8 mm laminate, 7.3 kg/m2
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1. Cross-laminated timber slab 260 mm (edge-glued)
2. Hanging wire (steel 4 mm)
3. Adjustable hanger (steel 0.8 mm) 0,83 pcs/m2
4. Longitudinal support (steel stud) cc 800 mm
5. Transverse support (steel stud) cc 400 mm
6. 100 mm glass wool 10 kg/m3
7. 13 mm gypsum board 8.4 kg/m2 (screwing cc 200 mm ends & sides, cc 300 mm middle)
8. 13 mm gypsum board 8.4 kg/m2 (screwing cc 200 mm ends & sides, cc 300 mm middle)
9. 35 mm EPS 12 MN/m3
10.  Geotextile
11. 40 mm floor screed 68 kg/m2
12. 3.0 mm EPS underlayment 0.14 kg/m2 64 MN/m3
13. 8 mm laminate 7.3 kg/m2

13 mm gypsum board 8.4 kg/m2 (screwing cc 200 mm ends & sides, cc 300 mm middle)

Fig. S4. Structure drawings of floors C5—C7 based on the cross-laminated timber slab. The
drawings are shown with better resolution in Ref. [17].
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Fig. SS. Distribution of the single-number values, SNV, among the 15 rank-ordered floors. The
figure is a reorganization of the data shown in Table 1. The distribution of the SNVs is good since

there are only 2 or 3 floors among each SNQ having the same SNV.
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Fig. S6. Typical variation of the A-weighted SPL between successive walkthroughs. The example

concerns floor type C2.
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40

Fig. S7. Trajectory of metatarsus in the extreme positions of Jumping. It should be noted that the
heel did not strongly hit the floor despite of the touch. The strongest impact was caused by the hit of
the ball.

<

G0Ge

4100

Fig. S8. Positions of the natural impact stimuli on the wooden floor. The Walking path and Jumping
position are shown with footprints. The cross indicates the dropping position of Rubber ball and
Steel ball. Chair pushing followed the same diagonal as Walking.
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13 pieces of 1200mm X 590mm X 20mm
wool boards hanging from the ceiling, with air
cavity of 100 mm behind

Two 2740mm x 1780mm X 250mm vertical
wool elements on the floor. One had a 280 mm
distance to the wall (aligned with wall). Another
had 0—840 mm distance to the wall (inclined to
the wall).

Two cubic Helmholz resonators (38 Hz) in
opposite floor corners of the room.

Two panel resonators (48 Hz). One in the room
corner, another in the middle of the floor.

Two bales of glass wool 0,39 m?3 each. One of
the bales is placed on top of a Helmholz
resonator. Another on top of the fixed
loudspeaker of the room.

Three 1660mm X 510mm X 28mm boards of
wool on top of each other, lying on the floor.

Two 1190mm x 595mm x 50mm boards of
wool lying on the floor, under the recording
microphones A and B.

Fig. S9. Placement of the absorbers in the impact sound insulation laboratory during the recording

of natural impact sounds.
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Fig. S10. Placement of the absorbers in the impact sound insulation laboratory during the recording
of natural impact sounds. The loudspeaker shown in three figures was not present during the
recordings. The positions of the recording microphones are also shown.
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Fig. S11. Unweighted equivalent SPL, Lz.q, of background noise in impact sound insulation
laboratory during the recording of impact sounds (1) and in the psychophysics laboratory (2). Both
rooms were unoccupied during the measurement. The corresponding A-weighted total SPLs are
15.7 and 14.3 dB Laeq, respectively. Electric background noise from the microphone is causing the
positive SPLs above 400 Hz. The hearing threshold level (HTL) according to ISO 226 is also
indicated.

/

Fig. S12. A photograph of the psychophysics laboratory, where the psychoacoustic experiment was
conducted. Here, the head-and-torso simulator is placed in the position of participant. The head-
and-torso simulator was used to measure that the 75 experimental sounds are played at the same
sound pressure level as recorded in the impact sound insulation laboratory.
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Fig. S13. The assessment of the normal distribution of 52 annoyance responses in Experiments A
and B. If Skewness is within -2 and +2 and Kurtosis is within -7 and +7, the distribution is normal
and mean value represents the data very well. The abovementioned limits are indicated with
horizontal dashed lines. Violation of these criteria occurred for a few extreme annoyance ratings.
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Fig. S14. Correlation between the single number values of 15 floor types and mean annoyance rated

by 52 participants in Experiment A. Left) Lnw. Middle) Lnw +Cis0. Right) Lnw +Ci.25.



Table S1. Normalized impact sound pressure level, Ln, as a function of frequency, £, for 15 studied
floors. Measurements were conducted according to ISO 10140-3 using the tapping machine.

S [Hz] L, [dB]
Ol 02 03 04 05 06 O] 08 ClI €2 C3 C4 C5 C6 CT
25 651 653 593 697 641 639 652 655 653 619 574 628 647 659 673
32 662 656 712 660 671 652 667 644 601 595 637 621 590 638 613
40 693 728 648 651 650 682 670 651 612  60.0 583 598 599 478 492
50 644 642 579 589 567 554 539 529 540 529 584 569  53.0 461 429
63  69.6 692 663 581 556 548 516 519 571 586 602 629 610 495 541
8 726 761 735 6.1 530 519 514 561 603 661 577  6l1  6L.6 479  47.0
100 726 735 694 674 57.0 519 564 536 652 703 566 603 742 489 521
125 748 750 709 659 567 Sl4 572 529 637 6.5 547 566 731 462 539
160 724 735 7.7 612 548 516 517 518 694 589 509 542 639 473 414
200 642 673 639 592 SL1 510 504 507 708 60.1 53.6 556 651 478 446
250 598 636 642 615 484 509 537 527 739 555 490 498 595 460 330
315 573 6l4 622 597 465 491 513 541 729 542 481 475 597 416 275
400 531 571 581 563 430 469 492 503 722 500 456 443 553 382 215
500 427 471 485 498 316 407 409 440 69.0 438 403 399 488 360 153
630 343 350 361 439 264 344 286 381 650 388 327 343 401 338 95
800 291 300 266 428 224 320 216 346 613 325 280 282 318 298 6l
1000 242 246 202 408 158 250 133 313 571 264 249 257 274 256 48
1250 207 204 128 382 113 201 61 241 515 249 207 227 202 200 -0.6
1600 133 147 46 369 57 159 L1 174 455 217 174 188 161 119  -14
2000 58 70 07 340 19 91 01 94 420 184 131 150 132 108  -09
250 36 30 19 333 L1 37 19 42 415 176 112 131 130 148 00
350 27 29 32 313 21 26 33 31 396 120 96 106 125 85 16
4000 32 39 34 221 35 32 36 30 365 65 64 69 84 56 34
5000 49 56 54 129 48 42 48 40 332 58 66 68 65 52 49
Table S2. Standardized maximum impact sound pressure level, Limax,v.T, as a function of
frequency, f, for 15 studied floors. Measurements were conducted according to ISO 10140-3 using
the heavy/soft impact source, i.e., rubber ball drops from 1.00 m height.
S [Hz] L pmax,v,r [dB]
Ol 02 03 04 05 06 O] 08 ClI__C2 C3 C4& C5 C6 CI
25 834 840 804 89 848 826 83 8.6 80 800 770 798 804 849 844
32903 908 935 870 8.2 8.5 8.4 855 809 87 846 8.7 813 841 829
40 884 899 837 843 870 85 819 849 8.1 812 765 802 786 702 7038
50 787 796 742 767 737 718 668 719 713 700 761 742 61.5 669 607
63 721 724 700 673 62 598 561 578 626 636 692 705 621 575 562
8 779 785 742 631 578 504 526 519 632 709 657 723 642 508 494
100 733 723 672 585 566 500 504 493 637 736 595 666 719 453  49.1
125 772 740 699 586 585 500 515 491 628 704 540 582 727 434 51
160 722 687 673 544 542 484 438 438 668 620 508 552 624 438 402
200 608 636 581 507 477 477 431 4Ll 700 631 545 601 622 475 382
250 523 562 545 485 421 465 451 425 643 482 435 453 512 378 254
315 496 544 546 491 413 457 419 455 647 462 420 437 505 333 221
400 470 493 500 481 381 438 399 429 644 434 407 403 464 314 216
500 409 425 405 420 338 385 295 356 618 375 377 365 386 278 196
630 376 381 351 402 328 341 246 347 593 334 314 349 310 255 176
800 366 357 310 382 322 329 220 312 549 281 279 344 250 263 166
1000 339 333 278 357 272 280 171 269 491 255 261 338 203 193 113
1250 323 316 257 310 246 227 156 237 432 219 230 320 118 164 143
1600 300 305 250 281 251 215 140 228 361 182 185 306 87 120 9.0
2000 282 278 224 274 221 189 123 222 341 158 164 305 80 101 63
2500 297 294 239 294 224 193 125 251 326 150 187 268 87 115 57
3150 305 3001 243 303 217 179 118 271 305 143 193 227 80 98 5l
4000 270 268 216 269 176 131 105 245 282 132 171 200 60 64 48
5000 241 239 177 241 157 105 88 223 264 113 133 169 49 53 47
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