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Abstract 

In this thesis for the company, Nieman Raadgevende Ingenieurs (NRI), two studies have been 

conducted in order to investigate how sound perception is affected by low-frequency sound 

sources in lightweight constructions and what parameters affect noise annoyance in general. 

Lightweight constructions tend to have bad sound insulation in low frequencies due to the 

lack of mass, but also the norms used for sound protection lack advice on low-frequency 

sounds. Therefore, in the first study of this thesis, a field survey (n = 31) was conducted 

which showed that respondents have a higher annoyance for music with bass in lightweight 

buildings than in concrete buildings. Some parameters also showed significantly higher 

results on the annoyance of walking sounds: a worse relationship of the participant with the 

neighbors (environment), working in the living room (environment), and a larger attitude of 

the respondent towards the causation of noise pollution (personal). The latter also showed to 

affect the noise annoyance of music with bass.  

 In the second study, a listening experiment (n = 42) was conducted to obtain insight in 

the effects of low-frequency sound sources and sound insulation on sound perception. Each 

sound source (three in total) was presented in five conditions: one concrete condition and four 

lightweight conditions with sound insulations. With use of the dimensions Evaluation, 

Potency and Activity, insight was given in the difference in sound perception for the 

conditions per sound source. The experiment showed a decrease in Evaluation and Potency, 

for sound insulations that meet a higher class, which means that the general judgment of the 

sound is related to the perceived loudness of the sound. However, the extent of the effect of 

the sound insulation differed per sound source. This difference was best shown for Activity: 

the spectral and temporal distribution did not differ for walking sounds in all lightweight 

conditions, while it did in the condition of a moving chair.  
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 The two studies show that lightweight buildings deserve extra attention in low 

frequencies, since low frequencies are included in the perceived loudness, but not in the 

building norms. A new class system that is focused on lightweight buildings, shows to be 

appropriate to apply. More research is necessary in order to find out what other parameters 

affect noise annoyance and sound perception, to possibly create a comfortable, sustainable 

environment to add to a better sound insulation. This shift of focus can not only be beneficial 

for the company, but also for society, since it can increase sustainability and add to a 

comfortable living environment.  

Keywords: Lightweight construction, sound perception, noise annoyance, soundscape 
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Definitions 

Activity = Used to describe the sensation of temporal and spectral compositions, 

which relates to timbre and pitch. The dimensions are constructed by combining the items: 

metallic/deep, high/low, sharp/dull.  

Airborne sound = Sound caused by vibrations that produce sound waves in air. 

Examples for this are speakers, people talking or a radio.  

Evaluation = Used to describe the human judgment of the sound with use of the items 

quiet/noisy, relaxed/tense, pleasant/unpleasant.  

Impact sound = A structure-borne sound, which is a sound that is produced by using 

external force on an object in the contact with a wall or floor. An example for this is walking 

sounds, which is an impact sound, since it is impulsive. Therefore, peak sound levels are used 

in the description of this sound.  

Magnitude = Magnitude of the sound is related to the loudness of the sound. The 

larger the magnitude, the louder the sound. It is also used to describe potency. 

Pitch = The pitch is a psychoacoustical characteristic with which people determine 

whether a sound is higher or lower. Two harmonic sounds can have the same perceived pitch, 

even if one lacks information in certain frequency bands (missing fundamental phenomenon).  

Potency = Used to describe the sensitivity to the magnitude, thus loudness. This is 

done with the items: quiet/loud, light/heavy, weak/strong.  

Psychoacoustics = The study focused on the relation between physical properties of 

sound and the human perception, and the way how people perceive.  

Timbre = Is the color of the tone, often described with brightness and sharpness of a 

sound. It refers to the spectral information of a sound.  
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The Influence of Low-frequency Sounds and Affecting Parameters in Lightweight 

Buildings on Sound Perception 

This study was commissioned by the company Nieman Raadgevende Ingenieurs 

(NRI), part of Nieman Groep. This company has expertise in building technology, building 

physics and building innovation. Their goal is to create sustainable buildings, while securing 

a safe, healthy and comfortable environment. Het GeluidBuro and Ingenii Bouwinnovatie are 

part of Nieman Groep: Het GeluidBuro solves acoustical problems and Ingenii 

Bouwinnovatie comes up with innovative ideas in the building sector. This research project 

was conducted in collaboration with NRI, het GeluidBuro and Ingenii Bouwinnovatie. The 

three parties mentioned the necessity of shifting to a more sustainable material to build 

houses: wood or cross-laminated timber. However, this lightweight material is known for the 

lack of sound insulation. Therefore, this research will focus on the sound perception of people 

in lightweight buildings. The company already gives advice on building with lightweight 

materials. This research can help the company to increase the knowledge and understanding 

of the human sound perception, which can lead to a standard appropriate for lightweight 

buildings. The next step, based on this report, will be to give advice to the company on the 

acoustical aspects in lightweight constructions.  

Impact of sound and importance of research in lightweight constructions 

Everyday sounds can be interpreted as disturbing or annoying and, therefore, increase 

people’s heart rate (Christensen, Saunders, Porsbo & Pontoppidan, 2020). Also larger effects 

can occur, as shown by WHO Regional Office for Europe (2020): noise can harm people’s 

health; long-term noise exposure is known to lead to a decrease in cardiovascular health and 

quality of life. To give a clearer idea what definition of noise will be used in this thesis, we 

will refer to noise as it being an “unwanted and/or harmful sound,” as suggested by Fink 

(2019). Noise pollution is a known factor in lightweight constructions, especially in the lower 
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frequencies (< 125 Hz), since the sound insulation is worse in that frequency range (Liebl, 

Späh & Leistner, 2014; Schoenwald, Martin & Gerretsen, 2005; Kuttruf, 2007).  

However, the use of lightweight constructions has a large advantage compared to 

concrete, or heavyweight buildings. Lightweight buildings are environmentally friendlier, 

since fewer materials are used and less transportation is necessary; and materials can be 

reused (Mateus, Macieira, Mendonça & Bragança, 2011). Therefore, it is necessary to 

research the noise pollution and its effect on sound perception in lightweight buildings to find 

out whether there is indeed more noise pollution in the lower frequencies. Previous studies 

have shown that assessing only the noise annoyance (NA) is not enough (Torresin et al., 

2020), because people perceive multisensory (Kang et al., 2016). Even though 

psychoacoustics is taken into account in the norms, as will be explained later, there are things 

to improve to capture the whole acoustic experience. This can be explained by the fact that 

research has shown that there are many factors influencing the sound perception, such as 

personal factors like noise sensitivity and attitude to the sound (Guski, 1999; Maris, Stallen, 

Vermunt & Steensma, 2007a; Park, Lee & Jeong, 2018; Sun, De Coensel, Echevarria 

Sanchez, Van Renterghem & Botteldooren, 2018).  

Psychoacoustic description of noise pollution in lightweight buildings  

Psychoacoustics is the field of research that aims at investigating the relation between 

the sound characteristics and the human perception, including the processes of sound 

perception (Ma, Wong & Mak, 2018). A part of psychoacoustics is focusing on sound 

perception based on the way the ear works (Ma et al., 2018). The sensitivity of the human ear 

to frequencies is included in the standards to regulate sound in buildings, by including the A-

weighted spectrum (NEN 5077, NEN 1070). This A-weighted spectrum is the difference in 

the sound pressure levels (SPLs) in each frequency band compared to the sensitivity of the 
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human ear. This means that low frequencies (20 - 100/250 Hz (Berglund, Hassmén & Soames 

Job, 1996)) are weighted less in the overall sound pressure level than other frequencies, since 

humans are less sensitive to low frequencies (Broner, 2010; Caniato, Bettarello, Schmid & 

Fausti, 2016).  

However, the A-weighting has shown to undervalue this lower frequency range as 

compared to the other frequencies (Berglund et al., 1996; Caniato et al., 2016). As a result, a 

sound that has high low-frequency sound levels and low high frequency sound levels induces 

large complaints, even though the single-value sound pressure level would fit the standards 

(Berglund et al., 1996). Furthermore, the disadvantage of low-frequency sound is the fact that 

those sounds are more difficult to mask, due to upward masking (Berglund et al., 1996; 

Glasberg & Moore, 1990; Lin & Abdulla, 2015). Upward masking means that a sound in a 

given frequency range can be masked by sound in a lower frequency band, not the other way 

around. For the perception of sound, this would mean that low-frequency sounds would stand 

out more, since they are more difficult to mask.  

Another way the low-frequency sounds are undervalued, is with the frequency range 

of the single-value used in the Dutch building norms used for acoustics: NEN 1070 and NEN 

5077. The norms include frequencies starting from 100 Hz onwards, but sound sources that 

cause low-frequency sound are mainly below 100 Hz (Blödt, Rabold & Halstenberg, 2019; 

Liebl, Späh & Leistner, 2014). For heavyweight buildings the norms apply, since 

heavyweight buildings contain more mass and therefore insulate better in the lower 

frequencies (Kuttruf, 2007). Lightweight buildings lack sound insulation in the lower 

frequencies, but norms disregards frequencies lower than 100 Hz, which could lead to more 

noise pollution in lightweight buildings.  



SOUND PERCEPTION IN LIGHTWEIGHT BUILDINGS 
 

12 

Besides the A-weighing undervaluing of the lower frequency range, there is another 

disadvantage of A-weighted measurements. A-weighing measurements lacks psychoacoustic 

factors (information that relates sound to human sound perception), while research shows the 

necessity of the inclusion psychoacoustics when describing sound perception (Hall, Irwin, 

Edmondson-Jones, Phillips & Poxon, 2013; Ma et al., 2018). In fact, A-weighing 

measurements only take into account the loudness of the sound, whereas sound perception 

includes other factors besides perceived loudness, such as sharpness and roughness. This is 

shown in research where they found that sounds equal in perceived loudness, can cause 

different perceptual experiences due to factors not necessarily related to sound (Torresin et 

al., 2020). The fact that loudness is not the only relevant parameter is shown in many studies: 

Ma et al. (2018) indicate that loudness alone is not enough to explain noise annoyance, and 

the sound spectrum should be included as well. Furthermore, Kang et al. (2016) suggest the 

use of soundscape in order to use psychoacoustic measures to describe an acoustic 

environment. The soundscape is the “acoustic environment perceived or experienced and/or 

understood by a person or people, in context” (International Organization for Standardization, 

2014; Torresin et al., 2020). Other studies address the influence of nonauditory factors on 

sound perception, which also suggests that loudness is not the only way to describe sound 

perception (Guski, 1999; Maris et al., 2007a; Park et al., 2018; Sun et al., 2018; Torresin et 

al., 2020). People use more information during sound perception, such as pitch, loudness, 

spectral information, temporal information and spatial information (to some extent) to make a 

distinction among sounds (Yost, Popper & Fay, 2008). The subjective term, pitch, is another 

way to describe the physical property, frequency: a higher pitch, relates to a higher 

frequency, or a sound with more higher frequencies. The pitch is mostly determined by the 

greatest common divider of the frequencies, but this will not be dived into further in this 

thesis. The spectral information that is used in sound perception refers to timbre, or the “color 
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of the tone” or “Klangfarbe” (Yost et al., 2008). Some examples for the dimensions related to 

timbre are brightness, sharpness and roughness (Hermes, n.d.). Temporal information is the 

fluctuations of, for instance, timbre, pitch and loudness, over time. Spatial information refers 

to location of the sound source.  

 Ma et al. (2018) performed a meta-analysis on the dimensions that describe sound 

perception the best and showed that Evaluation, Activity and Potency, introduced by Osgood 

(1952) do so. Evaluation focuses on the general judgment of the participant, Potency on the 

sensitivity of the participant to the magnitude, or loudness, and Activity is related to the 

sensation of the spectral and temporal information (Ma et al., 2018). The semantic differential 

items that describe Evaluation are, therefore, noisy, relaxed and pleasant. For Potency, the 

items are loud, light and weak: these relate to the perceived loudness of the sound. Activity is 

determined by deep, high and sharp, which is also related to the timbre and pitch of the 

sound, as mentioned before.  

The way people perceive sound 

Assessing the experience of noise is more complex than solely asking to what extent 

there is NA or by using items that can describe a sound. Being able to describe the sound 

environment is important, since people perceive in a multisensory way: this means that visual 

and auditory information influence each other (Jeon & Jo, 2019; Jo & Jeon, 2019; Redondo et 

al., 2021; Viollon, Lavandier & Drake, 2002). This is recognized in other studies: the 

standard assessments can be incomplete (Torresin et al., 2020). Recently, there is a shift of 

focus from noise assessment more to soundscapes and multisensory approach (Kang et al., 

2016; Torresin et al., 2020). A soundscape can be assessed with use of psychoacoustic 

analysis, since it focuses on the subjective evaluation and its relation with sound 

characteristics (Ma et al., 2018; Torresin et al., 2020). Using Evaluation, Potency and 
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Activity as described before, will let people describe the whole sound environment, including 

the most important aspects of the sound. 

Affecting parameters on noise annoyance 

There are several nonauditory factors affecting the soundscape, besides the 

multisensory perception and psychoacoustic measures. The experience of the soundscape 

depends on personal factors (Kang et al., 2016). Noise sensitivity is, for example, a 

nonauditory factor that affects NA. This is shown by a higher NA when people rate 

themselves as more sensitive to noise (Guski, 1999; Sun et al., 2018). In one study, the effect 

of deliberately choosing to live in a lightweight building was twice as large as the noise 

sensitivity on NA (Liebl et al., 2014). People who did not deliberately choose to live in a 

wooden building, showed a higher annoyance. This finding is in line with Guski (1999), 

Maris, Stallen, Vermunt and Steensma (2007) and the NEN 1070: more tolerance or 

acceptance towards the noise, shows less annoyance.  

Moreover, the relation with the neighbors influences NA as well, and can even induce 

emotions (Park et al., 2018), showing that a good relationship with the neighbors is a good 

way to have less NA. In the study of Park, Lee, Yang and Kim (2016), the attitude towards 

the neighbors is included, which was a moderator between the positive effect of NA on 

coping. They also investigated the attitude towards authorities, both the constructions 

company and the policy maker of the building. This is aligned with the theory that attitude to 

the sound influences the NA (Guski, 1999).  

Research question 

In summary, people perceive sound (and thus noise), multisensory and their sound 

perception is affected by many factors. For lightweight constructions, the current buildings 

norms may not be appropriate, since low-frequency sounds and the soundscape are not 
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sufficiently included. In this thesis we focus on the living room, in order to find out the sound 

perception in a general room, that is often downstairs, where a number of activities can take 

place. Due to the indoor focus of this thesis, a distinction is made between airborne and 

impact sounds. This distinction is often done in buildings acoustics, since the transmission of 

the two types of sounds is different. Airborne sound is often diffuse, and the average sound 

level is used, whereas impact sound are impulsive sounds that are exited in contact with the 

construction. This leads to the research question of this study:  

“What is the relation between sound insulation for airborne and impact sound and human 

sound perception in lightweight buildings and what parameters are included?” 

This research question will be answered with two subquestions. The first is: “What is 

the difference between the parameters that affect sound perception in lightweight buildings 

compared to heavyweight buildings?” Since low-frequency sound pollution is more 

prominent in lightweight buildings, this subquestion gives insight in the factors influencing 

low-frequency sound perception. The first hypothesis is: there is a higher NA in lightweight 

buildings for sources that are low-frequency prominent than for heavyweight buildings. 

Moreover, we expect that there are other factors, personal and environmental, that affect NA 

as well. This leads to the second hypothesis: people who are more sensitive to noise will 

report higher NA. The third hypothesis is: when participants have a better relationship with 

their neighbors, they will have less NA. Finally, the fourth hypothesis is that a more negative 

attitude towards the causation of the sound, will have a positive effect on NA.  

The second subquestion is: “How does the soundscape influence the perception of 

low-frequency sounds in a living room environment of lightweight buildings?” This question 

will give insight in the relation of sound insulation and the sound perception of participants. 
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We expect a decrease in Potency for a higher class, since both are related to the loudness of 

the sound. 

This thesis aims at answering the two supporting research questions by means of two 

studies. In order to answer the first subquestion, a questionnaire study was done. Its method, 

results and discussion will now be discussed. After the first study, the second study and its 

method, results and discussion will be reported. Finally, the thesis will be concluded with a 

general discussion and conclusion in which the research question will be answered.  
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First study 

This first study aims at answering the subquestion: “What is the difference between the 

parameters that affect sound perception in lightweight buildings compared to heavyweight 

buildings?” By using a questionnaire with questions on different factors, we hope to answer 

this question. First the methodology will be explained, followed by the results of the study 

and concluded with a discussion of the study.  

Method of the questionnaire 

Participants  

In order to exclude large environmental sounds factors, the participants lived close to 

each other in different neighborhoods in Culemborg, Enschede and Panningen, The 

Netherlands. They were recruited via the committee of the neighborhood or by door-to-door 

recruitment with a link to the questionnaire. The neighborhoods were selected based on the 

presence of lightweight and concrete buildings in the neighborhoods. The requirements of the 

participants were: a good understanding of the Dutch language, no hearing deficiency (self-

declared) and older than 18. A total number of n = 31 participated, of which 16 participants 

identified themselves as male, and 15 as female. One participant was excluded from the 

analysis, since (s)he only provided extreme answers. The age ranged from 28 to 68 years, M 

= 53, SD = 10.5. Of those participants, 22 lived in lightweight buildings, whereas 9 lived in 

concrete buildings. As compensation for their efforts, they could participate in a lottery to 

win 25 euros in online gift cards. The gift cards were randomly given to one out of ten 

participants. On average, the time it took to fill in the questionnaire was approximately 20 

minutes.  
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Settings  

The survey questionnaire was conducted online via Lime Survey and was available 

from April to July 2021.  

Stimuli 

The online questionnaire included 42 questions, of which 20 were multiple choice, 10 

were Likert scale, 9 were open questions, 2 were ranking scales and 1 question was a 

semantic differential. The questions were based on questionnaires used in previous research, 

such as the Cost TU0901 (2014), Liebl et al. (2014), Park and Lee (2019) and Park, Lee, 

Yang and Kim (2016). The parameters that could influence sound perception, were included 

in the questionnaire (Appendix H).  

The questions on NA were based on the COST Action TU0901 (2014). The 

annoyance assessment makes use of the ISO/TS 15666, which formulates the question as 

follows: “Thinking about the last (12 months or so), when you are here at home, how much 

does noise from (noise source) bother, disturb or annoy you?” The best answering words 

have shown to be “insignificantly,” “slightly,” “moderately,” “strongly,” “extremely,” and 

answering system is best to be an 11-point scale (COST Action TU0901, 2014). With an 11-

point rating scale (0 = no annoyance, 10 = extremely annoyed) the participants indicate their 

extent of annoyance. The noise sources that were used in the study of Liebl et al. (2014) were 

used in this study too, but an option to add another annoying sound source was added to this 

study. These sources were mainly focused on low-frequency sound sources: walking, music 

with bass, tinkling of own furniture when others walk in room above you, but also included 

talking, traffic and installation sounds. There was also a distinction made between sounds 

caused by neighbors and by cohabitants. In case a sound source was not applicable, the 

participants could indicate this.  
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To get an idea of the importance of acoustics as compared to other living quality 

factors, the participants were asked to rank eleven items in order of importance to them, 

based on Liebl, Späh & Leistner (2014). After that they had to indicate their satisfaction with 

each component by answering a 5-point Likert scale (1 = “insignificantly,” 5 = “extremely”). 

The living quality factors consisted of, for example, air quality, fire safety, daylight and 

energy savings.  

In order to find out whether room modes might have an effect on the amplification of 

low-frequency sound, questions about the living room of the participant were asked. These 

questions included the dimensions of the living room: width and depth, and a description of 

the shape of the room. The largest dimensions of the living room were use in the formula to 

determine which frequencies could amplify: v/λ = f, v = 344 m/s. The frequencies ranged 

between 33 Hz – 119 Hz. In order to determine the extent of the available absorption of the 

living room, the participants could fill in which furniture or objects were present in their 

living room. Participants could also upload a picture of their living room. If the participant 

had more than six pieces of furniture or other objects in their home, the living room of the 

participant would be judged as less prone to amplification of low-frequency sounds.  

Noise sensitivity was assessed with the shorter questionnaire of Griefahn (Griefahn, 

2008): NoiseQ, also used in Braat-Eggen (2020) and Pierrette, Parizet, Chevret and Chatillon 

(2015). This part consisted of twelve subquestions. The translated Dutch version also used in 

Braat-Eggen (2020) was used.  

The questions to determine the relation with the neighbors, the extent of disturbance 

and the attitude to authorities, or other possible factors of influence on noise pollution are 

based on Park, Lee, Yang and Kim (2016). These questions could be answered with a 11-

point rating scale. The relation with the neighbors (upstairs, on one side or on both sides) was 
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asked with a single question in line with the focus of this study. The extent of disturbance 

was asked for five activities: sleeping, watching television or listening to the radio or music, 

having a conversation, reading or studying or other quiet activities, and relaxing. The attitude 

to authorities included whether the participant thought noise pollution was due to a bad 

construction, and lack of maintenance on noise rules. This was extended with two other 

subquestions for attitude: lack of agreements among building users on sounds and lack of 

consideration of each other.  

Finally, some general information was asked. This included the age, the gender, the 

living situation, work situation, building information, satisfaction of living situation (5-point 

Likert scale), ownership of the house, and the construction type of the house.  

Data analysis 

 For the data analysis, a distinction in type of variables was made. Variables that 

belonged to the environment were separated from the personal parameters. Both types of 

variables will now be discussed, followed by the dependent variables and the data analysis.  

Environmental parameters. The participants had to indicate their NA for several 

sources, but also give their judgment regarding parameters that could possibly influence NA. 

The parameters from the questionnaire include: 1) Working in the living room (binary 

variable, 1 = working in the living room); 2) Relationship with the neighbors that was 

averaged, since some participants had more adjacent neighbors (interval variable, 11-point 

rating: higher value means closer relationship); 3) The participant’s own living situation 

(categorical variable, 1 = family with children, 2 = couple without kids, 3 = elderly (65+) , 4 

= single person, 5 = students); 4) Possible amplification of sound in the living room (binary 

variable, 1 = possible amplification: determined by number of absorbing, and/or diffusing 

furniture/objects in living room < 7); 5) Ownership (binary variable, 0 = renter, 1 = owner), 
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the tranquility of the environment (interval variable, 5 point scale: higher value means less 

tranquil) and 6) construction type (binary variable, 0 = standard, 1 = lightweight).  

Personal parameters. Besides the environmental parameters, the participants also 

indicated personal parameters, such as noise sensitivity, disturbance and attitude. Noise 

sensitivity was made by combining 12 items that were ordinal variables on a 4-point scale: 

higher value means more sensitive (Cronbach alpha = .84). Disturbance of activities in the 

living room was made by combining five items that were asked on an 11-point scale: higher 

value means more disturbance of noise during activities in the living room (Cronbach alpha = 

.92, interval variable). The third personal parameter was attitude towards others and towards 

authorities as a cause of NA. During the analysis a dimension made of four items was made 

that were asked on an 11-point scale: a higher value means that the participant thinks that 

noise pollution is caused by others (Cronbach alpha = .76).  

Noise annoyance by music or walking. Since there are many dependent variables, 

only the sources of neighbors and cohabitants playing music and walking were used. This 

was done, because walking is an impact sound and music with bass is an airborne sound, but 

also because these sources were most often heard according to the participants. Furthermore, 

these sources contain low frequencies. Both were 11-point scale for which a larger value 

means more NA.  

Analysis. The data were prepared by removing the data of participants that stopped 

during the questionnaire. The questionnaire was started 40 times without filling in all the 

answers, and were, thus, removed. The data collected with LimeSurvey were coded as string 

variables in some cases, and the numerical and the categorical variables were therefore 

encoded to numerical variables. The variable, possible amplification, was made by hand in 
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Excel, by counting the number of objects in the room. Each participant’s living room 

dimensions were verified whether there would be amplification in the lower frequencies.  

Prior to the analysis, the data were checked for outliers and the relevant assumptions 

for the analyses were run. Since the data were collected in three different neighborhoods, the 

data were checked whether it was clustered by the neighborhood. To find out what 

environmental and personal parameters had an influence on NA of music and walking, an 

exploratory Analysis Of Variance (ANOVA) was run without full factorial design. The 

parameters that showed to have a main effect on the NA were used as covariates in a linear 

regression, after the assumptions for the model were checked. The relevant assumptions for 

the models were: 1) There is no multicollinearity among variables; 2) The model is not 

overfitted; 3) All relevant predictor variables are included; 4) There is no heteroscedasticity; 

5) The residuals are normally distributed. In order to answer the subquestion, the variable for 

construction type was included in all cases.  

Results of the questionnaire 

Preparatory analyses 

Annoyance of sources. Several sources have been evaluated by the participants in 

terms of annoyance. The mean of annoyance of sound in general (11-point, ordinal variable) 

in the heavyweight buildings was M = 4.22, SD = 4.15, n = 9, and the mean of annoyance of 

sound in the lightweight constructions was M = 3.33, SD = 2.46, n = 22. Both variables were 

normally distributed according to the Shapiro-Wilk test and the Skewness and Kurtosis test (p 

> .05). The annoyance in general from both building types did not statistically significantly 

differ from each other, according to an independent samples t-test (t (28) = 0.73, p = .47).  

The separate question in which participants could indicate in which time periods they 

experience NA in general, showed that general NA is most prominent in the time period 
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between 17:00 and 23:00 o‘clock, as shown in Figure 1. Even though Figure 1 suggests that 

participants in heavyweight buildings have more noise annoyance, this effect is not 

statistically significant (t (28) = 1.40, p = .17). In other time periods there was also no 

statistically significant difference in NA in general between the construction types, as shown 

by two-sampled t-tests with Bonferroni correction (p > .007). About one-third of the 

participants (n = 10) in lightweight and heavyweight buildings indicated not to experience 

NA in any specific time frame.  

Figure 1  

Percentage of participants that mentioned to be annoyed in time periods with a distinction 

between construction type 

 

The sources that showed to be most annoying (see Figure 2) were air conditioning, 

neighbors and cohabitants (talking and television) through the ceiling and walls, and music. 

The participants could indicate whether the question was not applicable to them, which led to 

some missing values. Nevertheless, in all cases there were observations, which means that if 

no data are shown, the participants were not annoyed on average. Interestingly, the 
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participants in the lightweight constructions showed some annoyance for all the given 

sources, while the participants in heavyweight buildings did not.  

Figure 2 

Means of annoyance of different types of sources caused by neighbors or cohabitants with 

error bars (SE) 

 

Moreover, it can be seen in  

 

 

 

Figure 3 that the participants living in the different types of construction have the 

same amount of annoyance for the sound coming from the air conditioning and traffic. 

Annoyance of sound coming from the air conditioning is the highest on average in both 

construction types, as compared to the other sound sources as shown in  
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Figure 3. The annoyance of the air conditioning is not statistically significantly 

higher than the annoyance of cohabitants upstairs or cohabitants playing music (p > .58). 

 

 

 

 

Figure 3 

Means of annoyance of sounds coming from staircases, installations or outside with error 

bars 

 

 The participants could also indicate a source that annoyed them besides the given 

sources presented in the two figures above. One-third of the participants mentioned an extra 

source. Fireworks were mentioned twice with NA rating 2 and 10. The neighbors were 

mentioned as annoying six times (about half of the mentioned cases) for a variety of 

activities: children in the garden (NA rating: 7); a smoking an coughing neighbor in the 
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garden (NA rating: 8); mowing (NA rating: 5); solar panels with high pitch (NA rating: 10); 

building and removing scaffolds (NA rating: 5); playing the piano (NA rating: N/A); and 

sporadically playing music extremely loudly and talking loudly (NA rating: N/A). 

Furthermore, the tumble dryer and mopeds were mentioned as annoying. One-sample t-tests 

between the mean of the extra sources combined compared to the given sources in the 

questionnaire, showed a statistically significant difference (p < .05) in all cases except for air 

condition and neighbors walking upstairs (air condition: M = 4.67, SD = 3.88, t (5) = -1.29, 

p = .25; neighbors upstairs: M = 1.33, SD = 2.31, t (2) = -3.02, p = .09). In half of the 

mentioned extra sources (n = 6), there was no indication for extent of annoyance given (hence 

the N/A), therefore only six values for extra sources were used in the t-tests.  

Attitude 

The participants had to indicate to what extent they thought the noise pollution in the 

living room was caused by: insufficient sound insulation, insufficient agreements on sounds, 

living up to the agreements sounds insufficiently, or taking each other insufficiently into 

account. In the graph below ( 
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Figure 4) the attitude is shown for heavyweight buildings (blue) and lightweight 

buildings (orange): the higher the value, the more the participants thought that aspect was to 

blame for the noise pollution. Poor sound insulation shows the highest values on average in 

both constructions, Mheayv = 3.56, SDheavy = 4.21, Mlight = 2.76, SDlight = 2.88. Nevertheless, 

the values are not statistically significantly higher than the other attitudes. The participants in 

heavyweight constructions show slightly higher values on average, but the pattern of the 

attitude of the four causes is the same in both construction types.  

 

 

 

 

 

 

 

 

Figure 4 

Graph on mean attitude towards four aspects being the cause of noise pollution in different 

construction types 
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Effect of environmental and personal parameters on noise annoyance and the difference 

in construction type 

Preparation of the models. In order to find out whether there is an effect of these 

parameters on NA of music and walking, and whether it makes a difference in what type of 

building they live, four exploratory ANOVAs were run. First the effect of the environmental 

factors on NA was investigated for both target variables, followed by an exploratory analysis 

of the personal parameters. This would give insight in the extent to which parameters 

influence NA. The variables that seemed to make a statistically significant effect were 

included in the further analyses with construction type included.  

Since the data were collected in three different neighborhoods, it was first tested 

whether this made a difference. Also, prior to the linear regression, the assumptions for the 

model were checked. These included: 1) The variance of the residuals is homogeneous and 

linear; 2) The model is not overfitted; 3) There is no multicollinearity among the variables; 4) 

there is no heteroscedasticity; 5) And relevant predictor variables are included.  

In order to find out whether the data was clustered by the neighborhoods, a random 

effect GLS regression with NA for music as target variable and living situation, environment, 

construction type as predictors was run. The fraction of the variance was ρ = 0 due to the 
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neighborhood as group. This effect was also present in the case of NA caused by the walking. 

This means that a multiple linear regression was an appropriate way to analyze, since the data 

were not clustered.  

The first assumption of the multiple regression was that the variance of the residuals 

is homogeneous and linear. Skewness and kurtosis test and Shapiro-Wilk test on the residuals 

showed that the variance was normally distributed. Therefore, the residuals of the model of 

NA due to walking and the model of NA due to music with bass met the assumption.  

The second assumption was not to overfit the model. This was achieved by the 

reduced the number of predictor variables, by only including those that showed statistically 

significant results in the ANOVA. Three to four predictor variables were included in the 

models.  

The third assumption was that there was no multicollinearity among the variables. 

This was checked with use of the variance inflation factor (VIF) test. The individual VIF 

values of all four models did not exceed 1.15 and the mean VIF did not exceed 1.10 in both 

models. This means that there was no multicollinearity between the variables.  

The fourth assumption was that the variance of the variables in the model did not 

suffer from heteroscedasticity. This assumption showed to be supported by a Cook-Weisberg 

test with a Bonferroni correction in both models.  

Finally, for the fifth assumption, the data models were checked whether relevant 

predictor variables were included or whether there might be other variables that are not 

included in the model. For the model with NA caused by walking, the model rejected the 

hypothesis of the Ramsey test having no omitted variables p < .01. This means that there are 

other predictor variables not included in the model, that would explain the variance of the 
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target variable. The model with NA caused by the music with bass, the Ramsey test shows 

that the model showed not to have omitted variables, p = .17.  

Noise annoyance of music sounds. The predictor variables attitude and construction 

type were the only variables that were close to significance in the exploratory ANOVAs 

(pconstructiontype = .12 and pattitude = .13). Therefore, these were included in the multiple linear 

regression model. First the NA caused by neighbors playing music is evaluated. This model 

showed significant results for attitude and construction type (model: n = 22, F (2, 19), R2 = 

.41; attitude: B = 0.41, SE = .15, β = .49, t = 2.78, p = .01; construction type: B = 1.93, 

SE = .77, β = .45, t = 2.52, p = .02). The effect of the attitude on NA is larger than the effect 

of attitude. Both effects are positive, meaning that when participants thought the noise 

pollution was due to a cause (attitude), the more NA there was. For construction type it 

means that there is more NA for music sounds in lightweight buildings as compared to 

heavyweight buildings.  

The experience of noise and the attitude differs per construction as was shown with a 

Pearson’s correlation test. In case of the lightweight building there is a statistically significant 

positive correlation between music and attitude: r = .69, p < .01. For the concrete buildings, 

there was no statistically significant correlation, r = -.39, p = .52. This suggests that people 

living in lightweight buildings show that a higher annoyance of music, is correlated with a 

higher attitude, that noise pollution is caused by external factors. In the concrete buildings, 

the participants seem to be almost never annoyed by music (n = 5, M = 0.1, SD = 0.22), 

compared to the people living in lightweight buildings (n = 17, M = 1.88, SD = 1.94). A two-

sampled t-test showed almost statistically significant results in NA of music with bass 

between heavy- and lightweight constructions t (20) = -2.01, p = .058.  
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Noise annoyance of walking sounds. The exploratory ANOVAs for the 

environmental parameters showed that the relation with the neighbor and whether the 

participant worked in the living room had an effect on NA of walking. The exploratory 

analysis for the personal parameters showed a statistically significant effect for attitude on 

NA of walking. When including these significant variables, and construction type, in the 

linear regression model, it showed statistically significant results for all predictors, except 

construction, as shown in Table 1 (model: n = 20, F (4, 15), R2 = .74). The relation with the 

neighbors (negative) and working in the living room (positive) showed the largest effect on 

NA. Having a larger attitude on noise pollution also had a positive statistically significant 

effect on the NA. Working in the living room showed the largest positive effect, but attitude 

also had a positive effect on NA. The model was tested for possible interaction effects with 

the construction type, but there were no differences in NA and affecting parameters across 

construction types.  

Table 1  

Results from multiple linear regression model on NA of walking sounds 

NA due to walking sounds B SE B β t p 

Relation with neighbors -0.48  .17  -.45 -2.76  .02 

Working in the living room 1.91  .57  .46 3.34 < .01 

Attitude  0.33  .12  .39 2.78 < .01 

Construction type  -0.15  .76  -.03  0.19  .85 

 

Discussion of the questionnaire study 

In this study the effect of environmental and personal parameters on NA of low-

frequency sound sources was investigated. NA caused by music and walking were analyzed 
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with separate models. This gave insight in the difference of sound perception between 

airborne and impact sound. The exploratory analyses showed that NA was affected 

differently in these types of sources.  

The first hypothesis that was mentioned for this study in the introduction, was that 

there would be more NA in lightweight buildings than in heavyweight buildings. The results 

show that the overall levels of NA are quite low, which was also found in the study of (Liebl 

et al., 2014). In their study, there was more NA in lightweight buildings as compared to 

concrete buildings for walking sounds. In this study, the type of construction was a 

significant predictor in case of NA music with bass as a target variable. As the results 

suggest, this effect was prominent for NA of music with bass caused by cohabitants. 

However, the effect of the construction type on NA of walking sounds was not found. This 

impact sound source, walking, was expected to be significantly more annoying in lightweight 

buildings. This was thought, because walking induces more energy in the lower frequencies, 

which is less insulated in lightweight buildings. Nevertheless, no significant effect for this 

was found: annoyance of walking sounds was not different across the type of buildings. This 

can be explained by the fact that none of the participants mentioned to have neighbors living 

upstairs, while cohabitants could still walk upstairs. The study of Liebl et al. (2014) showed 

that a more detailed distinction in floor constructions showed more insight in the NA. This 

can be explained by the fact that some constructions made of wood, could have been heavier 

than others. This distinction in floor construction should be made in future studies as well.  

The second hypothesis was that if people are more sensitive to noise, they would 

report higher levels of NA. The models on NA of walking sound and NA of music with bass, 

showed that noise sensitivity was not a significant predictor on both dependent variables. 

Literature showed inconclusive results on noisy sensitivity as personal parameter affecting 

NA: where Guski (1999), Sun, De Coensel, Echevarria Sanchez, Van Renterghem and 
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Botteldooren (2018) and Liebl et al. (2014) found that there is an effect of noise sensitivity on 

NA, Braat-Eggen (2020) and Miedema and Vos (2003) show no difference in the effect of 

noise sensitivity on NAs in their studies. In the studies different sound sources were 

used/mentioned: indoor living sounds (the same as in this study), aircraft noise, traffic noise, 

background noise of an open plan study place and, again, aircraft noise, respectively. The 

overall levels of NA in the current study were quite low, which could make it more difficult 

to find a significant effect of noise sensitivity on NA. Furthermore, it could be explained by 

the fact that the variation in the levels of NA is small.  

The third hypothesis was that a better relationship with the neighbors would decrease 

the levels of NA. This effect was found for the NA due to walking sounds. A better 

relationship showed lower levels of NA of walking sounds. In this model there was no 

difference in construction type found, therefore, it can be concluded that this effect of 

relationship with the neighbors is effective in general. Other studies showed this effect as 

well, as mentioned in the introduction. A better relationship with the neighbors did not 

decrease the NA caused by music with bass. This can be explained by the fact that the values 

of music with bass’ NA caused by cohabitants was combined with those caused by neighbors. 

In case of music with bass, the results showed that there is a difference in NA of music with 

bass caused by neighbors compared to cohabitants: cohabitants caused more NA. This 

difference was not found in case of the NA of the walking sounds. Future studies should 

include the relation with the cohabitants as well, in order to have a general relationship status 

with the causer of the sound.  

The fourth hypothesis was that if people thought the noise pollution was caused by 

poor construction, lack of consideration, lack of agreement and lack of living up to the 

agreements, they would have higher NA. This effect was found in both models. This can be 

interpreted in two ways: either the participant has more NA and, therefore has a larger 
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attitude that the NA is caused by others, or the participant already has a negative attitude 

towards the building, authorities and others and, therefore, feels more annoyed by the sounds. 

The significant effect of attitude on NA was also found in the literature; they mentioned that 

negative attitude had a positive effect on NA (Park et al., 2016; Guski, 1999) as already 

mentioned in the introduction. This effect of attitude effect could be related to coping 

capacities, as mentioned in Park et al. (2016). People with a larger attitude might not be able 

to cope with NA than others, leading to more NA.  

As the introduction suggests, there are many factors that affect NA. The analysis on 

NA of walking sounds showed that working in the living room is also a significant 

contributor to an increase in NA. However, even though the participants showed to be 

affected by walking sounds when working in the living room, the most common times for 

being annoyed by sounds in general, were between 17:00 and 23:00 o’clock. These are not 

the times during which people normally work: the questionnaire showed that 70% of the 

participants worked during the day, 13% worked sometimes during the day and sometimes 

during the night and 17% did not work. However, these were the time periods in which the 

participant mentioned to be annoyed in, in general. The NA in general can be determined by 

other sounds than walking sounds. It could be that mostly walking sounds are disturbing 

during work. More research on the type of sound and the disturbance during different types of 

activity can give more insight in this.  

  We have shown with the models that there are environmental and personal factors 

that might affect NA too: the construction type, the attitude, the relationship with the 

neighbors and working in the living room. There was a difference in the significance of 

factors between the NA of the types of sound sources: walking and music with bass. This 

suggests that the story of involving parameters is even more complicated than first expected.  
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 This leads to answering the subquestion of this study: “What is the difference between 

the parameters that affect sound perception in lightweight buildings compared to 

heavyweight buildings?” To start with, there were many parameters that did not seem to 

affect annoyance of walking or music. Personal parameters, such NA and disturbance of 

activities in the living did not make a difference on the annoyance of sounds, but attitude did 

affect NA caused by both sound sources. Environmental parameters did not affect NA of 

music with bass as sound source. In case of walking, there were environmental parameters 

that had an influence on the NA: working in the living room and the relationship with the 

neighbors. These effects did not differ across the type of construction. People living in 

lightweight buildings did not have a different experience of annoyance of walking sounds as 

compared to people living in heavyweight buildings. However, for music with bass as a 

sound source, there was more NA for participants in lightweight buildings, than in 

heavyweight buildings. As shown before, this was the case for cohabitants causing the music, 

not for neighbors. 

Limitations 

There were some limitations to this study that will now be discussed. The first 

limitation is the fact that the questionnaire took a long time to complete: the indicated time of 

15 minutes was not met by most participants. Moreover, the questionnaire was difficult, as 

one participant mentioned. This could have caused incomplete results, when participants 

decided it would be too much of a hassle. It was noticed that many participants quit during 

the questionnaire, since a total of forty participants quit without completing the questionnaire. 

As a result, there were about half less participants that filled in the questionnaire than wished 

for. This means that the aimed 90% power is not met in this study. Instead of the aimed 

sensitivity of d = 0.76, the sensitivity of this study is d = 1.19. This means that with the 
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current data it is more difficult to find small statistically significant differences. In order to 

improve this, more participants should be recruited.  

The second limitation is the fact that the recruitment of the participants was limited, 

since we wanted to exclude possible environmental factors. In order to do so, we searched for 

participants that lived in the same neighborhood, which reduced the number of options to 

recruit. Some organizations did not want to participate, because they did not want to raise 

awareness on noise pollution. They mentioned that there were too many complains on NA in 

the building in previous years. During the analysis, we found out that there was no effect of 

the neighborhood on the data we collected. In hindsight, we can now say that recruiting 

participants in a clustered way was not necessary in this case, even though there was a 

significant difference in tranquility of the neighborhood environment between two 

neighborhoods. The neighborhoods in this study were quite similar: both part of a relatively 

large city. This indicates that future research on indoor sounds could recruit participants 

without clustering, if the neighborhoods are similar. This could make the recruitment of 

participants easier. Nevertheless, internal validity can be guaranteed when the neighborhoods 

are clustered. Therefore, more research on this is necessary in order to be able to state with 

certainty that clustering is not necessary. A final reason to why there was not a lot of data, 

was that participants could also indicate that the sound was not applicable to them, which led 

to missing data.  

Moreover, during the data analysis, some assumptions were made. First, the possible 

amplification that could occur in the living room was based on the number of objects. The 

details of these objects remained unclear; therefore, the decision was made to base possible 

amplification on the number of objects. This limits the variable to some extent, since the 

amount of absorption and diffusion in the room can variate across participants. Based on the 

dimensions of the living room, all possible amplification was calculated to be in the lower 
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frequencies. The second assumption that was made, was averaging the relationship with the 

neighbors. This was done in order to have one value of relationship. Some participants did 

not have neighbors on one side, but some had neighbors on both sides. Since there was also 

no information in the questions on which neighbor (left or right) caused the noise, it was 

thought to be better to average the extent of closeness with the neighbor. The third 

assumption was that the NA caused by neighbors and cohabitants was averaged in the main 

models. This was done since the main question was on the NA and the source, not who 

caused the sound. This could have affected the models, since the value of NA caused by the 

cohabitants was included in the model that was used to see if the relation with the neighbor 

affected NA.  

The final limitation is that a mistake has been made during the analysis: participants 

that live in a detached house have not been excluded from the analysis. However, the 

exclusion of these three participants, did not make a difference on the (extent of) effect of the 

parameters on the NA of both sound sources.  

 

 

The experiment 

In this study a listening experiment was conducted in the laboratory with a within-subject 

design. With use of psychoacoustic dimensions, the sound perception in different conditions 

can be described. This study helped to answer the subquestion: “How does the soundscape 

influence the perception of low-frequency sounds in a living room environment of 

lightweight buildings?” 



SOUND PERCEPTION IN LIGHTWEIGHT BUILDINGS 
 

38 

Method of the second study 

Participants  

In this second study, 43 participants (15 females, 27 males) took part and were 

independent of the previous study. The age ranged from 20 to 59, M = 39, SD = 11.9. The 

participants were recruited via/from the company, NRI, and recruited via the experiment 

leader. The participants reported their expertise in acoustics or sound, reported no hearing 

deficiencies, spoke Dutch and were able to visit the location where the experiment was 

conducted (the Experience Lab in Harderwijk). In return for their efforts, the participants 

could make use of a workplace at the location for a daypart, and received a small gadget.  

Prior to the study the necessary number of participants was shown to be n = 29 in 

order to have a p-value of p = .01 and a power of 90% and an effect size of η2
p = 0.17, based 

on Liebl et al. (2014). The effect size of this study showed to be η2
p = 0.5, which is larger 

than expected. 

Settings 

The experiment was conducted in the Experience lab in Harderwijk of the companies 

Ingenii Bouwinnovatie and het GeluidBuro. The lab was redecorated in order to visually 

appear as a living room environment with a couch, a side table, cushions, a room divider, a 

Figure 5a-b 

Photos of the experience lab transformed into a living room setting 
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plant, a carpet, a rug, a standing lamp, two chairs and a dinner table. Two photos of the 

setting are shown in Figure 5a and b.  

 

The audio was presented over thirteen Neuman KH-120 speakers and two additional 

Subwoofers (Quadral Aurum Orkus 9) with virtual surround sound based on stereo sources. 

The speakers were divided over the room, whereas the subwoofers were located at one end of 

the room. For more information, see Appendix A. There were eight luminaires hanging from 

the ceiling and directed towards the floor (Kronos 750 black LED 48 Watt 7700 lumen 4000 

K CRI90 120 gr 230 Volt DALI IP20). These lamps were dimmed in order to create a “cozy” 

setting (luminous flux and CCT not measured) and kept the same during all experiments. The 

panels on the sides of the room that function as sound diffusers, consisted of LED luminaires. 

On one side of the room (where the door was located), these luminaires were luminating as 

well. The colors were not adjustable at time; therefore, the color was a light pink one. A 

tablet (HUAWEI MediaPad T3 10) was provided for the participant to fill in the 

questionnaire during each condition in the experiment. This tablet and the pen the participant 

signed with, were cleaned with disinfectant to prevent the spread of COVID-19 before the 

next participant arrived.  

Stimuli 

Introduction of the sound sources. There were fifteen conditions each participant 

experienced that were based on the results of the previous part. These were the two out of 

three sound sources that were extensively analyzed in the previous study: walking and music 

with bass. Practice in NRI has shown that moving a chair on the floor upstairs can be 

annoying and produce sound with a higher sound level than walking. Therefore, this sound 

source was used in the experiment as well. This gives us three sources, which were presented 
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in five situations. The first source was the shifting of a chair upstairs. The second source was 

a person (kg = 95) walking on socks in a calm tempo. The third source was music (The 

Business – Tiësto). These sources were recorded in two situations: a building made with 

stone and a building made with wood. The sounds in the heavyweight building and the 

baseline lightweight construction were recorded (.wav) with a 4-channel microphone 

(Sennheiser Ambeo VR Mic) in Ambisonics A. These recordings were later transformed to 

stereo sound in Reaper v6.13 in order to add the filter linearly. The recordings for the 

simulations took place on the 10th and 11th of May 2021 in two apartments above each other 

in a (heavy) building from 1954 and a lightweight, terraced house from 2012. In both settings 

the measurements according to the NEN 5070 were done as well. These results are shown in 

Appendix D.  

Choosing the samples. Several recordings were made with other chairs, people (for 

walking sounds) and songs. The criteria for choosing the best sample were no traffic sound 

and no talking or other disturbances. For choosing the music sample, several songs were 

chosen and played from Spotify over an aux-aux cable. The music was played on an Alto 

professional Über FX PA speaker, of which the settings are shown in Appendix B.  

As criterium for the airborne sound source we used representativeness in the Netherlands, 

and, therefore, we chose the song that was at that time recently the highest for the longest 

period in the Dutch top 40 and top 100: The Business – Tiësto. At the sender location of the 

heavyweight condition, the sound source produced LAeq = 87.4 dB(A) and in the lightweight 

condition the measured sound level was LAeq = 90.6 dB(A). The A-weighted equivalent 

sound level at the receiver location of the heavyweight condition was LAeq = 41.0 dB(A), and 

in the lightweight condition LAeq = 43.7 dB(A) The spectrum of the song in all four 

conditions is shown in Figure 6 and Figure 7.  
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Figure 6 

Spectrum of the song in LZ,eq [dB] in the heavyweight condition 

 

Figure 7 

Spectrum of the song in LZ,eq [dB] in the lightweight condition 

 

 

0

10

20

30

40

50

60

70

80

90

5
0

6
3

8
0

1
0

0

1
2

5

1
6

0

2
0

0

2
5

0

3
1

5

4
0

0

5
0

0

6
3

0

8
0

0

1
0

0
0

1
2

5
0

1
6

0
0

2
0

0
0

2
5

0
0

3
1

5
0

4
0

0
0

5
0

0
0

LZ
eq

[d
B

]

Frequency [Hz]

Sender Receiver

0

10

20

30

40

50

60

70

80

90

5
0

6
3

8
0

1
0

0

1
2

5

1
6

0

2
0

0

2
5

0

3
1

5

4
0

0

5
0

0

6
3

0

8
0

0

1
0

0
0

1
2

5
0

1
6

0
0

2
0

0
0

2
5

0
0

3
1

5
0

4
0

0
0

5
0

0
0

LZ
eq

[d
B

]

Frequency [Hz]

Sender Receiver



SOUND PERCEPTION IN LIGHTWEIGHT BUILDINGS 
 

42 

In order to choose the sample for the walking sound, samples were made of three people 

walking, both on socks and on shoes. The samples that showed the highest peak levels in the 

lower frequencies were chosen, since it is an impulse sound of which the peak levels give 

most information; in this case, the low frequencies. This led us to choose a sample of a man 

(m = 95 kg) on socks. The peak sound levels of the man walking were LA,F,max = 43.6 dB(A) 

at the source location and LA,F,max = 46.1 dB(A) at the receiver location in the heavyweight 

construction. In the lightweight condition the peak level was LA,F,max = 44.5 dB(A) at the send 

location and LA,F,max = 43 dB(A) at the receiver location. The spectra of the walking person 

are shown in Figure 8 and Figure 9. 

Figure 8 

Peak levels (LZ,F,max [dB]) of walking sound in the heavyweight condition 
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Figure 9 

Peak levels (LZ,F,max [dB]) of walking sound in the lightweight condition 
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When choosing the sample of moving chair, we chose the sample with the chair that 

caused the highest peak sound levels of the two chairs used. A picture of this wooden chair 

(m ≈ 6 kg) is given in Appendix C. The peak levels of the chair that was moved was around 

LA,F,max = 61.6 dB(A) in the heavyweight condition at source location and LA,F,max = 64.6 

dB(A),= in the lightweight condition. The peak levels were LA,F,max = 94.8 dB(A) at the 

receiver location in the heavyweight condition and LA,F,max = 96.4 dB(A) in the lightweight 

condition. The spectrum of the music sample is shown inFigure 10 and Figure 11. The sound 

sample for the footsteps took 22 sec for the stone condition and 25 seconds for the 

lightweight condition. For the chair, the sample took 29 seconds in all conditions. The 

duration of the music sample was 1 minute and 6 seconds. 

Figure 10 

Peak levels (LZ,F,max [dB]) of the moving chair in the heavyweight condition 
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Figure 11  

Peak levels (LZ,F,max [dB]) of the moving chair in the lightweight condition 
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Construction details. The floor of the heavyweight condition was made of hollow 

brick floors (Nehobo, Area Density = 175-220 kg/m2 (Walraven, Rots & Wijte, 2018)) with a 

sand cement screed (d ≈ 30 mm, Area density = 60 kg/m2 according to NRI) and a 

cantilevered ceiling with a gypsum screed (d = 12.5 mm, Area density = 10-12.6 kg/m2 (De 

Vree, n.d.-b). The DnT,A = 52 dB(A) for the floor of airborne sound that transmitted from the 

upper apartment to the living room in the apartment below. The LnT,A was 62 dB(A) for the 

floor for impact sound. The walls were pumice concrete blocks (bimsbeton, d = 120 mm, 

Area density = 300-800 kg/m2 (De Vree, n.d.-a)).  

The floors in the lightweight construction were Kerto Q screeds (d = 27 mm, ρ = 510 

kg/m3) on top of Kerto S wooden beams (d = 260 mm, ρ = 510 kg/m3 (Metsä Wood, 2019)) 

that had spacing of d = 0.45 meters between them. The single value of the airborne sound 

transmitting to the living room below was DnT,A = 52 dB(A) and for impact sound LnT,A = 

55 dB(A). The walls were made of prefab with gypsum boards and wooden joists. The 

spectrum of the two constructions is shown in Figure 12 and Figure 13. Figure 12 shows that 

for R’w (the reduction level for airborne sound) in the lightweight construction (orange), the 

sound insulation is similar in the frequencies between 125 Hz and 2000 Hz, but worse than 

the heavy construction (blue) in frequencies below 125 Hz and above 2000 Hz. The spectrum 

of the lightweight construction, as shown in Figure 13, also leaves higher levels for impact 

sound in the frequencies lower than 80 Hz, whereas the heavy construction seems to insulate 

increasingly more in the lower frequencies.  

Figure 12 

Sound reduction levels for airborne sound per one-third octave band for both construction 

types 
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Figure 13 

Impact sound pressure levels per one-third octave band for both construction types 

 

Filters with spectra. The participants experienced fifteen conditions with three 

sources. Each source was presented in a heavyweight construction and in a lightweight 
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the stone construction met class III of the Dutch Building Code (NEN 1070). The other four 

sounds the participant heard, was the recorded sample per source in the lightweight 

construction with four filters applied to the sample. To clarify, for the impact sound sources 

in the lightweight building, each sound met a class I, II, III and IV made for wooden, 

lightweight buildings (Blödt et al., 2019). In order to meet the class, a filter was applied to 

each sound sample. This filter was made by taking the following steps: 1) For airborne sound: 

the LAeq = 90 dB(A) of the music sample at send location was reduced to 75 dB(A), for 

impact sound: the sound insulation of the floor finishing for general purposes was added (see 

Appendix E for the used spectrum); 2) For both types of sound the difference between the 

measured floor and the fictive construction was subtracted from the recorded sample; 3) 

Moreover, the decibel level to meet the class was added or subtracted; 4) For the final step a 

fictive living room with made-up dimensions was used to have the heavyweight and 

lightweight samples be aligned with the same room acoustical parameters (R’w to DnT,A and 

L’n,w to LnT,A). The dimensions and characteristics of this fictive living room were: V2 = 50 

m3 (volume) T60 = 0.5 sec (reverberation time: the time it takes to have 60 dB decrease in a 

sound after it stopped) and the surface separating the rooms S2 = 19.2 m2. The fictive 

constructions that we used in the filters, differed in insulation values. For the impact sounds, 

three fictive constructions for the floor were used, a different one for each sample that would 

meet class I, II and IV. Class III for wood and stone construction are the construction that 

was present when recording the samples. A figure of the spectra is shown in Figure 14. For 

the airborne samples, a fictive construction was used for the samples that met class II (wall 

and floor), III (wall) and IV (floor). The spectra of the constructions that, in the end, met the 

representing class, can be seen in 

 

 

Figure 15. More information on the different spectra can be found in Appendix F.  
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Figure 14 

Construction spectra for impact sound per class with floor finishing 

 

 

 

 

Figure 15 
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Construction spectra for airborne sound per class 
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as well. In order to diminish the difference between background sound and no background 

sound, the beamer in the experience lab was kept on. This was done to add consistent noise 

and possibly mask the printing office sounds, when present. Post measurements of the sound 

in the experience lab show that the background sound at the participant’s location was around 

25 dB(A). As mentioned before, the background sound during the recordings was kept as low 

as possible.  

Sound levels during experiment. During the experiment the sound pressure levels 

have been measured. Prior to the experiment some samples have been used in order to match 

the expected sound pressure levels with the measured sound pressure level by adjusting the 

level of the speakers. The frequency range of the measured peak levels is 12.5 Hz to 20 kHz 

(but the speakers were able to compute from 20 Hz onwards), the other levels are computed 

with the sound levels of 25 Hz to 5 kHz. The values shown in Figure 16 show that the sound 

pressure levels of the measured sounds variate (darker tone) to some extent from the expected 

levels (lighter tone). The measured peak levels of the chair are quite similar to the expected 

values. The measured walking sounds deviate more from the expected values, in all 

conditions, but in the second condition the measured values are higher than the expected 

values. This could be because the measured values included the frequencies between 12.5 Hz 

- 25 Hz, in which the walking sound contains some energy, which could add to the overall 

loudness. The A-weighted equivalent levels for the music show more deviation in condition 

3, 4 and 5. This can be explained by the background sound present in the room: the expected 

level was lower than the measured background sound. Therefore, the measured sound cannot 

meet the expected level.  

The abbreviations behind the classes represent the reference of the class, the Dutch 

building norm NEN 1070 (NL) and the German book, specifically made for building with 

lightweight, wooden constructions: Schallschutz im Holzbau (DE) (Blödt et al., 2019). The 
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classes of the latter reference have stricter single-number values: for impact sound 

class IV (DE) would be class III in the NEN 1070.  

Figure 16 

The measured and expected values of the three sound source per conditions 
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that particular condition in order to play the next soundtrack. The participant had to judge the 

sound by filling in ten questions about the condition. The first nine questions were 7-point 

semantic differential scale questions to evaluate three dimensions based on Ma et al. (2018): 

Evaluation, Potency and Activity. Evaluation was determined by three items, but the 

participant had to judge if the sound was 1) noisier or quieter on a scale, 2) if the sound was 

more relaxed or tense, and 3) if the sound was more pleasant or unpleasant. The second 

dimension, Potency, was answered in the same way: the participant had to determine if the 

sound was either quieter or louder on a scale, but also light-heavy and weak-strong. The third 

dimension, Activity, was also answered with this semantic differential scale with the items: 

deep/metallic, high/low and sharp/dull. The Dutch translations of the words that were used in 

the experiment can be found in Appendix G. The last question was about the annoyance the 

participant felt, asked in a similar way as the ISO/TS 15666 with a 11-point rating scale (0 = 

no annoyance, 10 = extremely annoyed). The loop of each sample was repeated until 

participant indicated to the test leader that (s)he had completed the 10 questions. After fifteen 

experimental conditions, the participant filled in some final general and demographical 

questions. Finally, a debriefing and a small gadget were given. 

Data analysis  

The data consisted of demographical information, such as gender, age and whether the 

person was from the company. If the participant mentioned to be more advanced in acoustics, 

this was noted down too, resulting in a binary variable. Annoyance, Evaluation, Potency and 

Activity were the dependent variables in 11-point scale (annoyance) and 7-point scale (EPA). 

In addition, the source was added as a separate variable, where 1 was the chair as source, 2 

the footsteps and 3 the song.  
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Prior to the main analysis, the data were checked for outliers and the assumptions for 

each analysis were run. An outlier was defined as 4 times the interquartile range from the 

75% percentile and 25% percentile. If the participant that showed to have an outlier, but did 

not have other outliers, the data of the participant were not removed. To evaluate the three 

dimensions a Factor analysis run per condition to make the dimensions: Evaluation, Potency 

and Activity. Moreover, a repeated measures ANOVA was run on the data in long format, 

were the filter (5 conditions) and the impact sources (two conditions) were the repeated 

within-participant independent variables. For the airborne sound source, a pairwise 

comparisons test of means with equal variances and Tukey correction was run. Additional 

analyses were run, such as t-tests and more pairwise comparison tests, to see how the 

annoyance, Evaluation, Potency and Activity were affected by other factors. The effect of the 

sources was compared with each other.  

Results of the experiment  

Prior to the main analysis, several aspects of the results will be discussed first. For 

convenience to interpret the results, Table 2 gives insight in the condition and what source, 

class and filter was entailed.  

Table 2  

Condition information 

Condition Type of sound Source Class Filter 

1-2 Impact Chair-Walking NL: III 1 

3-4 Impact  Chair-Walking DE: IV 2 

5-6 Impact Chair-Walking DE: III 3 

7-8 Impact Chair-Walking DE: II 4 
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9-10 Impact Chair-Walking DE: I 5 

11 Airborne Music NL: III 1 

12 Airborne Music DE: IV, floor spectrum 2 

13 Airborne Music DE: III, floor spectrum 3 

14 Airborne Music DE: III, wall spectrum  

15 Airborne Music DE: II, wall spectrum  

 

Preparation 

For the data analysis, StataIC 16.1 was used. First, the data were checked for outliers. 

Outliers were defined as a value being more than 4 times the interquartile range from 25% or 

75% of the data. One outlier was detected, but was not removed, since the other data points of 

the participant were not outliers. 

Constructing the sound perception dimensions with their items. As mentioned 

before, the soundscape of people best described by the dimensions Evaluation, Potency and 

Activity. Each of these factors consists of three items, which the participant indicated with 

semantic differentiating questions. In order to make the dimension, a factor analysis was done 

for each dimension separately in each condition per sound source. The items, noisy and deep 

were reversed prior to the factor analysis. Since the dimensions have been shown to be a 

good fit to evaluate sound according to Ma et al. (2018), the items were combined to each 

dimension in the same way they did.  

Difference in sound perception per condition. All the dimensions were checked for 

normality with the Shapiro-Wilk test, Skewness and Kurtosis test and eyeballing: all 

variables were normally distributed.  
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The effect of sound insulation on sound perception of impact sources 

In order to find out whether there is a difference in sound perception for each filter 

and impact sound source, a two-way repeated measures ANOVA was planned. This test was 

run with the impact sound sources on each sound perception dimension in a separate model. 

Airborne and impact sound were separately analyzed, because the filters resembled the same 

construction for the impact sounds, but also because the impact sources had most energy in 

the low frequencies.  

After the data were transformed to a long format, the assumptions were checked. 

These included normality of the variables, no sphericity in the model and whether the 

observations were independent of each other. The Shapiro-Wilk test with Bonferroni 

correction and if necessary a box plot, showed that all variables were normally distributed. 

Sphericity of the two-way repeated measures ANOVA was not violated in the analyses (p < 

.001).  

Noise annoyance by impact sounds. The model in which filters and source were 

used as repeated variables to predict NA, showed a good fit, R2 = .90, η2 = .86. The effect of 

the participant, filter, source and the interaction between the filter and the source were all 

statistically significant (Fparticipant (255, 41) = 10.84, pparticipant < .001, η2
participant = .73; 

Ffilter (255, 4) = 47.85, pfilter < .001, η2
filter = .54; Fsource(255, 1) = 47.85, psource < .001, η2

source = 

.72; Ffilter*source (255, 8) = 9.15, pfilter*source < .001, η2
filter*source = .18). The participants appeared 

to explain the largest variance in annoyance, followed by the source and the filter. The 

interaction effect between the filter and the source was statistically significant, thus the effect 

of the filter differs per source. The chair has a statistically significantly higher NA overall 

than walking sounds (p < .001) as shown by a pairwise comparison test with equal means and 

Tukey correction. This effect is also suggested in Figure 17, below. The chair is significantly 
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the most annoying in the second condition (p = .045 compared to class III (NL)), which is the 

wooden construction with class IV. This is not the case for walking: walking shows to be 

most annoying in the stone condition with approximately the same class. However, the 

annoyance in the heavyweight condition is not statistically significantly different from class 

IV (DE) and class III (DE) condition.  

Figure 17 

Means of noise annoyance with each filter for both impact sources with error bars 

 

The Evaluation by impact sounds. The model for Evaluation also shows a good fit 

of the data: R2 = .86, η2 = .83. Again, all the variables seem to have an effect on the 
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Figure 18 shows that the Evaluation values for the chair are, again, significantly higher than 
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walking sounds. Furthermore, the values for walking sound seem to decline, the higher the 

condition. However, the conditions between themselves only differ statistically significantly 

from each other in the case of class III (DE) - class III (NL) (t = -3.36, p = .008), class II 

(DE) - class III (NL) (t = -2.88, p = .035), class I (DE) - class III (NL) (t = -4.88, p < .001), 

and class I (DE) - class IV (DE) (t = -3.93, p = .001).  

Figure 18 

Means of evaluation with each filter for the impact sources chair and walking with error bars 

 

Potency by impact sounds. The model for Potency as a dimension also shows a good 

fit, R2 = .89, η2 = .88. In this case the participant, the filter, the source and its interaction 

effect seem to have an effect on the Potency (Fparticipant (255, 41) = 6.72, pparticipant < .001, 

η2
participant = .63; Ffilter (255, 4) = 162.07, pfilter < .001, η2

filter = .58; Fsource (255, 1) = 221.40, 

psource < .001, η2
source = .84; Ffilter*source (255, 8) = 6.04, pfilter*source < .001, η2

filter*source = .13). 

The variance is mostly explained by the type of source, followed by the participant and then 

the filter. Also, in this case, the chair as sound source shows statistically significantly larger 

values than the walking sounds (p < .001), as suggested in Figure 19. Moreover, the patterns 
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of the graphs are the same: declining values for the walking sounds over the conditions, while 

the chair has the highest values in the lightweight class IV condition.  

Figure 19 

Means of potency over each filter for the impact sources with error bars 

 

Activity by the impact sounds. Finally, the model for Activity will be discussed. The 

model also shows a good fit, R2 = .88 η2 = .80. Again, all the variables have a statistically 

significant effect on Activity (Fparticipant (255, 41) = 3.67, pparticipant < .001, η2
participant = .48; 

Ffilter (255, 4) = 34.12, pfilter < .001, η2
filter = .45; Fsource (255, 2) = 124.11, psource < .001, η2

source 

= .75; Ffilter*source (255, 8) = 48.82, pfilter*source < .001, η2
filter*source = .54). As seen before, the 

largest variance is explained by the type of source. The interaction effect between filter and 

source explains a larger part of the data, as compared to filter and participant. InFigure 20, 

below, a different pattern than in the previous cases is shown. Different than in the previous 

models, the values of the walking sounds are higher than those of the moving chair. The 

lightweight condition with class IV, now almost has the lowest values of the chair. Also, the 

there is no declining effect of values for the walking sounds over the filters anymore. The 
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third condition (class III (DE)), shows very low values for the chair as sound source, while 

the walking sound is three times larger.  

Figure 20 

Means of activity over the filters for the impact sources chair and walking with error bars 

 

The effect of sound insulation on sound perception of the airborne sound 

Since the filters of the airborne sound are not similar to the impact sound, music was 

analyzed separately. A pairwise comparisons tests of means with equal variances and Tukey 

correction was done for each dependent variable. Evaluation, Potency and annoyance (see 

 

Figure 21) differed mostly between conditions, whereas Activity showed not to differ 

a lot between conditions. The conditions with class III did not seem to differ in soundscape 

and annoyance. The strongest contrast was between condition class III (NL) and class (II) in 

all cases. 
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Figure 21 

Means of annoyance of music in each condition with error bars 

  

Activity is rated differently than the other dimensions, as shown in Figure 22. Here, 

the fifth condition shows the highest values for Activity, Potency and Evaluation. Despite the 

smaller differences between the conditions, a pairwise comparison test with Tukey correction 

showed that there are still statistically significant differences. Nevertheless, there is no 

statistically significant difference between the conditions with the same class (III): p = .32.  

As also seen in the sound perception of impact sound sources, Evaluation and Potency 

show a different pattern than Activity, as can be seen in Figure 22. The means of annoyance, 

Evaluation and Potency get smaller, when the single number sound insulation gets better. The 

better this value, also means that the overall sound level gets louder (class III (DE) floor and 

class III (DE) wall are roughly the same loudness), since the conditions meet the different 

classes. For all sound perception dimensions, there was no statistically significant difference 

between the conditions with the same class: class III for floor and for wall (pActivity = .32, 

pPotency = 0.37, pEvaluation = 0.55, pAnnoyance = 0.98). Class IV (DE) had a calculated sound level 

0

1

2

3

4

5

6

7

8

9

10

Class III (NL)
floor

Class IV (DE)
floor

Class III (DE)
floor

Class III (DE)
wall

Class II (DE) wall

M
ea

n
s 

o
f 

an
n

o
ya

n
ce

Conditions



SOUND PERCEPTION IN LIGHTWEIGHT BUILDINGS 
 

62 

of 27 dB(A), seems to have higher levels for Activity than class III (DE) wall (LAeq = 22 

dB(A)), but this effect was not statistically significant.  

Figure 22 

Sound perception dimensions of music in the conditions with error bars 

 

Discussion of the second study 

In this second study, the effect of common everyday sounds in different constructions 

on sound perception and annoyance were studied. All participants heard the same sound 

samples in a random order. By filling in a questionnaire with ten questions when listening to 

the sound samples, the sound perception was measured. The spectra of the airborne and 

impact sound sources that were used, were presented in the method. The analyses showed 

that participants evaluate the sound differently with different constructions and different 

sound sources. Overall, the chair was the most annoying sound source, whereas the walking 

sounds scored highest on Activity.  
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The effect of the conditions and source on sound perception and noise annoyance 

Evaluation. For the impact sources the loudness decreases, the higher the class. 

Evaluation showed to decrease, the higher the class for impact sources as well. This means 

that the sounds get judged as being more relaxed, pleasant and tranquil, the higher the class. 

This is in line with the decrease in annoyance which is also shown for the impact sources. 

The walking sounds tend to get more pleasant, relaxed and tranquil, the better the class, 

except for class III (DE) and II (DE). This could be explained by the fact that class III (DE) 

has a dip in the sound insulation of 80 Hz and class II (DE) in the 63 Hz one-third octave 

band. For the chair we saw that in the approximate same class (class III (NL) and class IV 

(DE)), there is a large difference in Evaluation: the sound of the chair is evaluated as more 

unpleasant and noisier in case of the lightweight construction. The moving chair sample was 

not judged differently in the first class compared to the second class, and also the walking 

sound was not judged differently in the highest three classes (I-III (DE)). This shows the 

difference in judgment of the sound sources and the possible effect of the spectrum on the 

sound.  

The airborne source, music was judged more pleasant, relaxed and tranquil, the lower 

the single number value, even though the third class was used three times (heavyweight, 

lightweight floor and lightweight wall sound insulation). The Evaluation of the sound in floor 

and wall spectrum did not differ statistically significantly, but they both differed from the 

other class III condition, the heavyweight condition. This suggests that the perceived 

loudness is related to the general judgment of the sound, but that a small difference within the 

same class can already have an effect on the judgment. Overall, this shows us that the 

spectrum of the construction can affect Evaluation in such a way, that a better class does not 

necessarily improve the judgment of the sound if the difference in overall loudness is too 

small.  
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Potency. The lightweight construction shows lower values for all dimensions and 

annoyance compared to the heavyweight condition for music and walking sounds. The 

measured sound pressure levels from the experiment show that the loudness of the walking 

sound in the lightweight condition (IV) is, however, higher than the heavyweight condition. 

This condition, class IV (DE), shows higher loudness and has an overall higher expected 

loudness, since the single number value is larger due to the condition. The measured loudness 

is not in line with the expected loudness for the condition with class II (DE) for the walking 

sound. This can be explained by the fact that the sound insulation of the construction with 

class II (DE) is relatively bad in the lower frequencies (< 125 Hz). This is the frequency 

range in which is the walking sound shows most energy. This effect is not in line with the 

hypothesis, that Potency will decrease for a higher class.  

For music, the loudness levels do not variate that much; the lightweight and 

heavyweight condition differ 2 dB. This effect relates to the hypothesis: Potency will 

decrease the larger the class. The measured levels during the experiment show that the 

loudness did not decrease the higher the class. This can be explained by the fact that the 

background levels were higher than the loudness of the sample. Nevertheless, the participants 

did experience the sound to have less loudness in the higher class. This could show that 

participants can separate the background sound level from the sound signal to some extent.  

For the chair as a sound source, the levels of the dimensions were not lower for the 

lightweight condition than those of the heavyweight condition. The chair showed to have 

high energy in all frequency bands, which is difficult to insulate against. The measured 

loudness (range 12.5 – 20 kHz) shows that the effects of this source are in line with the 

hypothesis that Potency decreases with a higher class. 
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Activity. This dimension has shown to be differently affected by the sound sources 

than Evaluation or Potency of sound perception. All lightweight conditions showed high 

levels of Activity for walking: meaning that the sound was judged as deeper, lower and duller 

than the walking sound in the heavyweight condition. As mentioned before, people use pitch 

in order to say something about the frequency of a sound, indicated by using higher/lower or 

metallic/deeper. This suggests that there are more lower frequencies hearable in the 

lightweight condition, since this dimension relates to the spectral and temporal information of 

the sound. Nevertheless, for the chair as sound source, this effect is not visible. The chair is 

judged as high, metallic and sharp in the lightweight condition where the class is III (DE), but 

the opposite holds for class II (DE). This could be explained by the sound insulation spectrum 

of the construction used to make the filter, since the sound insulation in class II is relatively 

bad in the frequencies lower than 80 Hz. Class III (DE) is quite equally insulated but 

relatively better insulated around 2000 Hz. The spectrum of class II is well insulated round 

800 Hz, but worse around 63 Hz and 2000 Hz. Overall, the second class does not damp the 

low frequencies very well, where the third class does not insulate frequencies below 400 Hz 

well. This could make the difference in judgment of Activity of the sound. The difference in 

judgement of the sources relates to the statistically significant interaction effect between the 

condition and the source. This can be explained by spectrum of sound insulation and the 

energy distribution of the sound source. In the method the graphs with the SPLs of sender and 

receiver on the spectrum are shown. These graphs show the interaction effect of the source 

and the construction type: the effect of the sound insulation of the construction differs per 

source.  

Airborne sound showed less variance in Activity over the conditions than with 

Evaluation and Potency. The conditions for the music sample only differed statistically 

significantly from each other when comparing class III (NL) with class III (DE, wall) and 
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class II (DE, wall). This suggest that the airborne sound samples were difficult to distinguish 

from each other in temporal and spectral information. Nevertheless, what is interesting to see 

is that the same class with a different spectrum was judged differently: the sound in the 

spectrum for the wall was judged to be lower, duller and deeper, which can be explained by 

the fact that the sound insulation of the wall is better in the frequencies above 500 Hz. This 

means that the sound lower than 500 Hz is better heard in that condition, which can explain 

the judgment in Activity.  

Noise annoyance. As mentioned before, the sample with the moving chair was rated 

as the most annoying sound source in all conditions. Most annoying was the sample of the 

moving chair in the condition of class III (DE), which also happens to be the condition with 

the highest sound pressure level (expected and measured). The chair as sound source is rated 

equally annoying in class I and II. This indicates that a higher class, or less loudness does not 

affect NA anymore at a certain point. This is not the case for the walking sound and for 

music: these are the least annoying in class I. The pattern of annoyance is the very similar to 

the pattern of Potency in all sound sources. This could indicate that people judge the 

annoyance by the magnitude of the sound. In another study it was found that, as they 

expected, annoyance of a sound is mostly determined by the loudness of the sound and not by 

the spectral and temporal information (Skagerstrand, Köbler & Stenfelt, 2017). This is in line 

with the findings of this study: the annoyance of a sound seems to be closely related to the 

magnitude of the sound, but also the general judgment of the sound. The patterns of Potency, 

Evaluation and Annoyance have shown to be relatively equal. The spectral and temporal 

information, that is evaluated with the dimension, Activity, shows very different patterns than 

annoyance.  
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Influence of low-frequency sounds on soundscape  

The research subquestion to be answered with this study was: “How does the 

soundscape influence the perception of low-frequency sounds in a living room environment 

of lightweight buildings?” We noticed that there is a difference in the type of low-frequency 

sounds. However, in both cases, a better class would show less annoyance, which is related to 

a smaller magnitude of the sound and a more positive judgment. This does not hold for 

Activity: this dimension relates to the spectral and temporal information. This information 

showed to differ across the sound sources and the sound insulation and not with the sound 

pressure level. This shows that not only loudness is used in the way to describe sound, as 

expected. Nevertheless, the annoyance shows to be mostly related to the perceived loudness 

of the sound and the general evaluation of the sound.  

Despite the fact that music showed not to be a low-frequency sound source, in 

hindsight, we see that the dimensions (apart from Activity) affected by walking and music 

were quite equally judged.  

Addition to previous research 

In a previous study, NA was tested with the ISO/TS 15666 NA scale for each 

condition that was based on difference sound insulations (Vos, Milo & Hornikx, 2021). That 

study also showed less annoyance for lower loudness levels, which was the case for both 

types of annoyance scales: the 11-point scale and the 5-point scale. The current study adds to 

this with the other sound perception measures than solely looking at NA. As the study of Vos 

et al. (2021) suggests, the method can be applied in consultancy companies. This is also the 

case for this study: other sound sources can be used with filters of other construction types in 

order to find out what people think of the proposed construction types. The experience lab in 

Harderwijk has proven to be a suitable way to test sound perception. This was, because many 
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participants mentioned that they thought the sound was very realistic, but also since the 

instruments available in the experience lab can produce sounds in a large frequency range 

(starting at 20 Hz). Furthermore, the visuals were also in line with the context that was 

supposed to be created. This was shown by the fact that the participants indicated that the 

experience lab, that was redecorated into a living room, felt more like a living room than a 

laboratory environment (M = 2.43, SD = 1.29, n = 42, answered with 7-point semantic 

differential scale from living room to laboratory). This suggests that the multisensory 

approach of doing sound research, was successfully applied. While virtual reality technology 

can also be used to do this kind of research, the experiment done in this way had no risks of 

discomfort and no breaks were required during the experiment.  

Limitations 

There are several limitations to this study. First of all, a mistake was made during the 

calculation of the filters: the dimensions of the room for the concrete condition were 

incorrect. This led to the calculated sound being 3 dB higher than it should be for the music 

sample in class III (NL). Nevertheless, the measured sound level showed that the sound only 

differed with 2 dB during the experiment. This can still explain the larger values for 

annoyance and Potency in class III (NL), since the sound was indeed louder. And, as just 

explained, people relate annoyance to the magnitude of the sound (Skagerstrand et al., 2017).  

 The other limitation of this study is that both the class, thus sound level, and the 

spectrum were different in all conditions. In this research it was decided to focus on the 

classes based on the Schallschutz im Holzbau and create filters from realistic sound 

insulations. The focus was, therefore, on choosing the appropriate constructions with a 

specific sound insulation per class, in order to have a realistic approach. This is, because in 

reality the sound insulation cannot be shifted linearly to a higher class. Only in the airborne 
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sound condition, there were three conditions with the same (approximate) class (III). This 

fundamental approach limits the ability to make conclusions on their effect on sound 

perception and annoyance separately. Future research should focus on manipulating only one 

aspect, in order to draw conclusions on its effect.  

Another limitation of the study that is an assumption in the two-way repeated 

measures ANOVA, is the fact that some observations are somewhat related to each other. The 

participants were recruited via the company and via the experimenter. It might have been the 

case that participants decided to join the experiment together, since they could make use of 

the office space together to collaborate. However, the experimenter did not know about this 

with certainty. The disadvantage to this is the fact that the sample of participants used in this 

study might not represent the whole population, since they belong to a subgroup (the 

company). Luckily, there were sixteen out of the 42 participants that were not from the 

company, and the company is very large and has a broad area of expertise. 

 During the experiment, the machines for the press that were located in the same 

building were active during some of the experiments. These noises were audible in the 

experience lab and could have affected the results, as measured background level is higher 

than the calculated sound level of music in class II (DE). Since the difference was so small 

between these sounds, some participants also mentioned that they could not hear the sound. 

This makes the interpretation of class II (DE) more difficult, since it is unclear whether the 

participant heard the music sound or not. In order to diminish the difference in background 

sound for when the press is active versus when the machines were inactive, the beamer in the 

experience lab was turned on. This added sound to the environment; overall, the background 

sound without the press is 23 dB(A). This value is a normal background sound level, as 

mentioned in other reports of the company, NRI. Future research should include a more 

representative background sound during the experiments, but also reduce the background 
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levels in the audio samples themselves. It would be better to control the sound and the 

background sound to make sure that the participant can judge the whole soundscape safely, 

where only the impact and airborne sound are manipulated.  

 Moreover, despite the realistic sounds, the decision was made to play each soundtrack 

on repeat, in order for the participant to hear the sound better, make sure they do not have to 

communicate more with the experimenter. This takes away some of the representativeness, 

since the sound is more frequently played than what occurs in reality. This topic deserves 

further research, as it is a consideration between annoyance and how often / how long the 

source is present. In the Cost TU0901 (2014), the most common sound sources are mentioned 

and then rated on annoyance level, which include walking and music, but does not include 

the moving of a chair. The company, NRI, had shown that moving a chair on the floor 

upstairs, can cause high annoyances. However, walking sounds are more common than the 

sound of moving a chair. More research is necessary to state whether more common sounds 

will show a higher general noise annoyance than very annoying, but not very common 

sounds.  

 Furthermore, the calculated sound levels did not completely align with the measured 

levels. For the chair and walking sounds, it is difficult to align the maximum values of the 

sounds, which can explain the large differences for the walking sounds. For moving the chair 

and music, the conditions that were calculated to be louder, were indeed louder. Nevertheless, 

the music samples were louder in the conditions of class III (DE, floor and wall) and class 

(DE). It could be explained by the additional background sound that was present in the 

experience lab. Future research should make sure to adjust the levels in such a way that the 

calculated levels are aligned with the levels in situ.  
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 Furthermore, some participants mentioned to have more experience than laymen in 

acoustics. This was noted and later checked whether their interpretation differed from 

laymen, but no it did not. Four two-sample t-tests showed no statistically significant 

difference between laymen and experts in sound perception and annoyance (pevaluation = .80 

ppotency = .33, pactivity = .49, pannoyance = .84).  

 Finally, another limitation is that the dimensions used in this experiment have been 

used in only outdoor environments in previous studies (Ma et al., 2018). Using these 

dimensions in a controlled experiment with only a few sounds, is a new research area. 

However, the results allow to gain insight in the sound perception of the conditions. 
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Discussion of the two studies combined 

 In this thesis two studies have been reported, a field survey and a listening 

experiment. Even though different aspects have been treated in both studies, there are a 

couple of similarities between the studies that will now be discussed.  

 In both studies the 11-point ISO/TS 15666 scale to measure annoyance is used. Even 

though not all the same sources were used in both studies, the NA of walking and music can 

be compared. The average annoyance of those two sounds was almost a factor three higher in 

the experiment compared to the questionnaire. As can be seen, the average annoyance is 

much higher in the experiment. One reason for this could be that in the experiment, the 

participants were asked to focus on the sounds they heard, while in the questionnaire the 

question was broader. In the questionnaire the participants were asked whether the source 

was applicable to them and to what extent it was annoying, while other sources were asked 

too. Another reason for this difference in NA is that none of the participants had neighbors 

living upstairs, while the experiment was designed to focus on neighbors upstairs. This would 

be a reason for lower loudness levels in the conditions of the questionnaire, because the most 

loudness of impact sound source is perceivable in the floor below. Nevertheless, the larger 

NA values are also found in the study of Liebl et al. (2014), also with a factor of almost three, 

even though they conclude it does not differ. Moreover, this difference can be explained by 

the signal-to-noise ratio. In the experiment the sound was manipulated and apart from the 

sound of the press machines and the beamer, there was almost no background sound. 

Therefore, the signal was easy to distinguish. However, in a realistic living room 

environment, it is more likely to have more background sounds that decrease the signal-to-

noise ratio. The signal-to-noise ratio should be investigated in future research.  
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 Moreover, both studies showed that the type of source differently affects participants’ 

NA in the types of constructions. The chair showed to be more annoying in the lightweight 

condition than the heavyweight condition with approximately the same class. Music also 

showed to be more annoying in the lightweight condition, but only for music played by 

cohabitants. This could be the case because the sound insulation in a dwelling itself is most 

likely worse than the sound insulation between neighbors. The loudness of the music sound 

is, therefore, likely to be higher. This effect does suggest that the sound insulation in 

lightweight buildings deserves more attention, since there was only little NA for the 

heavyweight condition. Music did not show to be more annoying in the experiment, possibly 

because the loudness of the concrete condition was too high (2 dB too high) due to a mistake. 

Moreover, the experiment did not include the effect of cohabitants and neighbors on NA, 

which showed an interaction effect in the questionnaire. The walking sound, however, did not 

show a difference in NA in the experiment, as was the case in the questionnaire.  

 The questionnaire gave an idea of the context of certain sound sources and the 

annoyance that comes with it, and the experiment gave more insight in the effect of classes 

and sound insulation on sound perception. This is how these studies complement each other; 

they give an idea about the complete picture of sound perception of low-frequency sounds 

that occur at home. Together they enable answering the research question: “What is the 

relation between sound insulation for airborne and impact sound and human sound perception 

in lightweight buildings and what parameters are included?” A better class of the lightweight 

construction shows a less NA of the airborne and impact sound, which is also related to the 

magnitude of the sound. The experiment showed that the NA and general judgment of the 

sound is related to the perceived loudness of the sound and not with the spectral and temporal 

information of the sound. Nevertheless, Activity shows that people are well able to judge the 

combination of the spectral information of the sound insulation and the spectrum of the 
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source: within the impact sounds there was a large difference in the judgment of Activity in 

different conditions. There is no difference in walking sounds between lightweight and 

heavyweight buildings according to the questionnaire and the experiment. For the airborne 

sound, there were no significant differences in consecutive classes of lightweight 

constructions. This could be improved by having more participants in order to have more 

power in the analysis. However, the music sound is more positively evaluated in the higher 

classes, as the perceived magnitude also goes down. In both studies there was a difference in 

the annoyance of the music between lightweight and heavyweight. However, in the 

experiment there was no statistically significant difference in the Evaluation of the two 

constructions. To answer the second part of the research question: the parameters that are 

showed to affect annoyance, were mostly personal as compared to environmental. People that 

largely thought that noise pollution was a causation of other factors, showed to have more 

annoyance, but this was only the case for walking as sound source. Also, only true for 

walking as a sound source was the fact that a better relationship with the neighbors would 

decrease the NA. Furthermore, people that worked at home in their living room, were more 

annoyed by walking sounds.  

Limitations 

  In the experiment the airborne sound source showed less energy in the lower 

frequencies than first anticipated. This false judgment of the experimenter showed that the 

participants could also have misjudged the extent of low frequencies in the music, despite the 

mentioning of bass. This takes away some strength of the conclusions on low-frequency 

airborne sounds in the study of the experiment, however, the results of the experiment are in 

line with the theory that NA is based on perceived loudness. This suggests that NA is 

independent of the frequency spectrum. More research on airborne sounds that contain more 

low frequencies is necessary in order to state with certainty what the effect of the sound 
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insulation and low frequencies is on airborne sound. Nevertheless, the questionnaire showed 

more NA in lightweight construction type, which is expected from bass sounds in 

lightweight. 

 Moreover, both studies are limited to some extent, since in both studies a translated 

version was used. The questionnaires were originally in English (expect for the NoiseQ 

questionnaire) and translated to Dutch with the help of four-six reviewers. Nevertheless, 

some meaning could have been lost in the translation. The translation also could have 

increased the difficulty of the questionnaire, since the focus was on translating instead of 

making the questionnaire simple.  

Furthermore, in both studies the participant indicated not to have hearing deficiencies. 

However, it could still be that the participants hear less than others on average. This is very 

likely the case, due to age-related hearing loss. Due to the increased stiffness of the hair cells, 

the higher frequencies are affected with age. This common phenomenon is, therefore, not of 

large effect on this study, since the effect of low frequencies were mostly of interest in this 

study. Further research should therefore include age as a predictor variable in their analyses. 

This should be done in order to determine if hearing deficiencies can be seen as noise in the 

data or as a confounding variable. Including this variable can add to the internal validity of 

the study.  

Future research 

In the first study, only the effect of several personal and environmental factors on NA 

was looked into, which does not describe the whole soundscape. The second study used ways 

to describe the whole soundscape. Combining the affecting parameters and the 

psychoacoustical parameters in one study would help to make conclusions of the whole 

soundscape. In addition to this, the model of walking sounds showed to have omitted 
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variables: there might be other factors that explain the variance of the annoyance of walking 

that were not included in the analysis. This should be looked into in further research, since 

there might be other parameters that have not been discussed in this research. A suggestion 

for a parameter to include is the extent of control the people can have on the sound source 

and feelings of privacy (NEN 1070). Another suggestion is by Guski (1999); he suggest that 

the fear that the source of a sound can harm can also be a moderating effect on NA.  

As mentioned in the discussion of the experiment, both the class and the spectrum of 

the construction were changed in the conditions. When making conclusions it could well be 

about the class or the construction. Further research is necessary to find out whether the slight 

difference in the spectrum of the same class has an effect on sound perception. A laboratory 

experiment could give insight in this phenomenon in a similar way this study was done.  

Future research should also focus on the extent of annoyance which is supposed to be 

acceptable. In the NEN 1070, the extent of annoyed people is mentioned with each class, 

whereas this study showed the extent of annoyance. According to Broner (2010) the Dutch 

criteria do not consider acceptability of a sound. Future research should not only include the 

annoyance, but also focus on finding the threshold of acceptability of a sound.  

In order to link the sound perception to the classes in a better way, future research 

should focus on the aspects of the classes stated in the norms. In this study, the soundscape 

was measured, but the practical information to link back to the NEN 1070 is lacking. The 

conclusions that can be given, can be stronger if this information was available.  
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Conclusion 

This thesis helped to get insight in the sound perception and affecting parameters in 

low-frequency airborne and impact sound sources that occur at home. A distinction between 

lightweight and heavyweight constructions was made, since the companies NRI, Ingenii 

Bouwinnovatie and Het GeluidBuro wanted to know about the difference in sound perception 

between those construction types. It was expected that the norms that are designed for 

commonly built constructions, thus heavyweight, would not suffice for lightweight 

constructions. This study shows that the NA of sound source is mostly related to the loudness 

of a sound, which was calculated with low-frequency levels included. The perceived loudness 

is in line with the calculated loudness, that include frequencies from 20 Hz onwards. This 

suggests that including the frequencies below 100 Hz is necessary in order to say something 

about the sound insulation. Further research should focus on determining where the range 

should start. This renewed range for the norm would be applicable on heavyweight 

constructions as well. However, as explained before, heavyweight constructions insulate 

better in the lower frequencies, therefore the necessity for the renewed range is only for 

lightweight constructions. Another option would be to use the classes based on Schallschutz 

im Holzbau (Rabold, n.d.). This is, because when we assume that class III in the Dutch 

standards is acceptable, we can conclude that it is necessary to aim for at least the third class 

from Schallschutz im Holzbau for impact sound sources. Future research should include the 

perceived loudness, spectral and temporal information of a sound, since these are used in 

sound perception, and showed to differ across sound sources. 

This multidisciplinary study has been a new approach to combine the technical 

aspects of sounds and sound insulation with sound perception and nonauditory parameters. 

The higher the class of sound insulation according to the German class for lightweight 

constructions, the better the sound was evaluated. The study also suggests that there are 
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indeed personal and environmental factors that affect the NA of sources. Different sound 

sources showed different perceptions and affecting parameters, which should be investigated 

further. All in all, we can conclude that lightweight construction buildings are an appropriate 

type of construction but should meet standards that are appropriate for this type of building. 

The new standards should be tested in order to state whether lightweight constructions should 

be adjusted to meet the new norms. Moreover, it is worthwhile to invest in more research on 

the personal and environmental factors, because this has shown to have an effect on NA. It 

might be interesting for NRI to focus on improving personal and environmental factors, 

besides perceived loudness, in order to decrease NA. This then, might reduce the costs, and, it 

would add to their message: creating a safe, comfortable and sustainable environment. 
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Appendix A 

Floor plan of the experience room with speaker information  
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Appendix B 

Settings of the Alto professional Über FX portable speaker used for the simulations  
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Appendix C 

Photo of the wooden chair used in the simulations  
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Appendix D 

Results from own measurements according to the norm with NRI  

Heavyweight construction.  
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Lightweight construction. 
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Appendix E 

Floor finishing Unifloor spectrum (“Redupax | Unifloor B.V.,” n.d.).  
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Appendix F 

The spectra for the constructions used in the filters retrieved via NRI.  

Impact sound class I (DE) 
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Impact sound class II (DE) 
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Impact sound class IV  
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Airborne sound class II (wall) 
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Airborne sound class III (wall) 

 

 



SOUND PERCEPTION IN LIGHTWEIGHT BUILDINGS 
 

101 

Airborne sound class IV (floor) 
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Appendix G 

Translation of the items in Dutch 

Evaluation:  

Noisy – quiet    Rumoerig – rustig 

Relaxed – tense   Ontspannen – gespannen 

Pleasant – unpleasant   Prettig – onprettig 

Potency:  

Quiet – loud    Stil – luid 

Light – heavy    Licht – zwaar 

Weak – strong   Zwak - sterk 

Activity: 

Deep – metallic  Diep – blikkerig 

High – low   Hoog – laag 

Sharp – dull    Scherp – dof 
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Appendix H 

The Questionnaire except for the informed consent and the debriefing 
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Part 2 
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Part 3 
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Part 4 
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