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SUMMARY 

This project investigated the correlation between measured impact sound insulation and 

perceived walking sound annoyance in schools. The correlation was tested by performing 

standardized impact sound insulation measurements for different floor structures and 

comparing the measurement results with subjective perception of recorded walking for the 

same floor structures. Subjective perception of walking sound was evaluated by performing 

listening tests based on the recorded walking sounds. Five structures were tested, four 

different CLT structures and one concrete structure. The objective was to determine the 

significance of the frequencies below 100 Hz for perceived walking sound annoyance and to 

investigate whether the inclusion of frequencies below 100 Hz in the evaluation of impact 

sound insulation would improv the correlation between measured and perceived impact 

sound. The results from the listening tests showed that the rated walking sound annoyance for 

the structures did not correlate to the structures’ measured impact sound insulation. For 

example, the structure with the worst impact sound insulation was not rated the worst from 

the listening tests. Improvements to the correlation between measured and perceived impact 

sound were seen when the impact sound insulation was evaluated from 25 Hz, but the 

correlation was still not fully satisfactory.  
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1. INTRODUTION 

Buildings constructed with wood is becoming more common due to the material’s climate 

neutrality and the advances made in product development and wood technology. Partly due to 

the lower density of wood, wooden buildings risk acoustic problems. A common acoustic 

problem in wooden buildings is sound generated from walking or chair scrapes, so-called 

impact sound. Impact induced noise like footsteps are most severe at low frequencies in 

wooden buildings, and is the main cause of complaints from residents as it occurs frequently 

and is perceived as annoying. Heavy structures of concrete rarely experience the same 

problems regarding low frequencies as wooden structures. The reason is that the weight (mass 

per unit area) is an important parameter for sound insulation properties, especially for lower 

frequencies, in general 20-200 Hz (Forssén et al., 2008). 

 

Sustainable living environments are crucial for the occupants’ comfort and acoustics are a 

very important environmental factor. Poor acoustics have been proven to have a negative 

effects on human health and ability to concentrate (Folkhälsomyndigheten, 2019), hence why 

good acoustic design and buildings techniques are necessary. 

1.1. Background and problem description 

To ensure sufficient acoustic performance in Swedish buildings, regulations have been 

established by Boverket (2020). These regulations refer to sound requirements published in 

Boverkets byggregler (BBR), consisting of single number quantities (SNQ) that must be 

fulfilled for various acoustic parameters such as impact sound insulation, airborne sound 

insulation, reverberation time, among others.  

 

Even if the impact sound requirements according to BBR is met in wooden buildings, 

annoyance from impact sound can still be perceived. Research at Luleå university of 

technology has shown that this is true for dwellings. The perceived annoyance is explained by 

poor impact sound insulation in the frequencies below 50 Hz, which is the lowest frequency 

included in evaluation of impact sound insulation in dwellings today according to standard.  

 

Öqvist et al. (2017) researched the correlation between measured and perceived impact sound 

by evaluating recordings of walking sound on a concrete floor and a wooden floor in listening 

tests. The objective was to verify whether frequencies below 50 Hz were important for 

perceived walking sound annoyance in dwellings, and to find which single number quantity 

correlates best with the perception. It was concluded after the listening tests that there is a 

need to consider frequencies below 50 Hz for wooden structures, and that a single number 

quantity that extended the evaluated frequency range down to 20 Hz improved correlation 

with the perception. For concrete structures, a perceptible annoyance difference could be 

detected down to 40 Hz when barefoot, but when shoes are worn, evaluation from 100 Hz is 

enough.    

 

Impact sounds from walking and chair scrapes are very prevalent in schools. Schools are a 

place for learning and activity and it requires an environment that benefits that, both for 

students and staff who uses the building. Today's measurement standard refers only from 100 

Hz for schools when evaluating impact sound insulation. It is known that annoyance can 
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occur due to high impact sound levels below 50-100 Hz, which is why research is needed 

regarding the subjective perception of impact sound in schools build with different materials. 

 

There has been an increased occurrence of schools build with cross-laminated timber (CLT). 

Massive wood structures of CLT are heavier than traditional frame structures and may 

therefor show better acoustic performance in the lower frequencies. However, CLT structures 

are very light compared to structures of concrete, about six times lighter. To improv some of 

the unfavorable properties of CLT structures, different hybrid solutions that consists of a 

number materials are built. An example are CLT structures with thin plates of concrete on top 

(Forssén et al., 2008).  

 

In this project, four different CLT-floors were compared with a reference floor of concrete in 

terms of measured impact sound level from 25 Hz. Measured impact sound level was 

compared with subjective perception of recorded walking on each floor structure. Listening 

tests based on the recorded sounds were performed and the methodology for the tests was 

already developed and resources were available at Luleå university of technology. 

1.2. Purpose and Objective 

The purpose of the project was to investigate whether today’s requirements regarding impact 

sound insulation reflects the perception, or if frequencies below 100 Hz must be included in 

the evaluation of impact sound insulation for schools. 

 

The objective was to investigate the correlation between measured and perceived impact 

sound, and determine the significance of the frequencies below 100 Hz for perceived impact 

sound for different floor structures in schools. The objective was further to determine whether 

the inclusion of frequencies below 100 Hz in the evaluation of impact sound insulation would 

improv the correlation between measured and perceived impact sound, or if today’s standard 

is sufficient. This was verified by testing three different single number quantities, 𝐿′𝑛𝑇,𝑤, 

𝐿′𝑛𝑇,𝑤,50 and 𝐿′𝑛𝑇,𝑤,25, and see which one correlates best with perceived walking sound 

annoyance. 

1.3. Limitations 

The limitations for the project are listed below. 

 

• This project only investigated impact sound insulation and the perception of it. Other 

acoustic parameters like airborne sound was omitted.  

 

• The project was targeted towards schools. 

 

• Only the annoyance of walking sound was studied. The annoyance of other impact 

sounds like chair scrapes were omitted. The study was also limited to barefoot gait 

from an adult male. The results regarding walking sound annoyance may differ with 

different footwear, as well as if the walking sound of a child was studied. 

 

• The volume of the rooms in the measurement objects differed, which has little effect 

on the measurements, but can affect the perception of sound due to room modes 

occurring at different frequencies. The recording positions were strategically selected 

to reduce this factor.  
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• The amount of absorbents varied between the measurement objects, some had 

absorbents in the ceiling and/or furniture, some had not. This affects the room 

acoustics and thus also the sound perception in the rooms. Absorbents were brought to 

the measurements when needed to ensure adequate absorption in the rooms. 

 

• Only vertical measurements between rooms were performed, which is the direction 

that generally yields the highest impact sound levels. 

 

• Impact sound was tested between two rooms in every measurement object, which 

means one impact sound measurement and one walking sound recording for each 

construction type. 

 

• Two methods for measuring reverberation time are described in the standard SS-EN 

ISO 3382-2:2008: the interrupted noise method; and the integrated impulse response 

method. Only the former was used in this project. The standard also specifies three 

levels of measurement accuracy: survey; engineering; and precision. The main 

difference is the number of measurement positions. Since the engineering method is 

preferred according to standard, it was the method used. 

 

• The standard SS-EN ISO 16283-2:2020 describes two different impact sources for 

impact sound measurements: the tapping machine and the rubber ball. The same 

standard also describes different methods for measuring the impact sound: fixed 

microphone positions when measuring; mechanically moved microphone 

measurements; and manually operated microphone measurements. A tapping machine 

was used as impact source, and measurements were done manually in this project. 

1.4. Sustainability and Equality 

This project greatly promotes sustainable development in our society. It is already established 

that building with wood reduces the carbon dioxide emissions and thus the environmental 

impact of building. When projects like this one advance research and raise awareness in 

wooden science and technology, it makes the material a better alternative for construction and 

hopefully increases its usage.  

 

A potential outcome that this project could contribute to is a revision of the building 

regulations, and more specifically a change in the sound requirements for schools. If 

annoyance from impact sound below 100 Hz can be shown, a change to stricter requirements 

can be justified. Stricter sound requirements would mean a better study and work environment 

in schools, which in turn leads to better education and results. 

 

A disadvantage that the results of this project could contribute to is increased construction 

costs. To meet stricter acoustic requirements, more materials and expenses need to be spent. 

This could demotivate contractors to build with wood if the economic drawbacks are too 

great, and because other materials like concrete do not have the same low frequency 

problems. The results from this project also do not benefit equality in any direct way other 

than that a potential revision of the building regulations would improve the study environment 

for all.   
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2. THEORY 

This chapter describes basic acoustics, how sound propagates and is perceived. Important 

acoustic parameters for the project, and how they are measured, are explained. Relevant 

standards and statistics are also introduced here. 

2.1. Sound and vibration propagation 

Sound and vibration can be described as oscillations in an elastic medium and is caused by 

disturbances in the equilibrium of the medium. It is required that the medium has a mass and 

is elastic for the oscillations to occur. The disturbance will cause the particles in the medium 

to oscillate around its equilibrium and the elastic forces will try to bring back the particles to 

its original position. The oscillating particles will affect the adjacent particles, spread the 

disturbance and cause a wave propagation. When the oscillations can be perceived with 

hearing, it is called sound (Nilsson et al., 2005). The term vibration is more commonly used 

when describing oscillations in mechanical systems (Vigran, T.E, 2008). 

2.1.1 The frequency and wavelength of the sound  

Sound consists of multiple different waves with varying wavelengths. Wavelength is denoted 

with 𝜆 [m] and is the distance between two points with the same phase, see figure 1. The 

length of a wave is determined by formula 1, where 𝑓 [Hz] is the frequency and 𝑐 [m/s] is the 

speed of sound in the specific medium, about 343 m/s in air (Andersson, 2017). 

 

𝜆 =
𝑐

𝑓
 [m] (1) 

 

The time for a wave to complete a full oscillation, a period, is called period time, 𝑇 [s]. 

Depending on how fast a wave oscillate, the wave will have a specific frequency that 

indicates the number of periods per second, see formula 2 (Andersson, 2017). 

 

𝑓 =
1

𝑇
 [Hz] (2) 

 

Low frequencies have longer wavelengths than higher frequencies. The amplitude of the 

waves determines the power of the oscillation (Andersson, 2017).  

 

 

Figure 1. The wavelength of a soundwave (Wikipedia, n.d.). 

2.1.2 Spectrum and frequency band 

A spectrum is used to graphically present the distribution of a sound over the frequencies 

(Åkerlöf, 2001), see figure 2. The distribution is determined with the help of different 
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frequency bands. These frequency bands are like filters that determines a quantity for 

frequencies within a specific frequency range, or bandwidth, that is delimited by an upper and 

lower cut-off frequency. Narrower bandwidths provide more detailed information and 

resolution for a spectrum. In building acoustics, octave bands and 1/3-octave bands are 

mainly used to determine the frequency distribution of a sound. Three 1/3-octaves make up 

one octave, and one octave corresponds to a doubling of a frequency, for example between 50 

Hz and 100 Hz. Each filter is denoted by its center frequency (Nilsson et al., 2005).  

 

 
Figure 2. Spectrum of a sound distributed into 1/3-octave bands. The vertical axis indicates the sound level. 

2.2. Sound level and perception of sound 

When a sound source excites and causes surrounding air to oscillate, pressure fluctuations 

occur that are referred to as sound pressure 𝑝 [Pa]. Sound pressure is an important parameter 

in acoustics to describe sound fields as it is an accessible quantity to measure. To describe the 

attributes of a sound, sound pressure is the quantity that describes “loudness”. Frequency is 

the quantity used to describe the “timbre” of a sound. The perception of sound is governed by 

relativity, which means that changes of a sound’s attribute are perceived to be the same when 

the stimulus increases by a certain percentage. An example is the perceived difference in 

loudness between two sound pressure pairs, see formula 3. If the ratio, not the absolute 

difference, between the pairs is equal, the perceived difference in loudness is equal. 

  
𝑝𝑎1

𝑝𝑎2
=

𝑝𝑏1

𝑝𝑏2
 [Pa] (3) 

 

This relative variation is also true for the perception of different frequencies. The perceived 

tonal difference between 100-125 Hz and 1000-1250 Hz is equal (Möser, 2009). 

 

Ratios of stimuli correlates better to human perception than absolute differences of stimuli. 

This makes it very convenient to express sound levels in decibels [dB], which is based on 

ratios and a logarithmic scale. Sound pressure level in decibels is 20 times the logarithm to 

the base 10 of the ratio of two sound pressure quantities, see formula 4.  

 

𝐿𝑝 = 20 log10

𝑝

𝑝𝑟𝑒𝑓
= 10 log10

𝑝2

𝑝𝑟𝑒𝑓
2

 [dB] (4) 
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A reference pressure quantity 𝑝𝑟𝑒𝑓 = 20 µPa is established as a baseline for measurements that 

corresponds to the hearing threshold at a frequency of 1000 Hz. Since humans are able to 

perceive a very wide range of sound pressures, between 20 µPa to 20 Pa, it is more practical 

to express sound levels in decibels which compresses the large and small ratios into a more 

comprehensible range (Everest & Pohlmann, 2015). The perceptible range in decibel is 

between 0 dB to about 120 dB, where 0 dB is the hearing threshold and 120 dB is the pain 

threshold. A change of 1 dB corresponds to a just perceivable difference, though sources say 

that a change of 3-5 dB is required for most listeners to notice a difference. Changing the 

sound pressure level by 8-10 dB is perceived as a doubling or halving of the loudness 

(Andersson, 2017) (Åkerlöf, 2001). 

 

The perceived sound level is not fully proportional to the decibel value due to our hearing 

being frequency dependent. The human ear can perceive frequencies between 20-20000 Hz 

and the perceived loudness differs in the spectrum. Figure 3 depicts the frequency 

dependence, where the curves show perceived equal loudness [phon] across the frequency 

spectrum. Each curve is defined by a reference sound pressure level at 1000 Hz and the sound 

pressure level varies at different frequencies to sound equally loud as the reference. As shown 

in figure 3, the human ear is more sensitive in the middle range frequencies than the very low 

or very high frequencies. It can also be seen that the curves becomes more flat at greater 

loudness, showing that the perception is more uniform at high sound levels (Möser, 2009) 

(Everest & Pohlmann, 2015). 

 

 
Figure 3. Equal-loudness curves depicting hearing levels at different frequencies (Everest & Pohlmann, 2015). 

There are more factors to the perception of sound than loudness. In terms of sound 

annoyance, sound quality is an important aspect (Nilsson et al., 2005) (Öqvist et al., 2017). 

Two sound sources with the same loudness can be perceived differently in annoyance 

depending on the characteristics of the sound. Sound contains information that will cause 

different responses from different people, which makes the relationship between objective and 

subjective evaluation complicated. 
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2.3. Reverberation time  

When a sound is excited in a room it will eventually reach an equilibrium level called the 

steady state. In this state, the sound energy emitted has overcome the absorption losses at the 

room boundaries and remains constant in the room. When the sound excitation ceases, the 

reflections of the built-up sound in the room will decay over time until it is inaudibility. The 

time for the built-up sound to decrease 60 dB is defined as reverberation time. Reverberation 

time mainly depends on room volume and absorption, where a larger room volume and less 

absorption results in longer reverberation time (Mommertz, 2009). 

 

Reverberation time is an important acoustic parameter for good sound conditions in rooms, 

and is of great importance for sound perception and comfortable living environment. In 

building acoustics, reverberation time must be considered as it will affect the sound pressure 

level. A room with long reverberation time will build up a greater sound pressure level due to 

the addition of more reflected components (Everest & Pohlmann, 2015). Sound pressure level 

measurements are therefor usually corrected against reverberation time.  

2.3.1 Room modes and modal density 

Enclosed spaces allow for certain waveshapes, or room modes, to be formed at certain 

frequencies. The room modes depend on the reflection of sound and that the wavelengths of 

the reflected waves match the room dimensions. When looking at an one-dimensional plane 

with two parallel surfaces, see figure 4, axial modes can occur. Axial modes occur when 

soundwaves coincide as they are reflected back and forth between two parallel surfaces. 

When the sound reflections coincide, they are amplified by superposition. The waves also 

have nodes where there is no amplification. The peaks of the wave do not move in space, so 

the variation between amplification and cancelation can be perceived when listening at 

different positions in the room. 

 

 
Figure 4. First three axial modes between two parallel surfaces (Everest & Pohlmann, 2015) . 

The fundamental mode shape occurs at a frequency which has a wavelength that is twice as 

long as the distance 𝐿 [m] between the parallel surfaces, and can be determined by formula 5. 

The following modes occur at multiples, 𝑛, of the frequency of the fundamental mode 

(Everest & Pohlmann, 2015). 

 

𝑓𝑛 =
𝑛𝑐

2𝐿
 [Hz] (5) 

 

When introducing this phenomenon to the three-dimensional case in a rectangular enclosure, 

the waves have four additional surfaces to reflect on. This gives rise to two new mode types; 

tangential modes and oblique modes. Tangential modes reflect from four surfaces, and 

oblique modes reflect from all six surfaces, see figure 5.  
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Figure 5. Illustration of axial, tangential, and oblique room modes (Everest & Pohlmann, 2015). 

The room modes for a rectangular room with dimensions 𝐿𝑥, 𝐿𝑦 and 𝐿𝑧 [m] are determined by 

formula 6. The formula gives the frequency of every axial, tangential and oblique mode, and 

their multiples. The value of the integers 𝑛𝑥, 𝑛𝑦 and 𝑛𝑧 indicate the order of the mode, and the 

combination of integers identifies the mode type. Fundamental modes are associated with 𝑛 =
1, second modes with 𝑛 = 2, and so on. When two of the integers are equal to zero, such as 

(1, 0, 0) or (0, 0, 3), it is an axial mode. It is a tangential mode when one of the integers are 

zero, and an oblique mode when none of the integers are zero (Vigran, T.E, 2008) (Everest & 

Pohlmann, 2015). 

 

𝑓𝑛𝑥𝑛𝑦𝑛𝑧
=

𝑐

2
√(

𝑛𝑥

𝐿𝑥
)

2

+ (
𝑛𝑦

𝐿𝑦
)

2

+ (
𝑛𝑧

𝐿𝑧
)

2

 [Hz] (6) 

 

Modal density is important for measurement accuracy. This can be seen when modal density 

is low which leads to a high spatial variance in sound pressure level. Modal density increases 

with frequency and room size, which is why room modes are more important in smaller 

rooms where modal density is low. The approximate number of modes ∆𝑁 within a specific 

bandwidth ∆𝑓 [Hz] at a given center frequency 𝑓 [Hz] can be determined by formula 7. In the 

formula, 𝑐 is the speed of sound [m/s], 𝑉 is the room volume [m3], 𝑆 is the total surface area 

of the room [m2], and 𝐿 is the total length of all edges in the room [m] (Vigran, T.E, 2008) 

(Everest & Pohlmann, 2015). 

 

∆𝑁 = [
4𝜋𝑉𝑓2

𝑐3
+

𝜋𝑆𝑓

2𝑐2
+

𝐿

8𝑐
] ∆𝑓 (7) 

2.4. Procedure for reverberation time measurement 

The standard SS-EN ISO 3382-2:2008 (Swedish institute for standards [SIS], 2008) describes 

the procedure for the reverberation time measurement and the equipment needed. The 

methods described in this section for reverberation time measurements are the interrupted 

noise method and the engineering method. The interrupted noise method describes a 

procedure for reverberation measurement, and the engineering method specifies a level of 

measurement accuracy. 

 

Reverberation time is a measure of how quickly an excited sound decreases by 60 dB, 𝑇60 [s]. 

In practice, however, it is difficult to get an evaluation range of 60 dB without contamination 

of background noise. The standard defines instead two different evaluation ranges, 𝑇20 and 

𝑇30, that evaluates smaller dynamic ranges of 20 and 30 dB respectively, and then 

extrapolates to a decay time of 60 dB (SIS, 2008). 
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2.4.1 Measurement conditions and equipment 

The requirements for the sound source is that it should be as omnidirectional as possible. It 

shall also be able to produce a sound that has a continuous and flat spectrum over the 

frequency range considered, and is loud enough for evaluation of the sound’s decay within the 

studied range without disturbances from background noise. The requirements for the 

microphones are that it shall be omnidirectional and as small as possible, preferably a 

maximum diaphragm diameter of 14 mm. All equipment requirements are given in section 4.2 

in SS-EN ISO 3382-2:2008 (SIS, 2008). 

 

The number of people present in a room during reverberation time measurements can have an 

influence. A maximum of two people are allowed to be present during the measurement, but 

if the purpose of the measurement is for correction of a measured sound pressure level, the 

number of people present should be the same as for that measurement. Reverberation time 

shall be measured in octave bands or in 1/3-octave bands (SIS, 2008). 

2.4.2 Excitation of the room 

For the interrupted noise method, the reverberation time is received by recording the decay of 

sound level after exciting a room with steady state noise. Evaluation of the reverberation time 

within the used evaluation range starts after the initial sound level has decayed by 5 dB. The 

bottom of the evaluation range must be at least 10 dB above the background noise level to not 

be affected by it. Therefore, the noise generated from the sound source must be 35 dB above 

the background noise level when 𝑇20 is measured, or 45 dB above the background noise level 

when measuring 𝑇30. The duration of excitation of the room needs to be a few seconds so that 

the sound field reaches a balanced and steady state before the source is switched off (SIS, 

2008).  

2.4.3 Measuring of reverberation time 

According to the engineering method, six source-microphone combinations are required for 

measurements. When the reverberation time is used for correction of sound pressure level 

measurements, only one source position and three microphone positions with two 

measurements at each position are required. Source positions may be chosen as the normal 

position according to the use of the room, but in small rooms, or when no normal positions 

exist, the sound source should be placed in a corner of the room. Microphone positions should 

preferably be at least half a wavelength apart, at least a quarter of a wavelength to reflecting 

surfaces, and not at symmetric positions. The minimum distance between any microphone 

position and source position, 𝑑𝑚𝑖𝑛 [m], is determined by formula 8, where 𝑉 [m] is the 

volume and �̂� [s] is an estimate of the expected reverberation time (SIS, 2008). 

 

𝑑𝑚𝑖𝑛 = 2√
𝑉

𝑐�̂�
 [m] (8) 

2.5. Impact sound level 

Impact sound level is an important parameter for quantifying the acoustic performance of a 

building, and is found in building regulations and requirements for the sound insulating 

properties of building structures. It can be understood as sound radiated from a structure that 

is induced to structure-borne vibration by direct mechanical excitation. Normally, impact 

sound is concerned with footsteps and the damping of it (Vigran, T.E, 2008). Impact sound is 

commonly evaluated by measurements of impact sound pressure levels in 1/3-octave bands in 
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the finished building, and then received data is converted into single number quantities which 

are rated towards specified requirements. 

2.5.1 Standardized impact sound pressure level – L’nT 

Because of varying reverberation in rooms, sound pressure level measurements can be 

standardized against a reference reverberation time, 𝑇0 = 0,5 s. The quantity corrected against 

reverberation time is called standardized impact sound pressure 𝐿′𝑛𝑇 [dB]. Correction is made 

with formula 9, where 𝐿𝑖 [dB] is impact sound pressure level, and 𝑇 [s] is reverberation time 

(SIS, 2020).  

 

𝐿′𝑛𝑇 = 𝐿𝑖 − 10 log
𝑇

𝑇0
 [dB] (9) 

2.5.2 Weighed standardized impact sound pressure level – L’nT,w 

When specifying and rating the impact sound insulating properties of a structure towards 

sound requirements, the impact sound pressure levels in 1/3-octave bands must be converted 

into a single number quantity. According to standard SS-EN ISO 717-2:2020 (SIS, 2020), the 

measurement results are compared with reference values at the frequencies of measurement 

within the range 100-3150 Hz. The reference values form a reference curve, as seen in figure 

6, which is used for the comparison. The reference curve is moved in steps of 1 dB in relation 

to the measured curve until the sum of unfavorable deviations is as large as possible but not 

more than 32 dB. An unfavorable deviation at a particular frequency occurs when the results 

of measurements exceed the reference value. The value of the reference curve at 500 Hz when 

the conditions above have been met is the weighed standardized impact sound pressure level 

𝐿′𝑛𝑇,𝑤 [dB]. 

 

 
Figure 6. Curve of reference values for impact sound in 1/3-octave bands, where L is reference values [dB] and f is 

frequency [Hz] (SIS, 2020). 

2.5.3 Spectrum adaption terms – CI 

The weighed impact sound pressure level does not take sufficient account of levels at low 

frequencies, which is evident for wooden structures. For this reason, a spectrum adaption term 

𝐶𝐼 was introduced that takes into account the unweighted linear impact sound level. The 

unweighted impact sound level is more representative of the perceived impact sound level 

caused by walking for all types of floors. Appendix A in SS-EN ISO 717-2:2020 (2020) 
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describes the procedure for determining 𝐶𝐼. The spectrum adaption term is the difference 

between the unweighted sum of the impact sound pressure level 𝐿′𝑛𝑇,𝑠𝑢𝑚 and the weighted 

impact sound pressure level 𝐿′𝑛𝑇,𝑤, according to formula 10. 

 
𝐶𝐼 = 𝐿′𝑛𝑇,𝑠𝑢𝑚 − 15 − 𝐿′

𝑛𝑇,𝑤 [dB] (10) 

 

The spectrum adaption term shall be added to 𝐿′𝑛𝑇,𝑤, but if the term becomes a negative 

value, the spectrum adaption term shall be neglected. The unweighted sum of the impact 

sound pressure level 𝐿′𝑛𝑇,𝑠𝑢𝑚 is determined by formula 11. The quantity 𝐿′𝑛𝑇,𝑠𝑢𝑚 is the sum 

of the measured values of 𝐿′𝑛𝑇 in 1/3-octave bands in the frequency range 100-2500 Hz. The 

spectrum adaption term can also be determined for an extended frequency range including 

1/3-octave bands 50 Hz, 63 Hz and 80 Hz, then denoted as 𝐶𝐼,50−2500. 

 

𝐿′𝑛𝑇,𝑠𝑢𝑚 = 10 log ∑ 10𝐿′𝑛𝑇,𝑖/10

𝑘

𝑖=1

 [dB] (11) 

 

The spectrum adaption term 𝐶𝐼,25−2500 can be applied when verifying impact sound below 50 

Hz in dwellings (Öqvist et al., 2017). The term was developed with the intention of reducing 

the risk of severe low-frequency disturbances for primarily wooden structures. The spectrum 

adaption term 𝐶𝐼,25−2500 is determined by formula 12. 

 

𝐶𝐼,25−2500 = 10 log ∑ 10𝐿′𝑛𝑇,𝑖/10 − 𝐿′
𝑛𝑇,𝑤 − 15 [dB] (12) 

 

The values between 50 Hz and 2500 Hz are standardized against reverberation time according 

to SS-EN ISO 16283-2, while the values between 25 Hz and 40 Hz are not corrected against 

reverberation time. 

2.6. Procedure for impact sound measurement 

The impact sound measurement follows a standardized procedure described in SS-EN ISO 

16283-2:2020 (SIS, 2020). The standard specifies necessary equipment requirements and 

measurement conditions, and provides guidance for sound measurement. Measurements 

according to this standard are intended for room volumes between 10 m3 and 250 m3 and in a 

frequency range from 50 Hz to 5000 Hz. 

2.6.1 Measurement conditions and equipment 

According to SIS (2020), all instruments for measuring impact sound, such as recording 

devices and other accessories, shall meet the requirements for a class 0 or 1 instrument in 

accordance with IEC 61672-1. Filters used shall meet the requirements for a class 0 or 1 

instrument in accordance with IEC 61260. The main impact source described in SS-EN ISO 

16283-2:2020 for generation of sound is the tapping machine. The tapping machine shall 

meet the requirements given in Annex A of the same standard. 

 

The sound measuring system shall be checked with a calibrator that meets the requirements 

for a class 0 or 1 instrument in accordance with IEC 60942 before and after every 

measurement session, or at least before and after each measurement day. The measured sound 

level of two consecutive checks with the calibrator shall not differ with more than 0,5 dB. 



 Degree project in Wood Technology, Master 2022-10-25 

Anton Burwall 12 

 

Measurement results obtained with this calibration value exceeded shall be discarded (SIS, 

2020). 

 

All measurements performed with the tapping machine as impact source must be measured 

using 1/3-octave band filters covering a frequency range between 100 and 3150 Hz. The 

frequency range can be extended if additional information is required below 100 Hz or above 

3150 Hz. Measurements performed in an extended frequency range shall use 1/3-octave band 

filters with the following center frequencies: 50, 63, 80; 4000, 5000 (SIS, 2020). 

2.6.2 Generation of impact sound 

Impact sound is generated with the tapping machine which simulates footsteps with hard-

heeled footwear and dropped objects. It excites the structure by dropping five hammers in 

sequence at a rate of 10 Hz. The tapping machine shall be operating on a partition in a source 

room so that sound is radiated to a receiving room. The sound generated from the tapping 

machine shall be measured in at least four different positions randomly distributed on the 

floor, but the tapping machine must not be closer than 0,5 m to the edges of the floor. When 

measuring on anisotropic floors with beams or ribs, the tapping machine shall be operated at a 

45° angle to the direction of the beams or ribs (SIS, 2020). 

2.6.3 Measuring of impact sound 

SS-EN ISO 16283-2:2020 (SIS,2020) describes a method for measuring impact sound by 

manually moving the microphone in a set path while the tapping machine is operating. The 

measurement shall follow one of the paths presented in figure 7 and be performed in the 

center of the receiving room. The speed at which the microphone is moved shall be constant 

and a complete path shall be at least 30 s. The microphone must not be moved closer than 0,5 

m to room boundaries and 1 m to the partition being excited by the tapping machine. At least 

one measurement shall be taken for each tapping machine position.  

 

 
Figure 7. Manual measurement paths for measuring impact sound according to SS-EN ISO 16283-2:2020 (SIS,2020). 
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2.6.4 Correction to the sound pressure level for background noise 

If the background noise is loud enough, it will raise the measured sound pressure level. The 

sound level must be measured with the tapping machine turned off to ensure that the 

measurement results is not affected by the background noise. For the measurement of 

background noise level, the same procedure shall be performed as for the impact sound 

measurement (SIS,2020). 

 

If the background noise level is 10 dB or more below the measured impact sound pressure 

level in all frequency bands, the background noise is too quiet to affect the measurement 

results. However, if the difference between the background noise level and the measured 

impact sound pressure level in any frequency band is between 7-9 dB, the measurement 

results in the affected bands must be corrected using formula 13. The corrected sound level 𝐿 

[dB] is determined as 

 

𝐿 = 10lg (10
𝐿𝑠𝑏
10 − 10

𝐿𝑏
10) [dB] (13) 

 

where 𝐿𝑠𝑏 is the combined sound level of the measured impact sound and background noise 

[dB], and 𝐿𝑏 is the background noise level [dB] (SIS,2020). 

 

If the difference in levels is less than or equal to 6 dB in any of the frequency bands, the 

measurement results shall be corrected by 1,3 dB (SIS,2020). 

2.7. Impact sound requirements in schools 

BBR refers to standard SS 25268 (SIS, 2018) for sound requirements for public facilities and 

premises. The standard distinguishes between preschool and primary school as well as high 

school and university with separate requirements formulations. All single number quantity 

requirements for impact sound level in high school and higher education are presented in 

table 1. Requirements for preschool and primary school are presented in table 2. Sound 

requirements refer to the highest weighted standardized impact sound level 𝐿′𝑛𝑇,𝑤.  
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Table 1. Highest weighted standardized impact sound level 𝐿′𝑛𝑇,𝑤 for teaching facilities: high school and higher education. 

 From space with low 

impact sound 

occurrence 

𝐿′𝑛𝑇,𝑤 [dB] 

From space with 

high impact sound 

occurrence 

𝐿′𝑛𝑇,𝑤 [dB] 

 

Type of space 

Sound class Sound class 

A B C D A B C D 

Spaces for lectures, more than 50 people* 

for example auditorium and lecture hall 

48 48 52 - 40 44 48 56 

Spaces for joint teaching* 

for example educational landscape, 

classroom, seminar room, music room, 

drama room 

56 56 60 - 52 52 56 60 

Other spaces for teaching 

For example group room, handicraft room, 

teaching kitchen 

60 60 64 - 56 56 60 64 

Other spaces where people stay more than 

temporarily 

for example rest room, staff room, office, 

expedition, study room, library, counselor, 

psychologist, school health care, dining 

room 

68 - - - 64 64 68 - 

* For sound class A and B shall also 𝐿′𝑛𝑇,𝑤 + 𝐶50−2500 be fulfilled for set requirements. 

 
Table 2. Highest weighted standardized impact sound level 𝐿′𝑛𝑇,𝑤 for teaching facilities: preschool and primary school. 

 From space with low 

impact sound 

occurrence 

𝐿′𝑛𝑇,𝑤 [dB] 

From space with 

high impact sound 

occurrence 

𝐿′𝑛𝑇,𝑤 [dB] 

 

Type of space 

Sound class Sound class 

A B C D A B C D 

Spaces for joint gatherings, more than 50 

people* 

for example auditorium 

48 48 52 - 40 44 48 56 

Spaces for joint teaching* 

for example educational landscape, 

classroom, music room 

56 56 60 - 52 52 56 60 

Other spaces for teaching 

For example group room, handicraft room, 

teaching kitchen 

60 60 64 - 56 56 60 64 

Other spaces where people stay more than 

temporarily 

for example rest room, staff room, office, 

expedition, study room, library, counselor, 

psychologist, school health care, dining 

room 

68 - - - 64 64 68 - 

* For sound class A and B shall also 𝐿′𝑛𝑇,𝑤 + 𝐶50−2500 be fulfilled for set requirements. 
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2.7.1 Sound classes 

Buildings can be classified into four different sound classes (A,B,C and D) depending on the 

level of acoustic performance pursued. The sound classes constitutes of sound requirements 

for multiple acoustic parameters to be met. Sound class C corresponds to the minimum level 

of acoustic performance according to the regulations by Boverket (SIS, 2018). 

 

• Sound class A: The sound class corresponds to better sound conditions than sound 

class B. The class is suitable for buildings where a very high quality acoustic 

environment is prioritized. 

 

• Sound class B: The sound class corresponds to better sound conditions than sound 

class C. The class is suitable for buildings where a better acoustic environment is 

prioritized. 

 

• Sound class C: The sound class is intended to provide sound conditions 

corresponding to the minimum requirements in Boverket’s regulations. 

 

• Sound class D: The sound class represents low acoustic standard and is only intended 

to be applied when sound class C cannot be achieved due to various technical, 

antiquarian or economic reasons, for example for some rebuilding cases or for simple, 

temporary facilities. 

2.8. Descriptive statistics 

Once a statistical study has been conducted, it may be appropriate to summarize and describe 

the data in a meaningful way. This entails using methods from descriptive statistics which can 

be both graphical and numerical. Histograms, boxplots, and scatter plots are typical pictorial 

methods for graphically describing important features of data. Numerical descriptive methods 

usually involve measures of central tendency, dispersion, and skewness. Typical measures of 

central tendency are mean, median and mode, while variance, standard deviation, and 

interquartile range are typical measures of dispersion (Stapor, 2020) (Neyses, n.d.). 

2.8.1 Box plots 

A common method in descriptive statistics for organizing and representing data is the box 

plot, or box and whisker plot, see figure 8. This plot graphically visualizes the central 

tendency, dispersion, and skewness of data, reflecting its properties. The box has its 

boundaries at the upper and lower quartiles, and encloses the interquartile range that includes 

the central 50% of the observations. Within the box, the median is indicated by a line. The 

“whiskers” demonstrates the variability of the data outside the upper and lower quartiles, and 

defines the maximum and minimum values within the outlier threshold. Outliers are defined 

as observations that are more than 1,5 times the interquartile range from each quartile. In the 

plot, outliers are indicated as points outside the boundaries of the whiskers. The skewness of 

the data is conveyed by the position of the median relative to the edges of the box, as well as 

by the length of the whiskers. A negative skew is indicated by the median being closer to the 

upper quartile, and the whisker being shorter on the upper end (Stapor, 2020) (Neyses, n.d.). 
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Figure 8. Box plot visualizing the properties of data from the Michelson–Morley experiment (Wikipedia, n.d.). 

2.9. Probability distribution 

Probability distribution describes the probabilities of all possible outcomes that can occur 

during an statistical experiment. The probability values are expressed between 0 and 1, or 0 

and 100 %, and the sum of all probabilities in a distribution is 1. There are many types of 

probability distributions that can be applied to different events, but all distributions can be 

divided between two cases, the discrete case and the continuous case. In the case of a discrete 

probability distribution, there is a countable number of outcomes or values that a random 

variable can take. A continuous probability distribution describes the probabilities of a 

random variable that has an infinite and uncountable number of outcomes (Rudas, 2004). 

2.9.1 Binomial distribution 

When observing a fixed number of independent trials, n, with only two outcomes, the 

binomial distribution applies. Binomial distribution helps determine the probability values of 

receiving a certain number of “successes”, x, in n number of trials when the probability p of 

each outcome is known. The most obvious example where binomial distribution applies is 

flipping a coin which has two possible outcomes, heads or tails. If the coin is fair, both 

outcomes has the same probability of success, p = 0.5. However, in some experiments one 

outcome may be more likely than the other and the p-value will be divided proportionally 

between the outcomes. A simple way to solve a binomial experiment is to use a binomial 

distribution table, see table 3. The table below gives the probabilities of receiving less than or 

equal to x of a certain outcome in twenty trials, depending on the probability of success 

(Rudas, 2004) (Statistics How To, n.d.). 
 

Table 3. Binomial distribution table showing the probabilities of receiving less than or equal to x in twenty trials (Statistics 

How To, n.d.). 

  

x 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95

0 0.358 0.122 0.039 0.012 0.003 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

1 0.736 0.392 0.176 0.069 0.024 0.008 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

2 0.925 0.677 0.405 0.206 0.091 0.035 0.012 0.004 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

3 0.984 0.867 0.648 0.411 0.225 0.107 0.044 0.016 0.005 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

4 0.997 0.957 0.830 0.630 0.415 0.238 0.118 0.051 0.019 0.006 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

5 1.000 0.989 0.933 0.804 0.617 0.416 0.245 0.126 0.055 0.021 0.006 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000

6 1.000 0.998 0.978 0.913 0.786 0.608 0.417 0.250 0.130 0.058 0.021 0.006 0.002 0.000 0.000 0.000 0.000 0.000 0.000

7 1.000 1.000 0.994 0.968 0.898 0.772 0.601 0.416 0.252 0.132 0.058 0.021 0.006 0.001 0.000 0.000 0.000 0.000 0.000

8 1.000 1.000 0.999 0.990 0.959 0.887 0.762 0.596 0.414 0.252 0.131 0.057 0.020 0.005 0.001 0.000 0.000 0.000 0.000

9 1.000 1.000 1.000 0.997 0.986 0.952 0.878 0.755 0.591 0.412 0.249 0.128 0.053 0.017 0.004 0.001 0.000 0.000 0.000

10 1.000 1.000 1.000 0.999 0.996 0.983 0.947 0.872 0.751 0.588 0.409 0.245 0.122 0.048 0.014 0.003 0.000 0.000 0.000

11 1.000 1.000 1.000 1.000 0.999 0.995 0.980 0.943 0.869 0.748 0.586 0.404 0.238 0.113 0.041 0.010 0.001 0.000 0.000

12 1.000 1.000 1.000 1.000 1.000 0.999 0.994 0.979 0.942 0.868 0.748 0.584 0.399 0.228 0.102 0.032 0.006 0.000 0.000

13 1.000 1.000 1.000 1.000 1.000 1.000 0.998 0.994 0.979 0.942 0.870 0.750 0.583 0.392 0.214 0.087 0.022 0.002 0.000

14 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.998 0.994 0.979 0.945 0.874 0.755 0.584 0.383 0.196 0.067 0.011 0.000

15 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.998 0.994 0.981 0.949 0.882 0.762 0.585 0.370 0.170 0.043 0.003

16 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.995 0.984 0.956 0.893 0.775 0.589 0.352 0.133 0.016

17 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.996 0.988 0.965 0.909 0.794 0.595 0.323 0.075

18 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.998 0.992 0.976 0.931 0.824 0.608 0.264

19 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.997 0.988 0.961 0.878 0.642

20 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

p
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3. DESCRIPTION OF MEASUREMENT OBJECTS 

Five structures were studied in this project, four different CLT structures and one concrete 

structure. The constructions of the five measurement objects are presented below, as well as 

volume and partition area of the receiving rooms in the measurement objects.  

3.1. LTU – Concrete floor 

The concrete structure was measured at Luleå University of Technology (LTU). The structure 

tested consisted of 220 mm concrete with a linoleum carpet on top and a suspended acoustic 

ceiling. This is a common floor structure in modern schools and is usually perceived as quiet. 

The structure is presented in figure 9.  

 

The volume of the receiving room in LTU is 48 m3 and the partition area is 17 m2. 

 

 
Figure 9. Section of the concrete structure at LTU. 

3.2. Ventilen – CLT/concrete hybrid floor 

Ventilen is a hybrid structure of both CLT and concrete, see figure 10. The structure consists 

of 200 mm CLT with a 40 mm plate of concrete on top, as well as a floor covering of 

linoleum carpet. The linoleum carpet was a “Forbo Modul’up” and was used specifically for 

this project. Beneath the CLT is a 13 mm gypsum board attached and a suspended acoustic 

ceiling. The acoustic ceiling used is ”Combison™ A, dB 42”, which has good sound 

insulation properties. 

 

The room dimensions of the receiving room in Ventilen are 34 m3 and 12 m2. 

 

 
Figure 10. Section of Ventilen with both CLT and a plate of concrete. 

Linoleum 

Concrete 

Acoustic ceiling 

Linoleum 

Concrete 

CLT 

Gypsum board 

Acoustic ceiling 
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3.3. Rind – CLT floor 

Rind is another type of hybrid structure that, in combination with CLT, uses a frame system of 

steel called “Granab”. The Granab system provides damping to the structure, which improves 

the insulation against impact sound. The finished structure of Rind is supposed to have 

parquet flooring on top of the gypsum boards, but for this project a linoleum carpet was 

brought and placed directly on the gypsum boards. The same linoleum carpet was used as for 

Ventilen. A section of the structure is presented in figure 11. The structure has the following 

composition:  

 

• Linoleum carpet 

• 13 mm gypsum board 

• 22 mm particle board 

• 270 mm mineral wool / Granab 

• 180 mm CLT 

• 45 mm joist / mineral wool 

• 13 mm gypsum board 

 

The receiving room in Rind has a volume of 26 m3 and a partition area of 11 m2. 

 

 
Figure 11. CLT structure with Granab frame system at Rind.  

3.4. Bergsbyn 1 – CLT floor 

Bergsbyn 1 and Bergsbyn 2 are part of the same building and they have similar constructions. 

The difference is the additional insulation beneath the CLT, where Bergsbyn 1 has a 50 mm 

rockwool slab attached to the CLT, see figure 12. The structure is as follows: 

 

• Linoleum carpet 

• 13 mm gypsum board 

• 22 mm particle board 

• 12 mm impact sound dampening mat, “Aprobo” 

• 240 mm CLT 

• 50 mm rock wool 

• Acoustic ceiling 

 

The volume of the receiving room in Bergsbyn 1 is 27 m3 and the partition area is 10 m2. 

 

Linoleum, gypsum board, particle board 

Mineral wool / Granab 

CLT 

Joist / mineral wool 

Gypsum board 
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Figure 12. Section of CLT structure at Bergsbyn 1. 

3.5. Bergsbyn 2 – CLT floor 

Bergsbyn 2 is similarly constructed as Bergsbyn 1, but instead of a slab of rockwool attached 

to the CLT, Bergsbyn 2 has a suspended gypsum roof with insulation. The full construction is 

listed below and illustrated in figure 13: 

 

• Linoleum carpet 

• 13 mm gypsum board 

• 22 mm particle board 

• 12 mm impact sound dampening mat, “Aprobo” 

• 240 mm CLT 

• 50 mm airgap 

• 145 mm mineral wool 

• 2x13 mm gypsum boards 

• Acoustic ceiling 

 

The room dimensions of the receiving room in Bergsbyn 2 are 36 m3 and 14 m2. 

 

 
Figure 13. Section of CLT structure at Bergsbyn 2. 

  

Linoleum, gypsum board, 
particle board, Aprobo 

CLT 

Rock wool 

Acoustic ceiling 

Linoleum, gypsum board, 
particle board, Aprobo 
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Mineral wool 

Gypsum board x 2 

Acoustic ceiling 



 Degree project in Wood Technology, Master 2022-10-25 

Anton Burwall 20 

 

4. METHOD 

This section presents the procedure for measuring and evaluating impact sound insulation, 

recording walking sound, and performing the listening tests. All the important equipment used 

is presented here as well. 

4.1. Equipment 

Equipment used for measuring and recording sound, as well as software used for evaluating 

measurement data, are presented here. All equipment used conforms to their respective 

specifications and quality requirements according to standards. 

4.1.1 Sound measurement equipment 

The sound level meter that was used for the reverberation time, background noise and impact 

sound measurements was a “Nor140”. Before and after measurement, the meter was 

calibrated with a “Nor1251” calibrator. The sound level meter and the calibrator are shown in 

figure 14. 

 

 
Figure 14. Sound level meter Nor140 and calibrator Nor1251 (Norsonic, n.d.). 

An artificial head “HMS IV.0” as shown in figure 15 was used to record the walking sound. 

The artificial head make binaural measurements and recordings that are aurally accurate. The 

audible dynamic range of the artificial head is comparable to human hearing, making 

playback of recordings accurate to what a person would hear if the person had been in the 

same position as the artificial head during the recording. 
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Figure 15. HMS IV.0 - Digital artificial head measuring system (HEAD acoustics, n.d.). 

4.1.2 Sound sources 

A dodecahedron loudspeaker “Nor276” was used for the reverberation time measurement. It 

has omnidirectional characteristics and an output sound power level of up to 120 dB. The 

loudspeaker was used with a power amplifier “Nor280”, see figure 16. 

 

 
Figure 16. Dodecahedron loudspeaker Nor276 and power amplifier Nor280 (Norsonic, n.d.). 

The sound source for the impact sound measurements was a tapping machine “Nor277”, see 

figure 17. It has five hammers that tap in sequence at 10 impacts per second. 
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Figure 17. Tapping machine Nor277 (Norsonic, n.d.). 

4.1.3 Software 

The software “NorXfer” was used which makes it possible to transfer measurement data from 

the sound level meter Nor140 to the computer. NorXfer can also convert the transferred 

measurement data to excel format for further analysis. 

 

Recordings with the artificial head were controlled on a tablet with the software “ArtemiS 

SUITE”. The software was also used to cut the audio files to appropriate lengths. 

 

The audio files from the artificial head were edited for the listening tests with the software 

“Audacity”.  

4.2. Measurement of reverberation time 

Reverberation time was measured in the receiving room for each measurement object and the 

measurements followed the procedure described in standard SS-EN ISO 3382-2:2008. The 

purpose of the reverberation time measurements was to correct the impact sound pressure 

levels. For the measurements, one loudspeaker position and three microphone positions with 

two measurements at each microphone position were used. For all measurement objects, a 

corner of the room was chosen as the loudspeaker position, an example is shown in figure 18. 

Microphone positions were chosen to comply with the distance directions according to 

standard. The distance between the microphone positions was about two meters, and the 

distance between the microphone positions to the loudspeaker or the nearest wall was at least 

one meter. 
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Figure 18. The loudspeaker was positioned in a corner of the room when measuring reverberation time. 

Reverberation time 𝑇20 was measured with the interrupted noise method for all 1/3-octave 

bands between 50-5000 Hz. The loudspeaker generated a “pink noise” which creates a flat 

spectrum over the frequency range. The room was excited for a few seconds before the 

loudspeaker was switched off to reach a steady state. A sound pressure level of about 100 dB 

was built up in the room to ensure no influence from background noise. When the sound 

excitation ceased, the reverberation time was measured. 

4.3. Measurement of background noise 

Background noise levels were measured to enable correction of impact sound pressure levels. 

The background noise level measurements were performed manually at the center of the 

rooms with the noise source turned off and following a cylindrical path for 30 seconds. 

Background noise levels were measured for all 1/3-octave bands between 20-5000 Hz. One 

measurement was done for each measurement object. 

4.4. Impact sound insulation 

Impact sound insulation was measured in all measurement objects, and the single number 

quantities 𝐿′𝑛𝑇,𝑤, 𝐿′𝑛𝑇,𝑤,50 and 𝐿′𝑛𝑇,𝑤,25, which describes the impact sound insulating 

properties for the structures, were determined. The impact sound insulation was measured 

according to the directions in SS-EN ISO 16283-2:2020 and evaluated according to SS-EN 

ISO 717-2:2020. 

4.4.1 Measurement 

Impact sound pressure levels 𝐿𝑖 were measured for all 1/3-octave bands between 20-5000 Hz 

with a tapping machine as impact source. Measurement values were obtained by manually 

moving the microphone in a cylindrical path, as seen in figure 7, at the center of the room 

while the tapping machine was operating. Each measurement took 30 seconds and one 

complete cylindrical sweep was performed during that time at constant speed. The tapping 

machine was operating at five different positions and the positions were distributed so that 

most of the floor area was covered. One measurement was performed for each impact source 

position.  
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4.4.2 Evaluation 

Received data from measurements was transferred to the computer with Norxfer for 

evaluation. The impact sound pressure levels in each 1/3-octave band between 20-5000 Hz 

were checked for background noise correction. The difference between measured impact 

sound pressure level 𝐿𝑖 and measured background noise level 𝐿𝑏 in any frequency band must 

be less than 10 dB for correction to be necessary. In this case, no correction was made due to 

the background noise being too quiet in all measurement objects.  

 

The measured impact sound pressure levels were corrected for reverberation time by 

determining the standardized impact sound pressure levels 𝐿′𝑛𝑇 for each 1/3-octave band 

between 50-5000 Hz according to formula 9. Impact sound pressure levels below 50 Hz were 

not corrected for reverberation time. 

 

The standardized impact sound pressure levels in 1/3-octave bands between 100-3150 Hz 

were weighed into a single number quantity 𝐿′𝑛𝑇,𝑤. The weighed standardized impact sound 

pressure level was determined by shifting the reference values presented in figure 6 towards 

the measured values until the sum of unfavorable deviations was as close to 32 dB as possible 

but not more. The value of the reference curve at 500 Hz was noted as 𝐿′𝑛𝑇,𝑤. 

 

The spectrum adaption terms 𝐶𝐼,50−2500 and 𝐶𝐼,25−2500 were determined and then added to the 

weighted standardized impact sound pressure level 𝐿′𝑛𝑇,𝑤 to receive 𝐿′𝑛𝑇,𝑤,50 and 𝐿′𝑛𝑇,𝑤,25 

respectively. Formula 10 was used to determine 𝐶𝐼,50−2500, where the unweighted sum of the 

standardized impact sound pressure levels for all 1/3-octave bands between 50-2500 Hz, 

𝐿′𝑛𝑇,𝑠𝑢𝑚, was determined by formula 11. The spectrum adaption term 𝐶𝐼,25−2500 was 

determined by formula 12. 

4.5. Recording of walking sound 

Walking sound from an adult male walker wearing no footwear was recorded with an 

artificial head. The same walker was creating the stimuli at all measurement objects. All 

recordings were performed at night when the buildings were empty due to the walking sound 

recordings being very sensitive to disturbances. If possible, installations were turned off to 

minimize disturbances from background noise. At one measurement object, valves were taped 

over as seen in figure 18 to reduce the noise they caused. In measurement objects with long 

and abnormal reverberation, absorbents were distributed in the room, see figure 19. 

 

 
Figure 19. Taped valves to reduce background noise and absorbents in a room to reduce reverberation.  
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The artificial head was placed on a tripod at approximate seated ear height of 120 cm. To 

reduce the influence of room modes, the artificial head was placed asymmetrically, slightly 

off center, in the room, see figure 20. 

 

 
Figure 20. Positioning of the artificial head was slightly off center to reduce influence of room modes. 

The path of the walker was diagonal across the room, from corner to corner. The artificial 

head was always directed towards a corner that coincided with the walker’s path. If the floor 

area of the room above was larger than the receiving room’s, the boundaries were marked so 

that the gait was within the partitions of the receiving room. An operator remotely controlled 

the recordings outside the receiving room with a tablet. The operator started the recording and 

the walker began to walk the predetermined path. Ten complete crossings were recorded 

before the recording was stopped. A few recordings were performed at each measurement 

object so that there were backups. The walking pace was kept constant during all recordings. 

Figure 21 shows the general test setup used when the recordings were made with the 

positioning of the artificial head and the path the walker took. 

 

 
Figure 21. Test setup when performing the walking sound recordings. 

4.6. Listening tests 

The listening tests were performed in a rest room at Tyréns’s office in Luleå. A total of 

twenty people participated in the listening tests, ten men and ten women. The age of the 

participants varied between late twenties to early fifties. None of the participants reported to 

have significant hearing loss.  
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The walking sounds were played back using headphones that were complemented with a 

subwoofer. Since the headphones cannot reproduce sound accurately below 50 Hz, the 

subwoofer covered the very low frequencies up to about 70 Hz where the sound stops being 

omnidirectional. The position for the listener and the subwoofer was chosen so that a linear 

frequency response was achieved. The test setup is presented in figure 22. 

 

 
Figure 22. Test setup used for the listening tests. 

The listening tests were made up of two parts. In the first part, the participants had to listen to 

the walking sound recordings and then rate the degree of annoyance they perceived when 

hearing the sounds. The degree of annoyance was rated on a scale of 1 to 10, where a higher 

number meant more annoyance. The purpose of the first listening test was to see how the 

perceived walking sound annoyance differed among the measurement objects, and see if the 

subjectively rated annoyance corresponded to the measured sound insulation. 

 

In the second listening test, the participants had to compare two sounds and judge which of 

the two sound was more annoying. The walking sounds from all measurement objects were 

compared against each other, which made ten comparisons in total. The second listening test 

was divided into four smaller parts, part a to d, and all parts consisted of making ten pairwise 

comparisons. In part a, the participants made comparisons of the original and unmodified 

walking sounds. For the remaining parts, the walking sounds were modified so that they 

would have the same value of the single number quantities 𝐿′𝑛𝑇,𝑤, 𝐿′𝑛𝑇,𝑤,50 and 𝐿′𝑛𝑇,𝑤,25. The 

purpose of this was to see if any of these quantities are a good metric to describe walking 

sound annoyance. To adjust the walking sounds for all measurement objects to have the same 

metric value, one object was set as reference. In this case Bergsbyn 2 was set as the reference 

due to it having the lowest values for all single number quantities. The difference between the 

single number quantities of Bergsbyn 2 and the other measurement objects, was the dB 

reduction that was applied for the walking sounds of the other measurement objects so that all 

walking sounds would have the same value of the single number quantities.   

 

The walking sound recordings from each measurement object was cut into approximately 4 

second long clips with five footsteps in each clip. Three additional copies of the cut sound 
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files were made each for Rind, Ventilen, LTU and Bergsbyn 1 that had adjusted sound levels 

so that their value for 𝐿′𝑛𝑇,𝑤, 𝐿′𝑛𝑇,𝑤,50 and 𝐿′𝑛𝑇,𝑤,25 were equal to that of Bergsbyn 2. 

 

The participants performed the listening tests by themselves on a computer. PowerPoint 

presentations with attached sound files were prepared for the listening tests, so the 

participants got to go through and relisten to the walking sounds as much as they needed. 

While going through the PowerPoint presentation and the sound files, the participants 

simultaneously answered questions on a question sheet. The question sheets also contained 

instructions on what to think of when doing the tests. It was emphasized that the participants 

rated the annoyance of the sound and not the loudness. The original question sheet in Swedish 

that was used for the listening tests can be seen in Appendix A. 

4.6.1 Evaluation – Listening test 1 

The first listening test yielded twenty ratings between 1 and 10 describing the degree of 

annoyance for each walking sound. The data obtained from the first listening test were 

summarized and visualized with a box and whisker plot. It displays the interquartile range, the 

upper and lower quartiles, median and mean, outliers, and minimum and maximum values 

within the outlier threshold. The size of the boxes are defined by the upper and lower 

quartiles. The median and mean are indicated in the box as a line and cross, respectively. 

Outliers are marked as points outside the minimum and maximum values, which are defined 

by the boundaries of the “whiskers”. The box and whisker plot helps to graphically visualize 

the variation among the participants in perceived walking sound annoyance for each floor 

structure.  

4.6.2 Evaluation – Listening test 2 

The purpose of the second listening test was to see if any of the single number quantities 

show good correlation between measured impact sound insulation and perceived walking 

sound annoyance, regardless of construction type. To verify if a single number quantity is a 

good metric, the two compared walking sounds must be rated equally annoying, with an even 

distribution of votes. If the distribution of votes is skewed, one of the walking sounds is 

perceived worse and the single number quantity describes walking sound annoyance poorly. 

In order to draw any conclusions regarding this, it must be known when there is a statistically 

significant difference in perceived annoyance between the two walking sounds being 

compared. There must be a threshold value to determine when the difference is significant or 

if the results are uncertain and may be due to chance.  

 

A threshold value was determined with binomial distribution and with the help of table 3. The 

second listening test was designed as a binomial experiment, that is, an experiment with a 

fixed number of independent trials with only two outcomes. In this case there were twenty 

trials, one for each participant, and the outcomes were the two walking sounds compared in 

the pairwise comparisons. A significance level of 5 % was chosen and the two outcomes were 

assumed to have equal probability to be chosen, p = 0,5. The value of x was noted in the table 

were the probability value was above and as close as possible to 95 %. At a probability value 

of 0.979, a threshold value of x = 14 was determined. This means that if the distribution of 

votes is 15 or more in favor of any of the compared walking sounds, the difference in 

annoyance is statistically significant.  
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5. RESULTS AND DISCUSSION 

The results from the impact sound measurements and the listening tests are presented in this 

section. 

5.1. Impact sound levels 

The calculated standardized impact sound pressure levels 𝐿′𝑛𝑇 [dB] for all measurement 

objects are presented in table 4. The distribution of the impact sound levels in table 4 across 

the frequencies is illustrated as a frequency spectrum in figure 23. 

 
Table 4. The standardized impact sound pressure levels 𝐿′𝑛𝑇 [dB] for each 1/3-octave band between 50-5000 Hz for all 

measurement objects. Impact sound pressure levels below 50 Hz are not corrected for reverberation time. 

Frequency [Hz] Ventilen Rind LTU Bergsbyn 1 Bergsbyn 2 

20 57 59 52 51 69 

25 52 62 49 54 57 

31,5 64 67 53 63 64 

40 64 64 53 70 67 

50 61 65 54 68 62 

63 64 63 56 60 53 

80 64 61 51 62 54 

100 65 59 45 61 54 

125 71 54 46 64 57 

160 68 56 45 64 55 

200 68 54 46 63 52 

250 68 53 41 61 52 

315 69 51 41 61 50 

400 69 49 45 55 48 

500 68 44 50 51 42 

630 67 42 48 48 38 

800 66 40 49 44 35 

1000 65 37 49 38 28 

1250 60 34 50 33 24 

1600 52 25 51 29 23 

2000 41 17 51 24 18 

2500 34 13 52 20 14 

3150 30 10 50 19 16 

4000 26 9 47 15 11 

5000 21 9 42 13 11 

 

When evaluating the curves in figure 23, Rind, Bergsbyn 1 and Bergsbyn 2 display an 

inherent acoustic behavior for wooden structures with higher impact sound levels in the lower 

frequencies and increased insulation higher up in the frequency spectrum. The level curve for 

LTU is relatively flat across the entire frequency spectrum. Concrete structures usually 

perform well acoustically at the lower frequencies, which is apparent in figure 23 where LTU 

has no major peaks in the low frequency range. On the other side of the spectrum, LTU has 

worse insulation at the higher frequencies compared to the other objects, something that is 

more common for concrete structures. Ventilen has overall poor impact sound insulation 

except at 1000 Hz and upwards where the insulation increases. Although Ventilen measured 
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high impact sound levels compared to the other objects, the results are still within what was 

expected for the structure. It can be seen for Ventilen that its level curve is somewhat flat 

below 1000 Hz with no level peaks at the very low frequencies. The case is instead the 

opposite with a slight reduction in impact sound levels at 100 Hz and below. This is surely 

due to the influence of the concrete plate which adds weight to the structure and gives it more 

concrete-like characteristics. 

 
Figure 23. Standardized impact sound pressure level 𝐿′𝑛𝑇 across the frequency spectrum for all measurement objects. 

5.1.1 Single number quantities for impact sound insulation 

Three different single number quantities are presented in table 5 for each object: 𝐿′𝑛𝑇,𝑤, 

𝐿′𝑛𝑇,𝑤,50 and 𝐿′𝑛𝑇,𝑤,25. The minimum requirements for sound insulation of structures in 

schools are evaluated with 𝐿′𝑛𝑇,𝑤 according to standard. For sound class A and B, 𝐿′𝑛𝑇,𝑤,50 

shall be verified. The single number quantity 𝐿′𝑛𝑇,𝑤,25 is not used when evaluating sound 

insulation in schools, but has been suggested as a metric for dwellings in the revision of the 

standard SS 25267. Determining 𝐿′𝑛𝑇,𝑤,25 provides valuable information about the 

performance of the structures in the very low frequencies. The single number quantities are 

normally specified without decimals, but decimals are included here to clarify the difference 

in acoustic performance between the measurement objects. 

 

Good impact sound insulation properties for a structure is defined by low values for the single 

number quantities. With that in mind, it can be seen in table 5 that Bergsbyn 2 performed the 

best when evaluated down to 100 Hz with the single number quantity 𝐿′𝑛𝑇,𝑤 = 46,2 dB. As 

the evaluated frequency spectrum was increased down to 50 Hz and 25 Hz with 𝐿′𝑛𝑇,𝑤,50 and 

𝐿′𝑛𝑇,𝑤,25, Rind, Bergsbyn 1 and Bergsbyn 2 had their single number quantities increased due 
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to the corrections from the spectrum adaption terms 𝐶𝐼,50−2500 and 𝐶𝐼,25−2500. Both Ventilen 

and LTU received the same value for each single number quantity, which means no correction 

was necessary. The spectrum adaption terms are intended to take into account dominating low 

frequency level peaks. Since Ventilen and LTU display no weaknesses in the lower 

frequencies, no correction was made for these objects. On the other hand, Rind, Bergsbyn 1 

and Bergsbyn 2 had substantial corrections as more lower frequencies were included in the 

evaluation. This is due to the objects’ poor impact sound insulation in the low frequencies as 

shown in figure 23. However, Bergsbyn 2 still has the best impact sound insulation when 

evaluated from 25 Hz with 𝐿′𝑛𝑇,𝑤,25 = 55,5 dB. 

 

It must be noted that there were some mounting errors for the Granab frame system in the 

structure of Rind which caused stiff contact between the CLT and the overlying floor boards. 

The Granab system is supposed to be flexible, giving the effect of a floating floor for the 

boards on top. This error is estimated to have reduced the damping of the impact sound in the 

lower frequencies, which resulted in higher values for the single number quantities than 

expected. 

 
Table 5. Single number quantities for impact sound insulation for all measurement objects. 

SNQ [dB] Ventilen Rind LTU Bergsbyn 1 Bergsbyn 2 

L'nT,w 64,4 47,3 56,3 55,0 46,2 

L'nT,w,50 64,4 54,3 56,3 58,0 50,4 

L'nT,w,25 64,4 57,4 56,3 60,1 55,5 

 

5.2. Listening test 

The listening test consisted of two parts. In the first part, the degree of annoyance for the 

walking sounds were tested. In the second part, the recorded walking sounds were compared 

against each other.  

5.2.1 Listening test 1 – Degree of annoyance 

In the first listening test, the twenty participants had to rate the annoyance of the walking 

sounds of the objects on a scale of 1 to 10, where 10 is most annoying. The ratings from all 

participants are summarized in table 6 and illustrated in figure 24.  

 
Table 6. Perceived annoyance of walking sound for twenty participants, rated on a scale of 1-10. 

Results Ventilen Rind LTU Bergsbyn 1 Bergsbyn 2 

Mean 7 6,7 3,7 7,9 7,9 

Median 7 7 4 8 8 

Quartile 1 6 6 2 7 7,8 

Quartile 3 8 7 5 8 9 

 

A high value of the single number quantities means worse impact sound insulation. In that 

regard, objects with higher values of single number quantities should theoretically have worse 

protection against walking sound annoyance and therefore be perceived as worse. Ventilen is 

shown in table 5 to have the worst impact sound insulation and can be expected to have the 

most annoying walking sound of all objects. However, Ventilen is shown in figure 24 to not 

be perceived as the worst, Bergsbyn 1 and Bergsbyn 2 were rated as having more annoying 

walking sounds with higher mean values. The walking sounds of Ventilen and Rind were 

rated as being fairly equal in annoyance with similar mean and median, but Ventilen had more 
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varied ratings. The concrete structure of LTU was perceived as having the least annoying 

walking sound. 

 

When just considering the currently used single number quantity to evaluate impact sound 

insulation in schools, 𝐿′𝑛𝑇,𝑤, the measured values for the objects do not agree very well with 

the perceived walking sound annoyance. LTU has the second worst 𝐿′𝑛𝑇,𝑤  of all object and is 

perceived as the best in terms of walking sound annoyance. The opposite is for Bergsbyn 2 

which has the best 𝐿′𝑛𝑇,𝑤 but was rated as the worst.  

 

As the evaluated frequency range was extended, the correlation between measured impact 

sound and perceived walking sound improved. When frequencies down to 25 Hz were 

included, Rind, Bergsbyn 1 and Bergsbyn 2 were corrected to the point where LTU became 

the object with the second best impact sound insulation value. This makes more sense 

considering it was rated as having the least annoying walking sound. However, Bergsbyn 2 

still has the best impact sound insulation value after the corrections but is rated as the worst. 

Several participants expressed an annoyance with a “clinking” sound which was traced to the 

sound file for Bergsbyn 2. This clinking sound was most likely from a ceiling lamp that 

oscillated when walking on the structure of Bergsbyn 2, which could explain why the object 

was rated poorly. It is definitely not a certainty that the absence of the clinking sound would 

make Bergsbyn 2 the best rated object, but it could have improved its rating.  

 

In the end, the perceived annoyance of Ventilen does not match its corresponding insulation 

performance, which indicates that the impact sound insulation values does not fully correlate 

to the perception. The results from the first listening test also suggests that the single number 

quantity used today for schools is not sufficient. 

 

 
Figure 24. Box and whisker plot displaying the variation in perceived annoyance of walking sound for twenty participants.  
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5.2.2 Listening test 2 – Sound comparison 

In the second listening test, the participants had to make pairwise comparisons of all the 

walking sounds from the measurement objects and choose which sound is more annoying. For 

the five measurement objects, that made ten comparisons. The listening test consisted of four 

parts: all walking sounds with their original sound levels; all walking sounds with the same 

𝐿′𝑛𝑇,𝑤; all walking sounds with the same 𝐿′𝑛𝑇,𝑤,50; and all walking sounds with the same 

𝐿′𝑛𝑇,𝑤,25. The distribution of the votes from the twenty participants for all comparisons are 

presented in table 7, as well as illustrated in figure 25. 

 
Table 7. Distribution of votes from twenty participants on which walking sound is more annoying for ten sound comparisons. 

Results R-L B2-V V-L V-B1 B1-B2 R-B2 L-B1 R-B1 V-R L-B2 

Original level 20-0 17-3 19-1 0-20 4-16 1-19 1-19 0-20 8-12 0-20 

Same L'nT,w 20-0 20-0 12-8 0-20 1-19 1-19 0-20 17-3 1-19 1-19 

Same L'nT,w,50 19-1 20-0 11-9 0-20 1-19 1-19 0-20 3-17 0-20 1-19 

Same L'nT,w,25 16-4 19-1 13-7 0-20 2-18 1-19 2-18 5-15 1-19 0-20 

V = Ventilen; R = Rind; B1 = Bergsbyn 1; B2= Bergsbyn 2; L = LTU         

 

Due to the forced choice between two alternatives of walking sounds, the most annoying 

walking sounds could be determined. To know if the difference in annoyance between two 

walking sound are significant and not by chance, a threshold value of 14 was determined with 

binomial distribution. This means that if a walking sound received 15 or more votes from the 

comparison, the difference is significant and the more voted walking sound can be considered 

more annoying. 

 

In the first part where the participants had to compare the unmodified walking sounds, the 

results were much in agreement with the results from the first listening test. In the first 

listening test LTU was perceived the least annoying, which was shown in the comparisons 

where LTU consistently was perceived the best. Bergsbyn 2 was rated the worst in the first 

listening test and was consistently perceived significantly more annoying in all its 

comparisons in the second listening test. For the comparison between Ventilen and Rind, the 

distribution of votes is fairly even, which means that both measurement object were 

considered equal in annoyance. This also matches the results in the first listening test were the 

two objects were rated fairly equal in annoyance.  

 

The main purpose of the remaining three parts of the listening test was to investigate if any of 

the studied single number quantities are a good metric to describe walking sound annoyance, 

and whether they are neutral with respect to construction system. For any of the single 

number quantities to be considered a good metric, the distribution of votes for the 

comparisons should be fairly even when the sounds are adjusted to have the same level of the 

specific single number quantity tested. However, if the difference in votes for the 

comparisons is large, 15 votes or more, the difference in annoyance between the sounds is 

significant and the specific single number quantity therefor does not describe walking sound 

annoyance well. 

 

As seen in figure 25, the participants generally agreed on which walking sounds were more 

annoying. The exception was the comparison between Ventilen and LTU where both walking 

sounds were perceived as equally annoying when adjusted to have the same metric. This is 

due to both structures having heavy and stiff surface layers, which gives the walking sounds 

similar characteristics with higher toned and damped steps. The correlation between measured 
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impact sound and perceived walking sound annoying does not show much improvement as 

more lower frequencies are included for this comparison. This indicates that the currently 

used metric 𝐿′𝑛𝑇,𝑤 is sufficient to describe walking sound annoyance for heavy structures. 

 

For the remaining comparisons with the same metrics, the difference in annoyance was 

consistently significant. The heavier structures, LTU and Ventilen, were always perceived as 

less annoying than the walking sounds from the lightweight structures, suggesting that the 

participants were more annoyed by lower toned footsteps and that the weight of the structures 

is important for protection against walking sound annoyance. The perceived difference in 

annoyance was also consistently significant when two lightweight structures were compared. 

Bergsbyn 2 was perceived the worst in all its comparisons, which was due to the “clinking” 

noise in its walking sound recording. The comparison between Rind and Bergsbyn 1 had some 

interesting development when both sounds were adjusted to have the same value for the single 

number quantities. The adjustment to equal 𝐿′𝑛𝑇,𝑤 caused Rind to be perceived as having 

significantly more annoying walking sound than Bergsbyn 1, giving Rind 17 out of  20 votes. 

When both object’s walking sounds were adjusted to have the same 𝐿′𝑛𝑇,𝑤,50, the vote 

distribution completely switched over to Bergsbyn 1 which became significantly more 

annoying, and that was still the case with the same 𝐿′𝑛𝑇,𝑤,25. The reason that Rind was 

perceived more annoying at the same 𝐿′𝑛𝑇,𝑤 is most likely that Bergsbyn 1 measured a 

relatively high value for this metric, 𝐿′𝑛𝑇,𝑤 = 55 dB, compared to Rind who measured a 

relatively low value, 𝐿′𝑛𝑇,𝑤 = 47,3 dB. This meant that Bergsbyn 1 received a significantly 

larger level reduction when adjusted to have the same 𝐿′𝑛𝑇,𝑤 as Bergsbyn 2, which was the 

reference and had 𝐿′𝑛𝑇,𝑤 = 46,2 dB. The large level reduction made the walking sound 

recording for Bergsbyn 1 very damped, and the sound in the lower frequency range which are 

important for perceived walking sound annoyance, became much less audible. For the 

remaining single number quantities, 𝐿′𝑛𝑇,𝑤,50 and 𝐿′𝑛𝑇,𝑤,25, the level difference between Rind 

and Bergsbyn 1 were not as large so both object received more similar level reductions. 

 

Since one of the walking sounds was consistently perceived significantly more annoying 

when a lightweight structure was included for the comparison, none of the studied single 

number quantities corresponded to the rated walking sound annoyance. There are indications 

that the correlation improved with more lower frequencies included, as seen for the 

comparison between Rind and LTU, and Rind and Bergsbyn 1, where the vote distribution 

start to even out. However, still not to the point where the difference in walking sound 

annoyance can be considered insignificant. There is therefore no metric tested in this project 

that is neutral to the construction system. 
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Figure 25. Distribution of votes for the more annoying sound for all ten sound comparisons. 
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6. CONCLUSIONS 

Conclusions regarding the correlation between measured impact sound insulation and 

perceived walking sound annoyance in schools, and the importance of frequencies below 100 

Hz to the correlation, are presented below. The conclusions concern the perceptual annoyance 

of barefoot walking sound. Gait with footwear can change the character of the walking sound, 

for example shoes with hard soles will make more high-frequency sound. Therefor, the results 

may have differed if the study was conducted with shoes. However, the barefoot results are 

more interesting for schools.  

 

• Measured impact sound insulation does not fully correlate to perception. This is 

evident in the first listening test were the measurement objects’ values for impact 

sound insulation does not correspond to the perceived annoyance of walking sound for 

the measurement objects. The measurement object Ventilen is a clear example of 

where the correlation between measured and perceived impact sound is poor. Ventilen 

measured the worst impact sound insulation of all objects for each tested single 

number quantity, but there were two measurement objects that were rated by the test 

participants to have more annoying walking sounds. In theory, the object with the 

worst measured impact sound insulation should also have the worst protection against 

walking sound annoyance, but that was not the case in this project. 

 

• The results indicate a need to include frequencies below 100 Hz. In the first listening 

test, the correlation between measured single number quantities and rated walking 

sound annoyance improved as more lower frequencies were evaluated. LTU had the 

second worst impact sound insulation when just evaluating from 100 Hz, but was 

perceived to have the best protection against walking sound annoyance by the test 

participants. When evaluating from 25 Hz, the three lightweight structures saw large 

corrections to their measured single number quantities, which made LTU the second 

best object in terms of impact sound insulation. This is more in line with the results 

from the first listening test were the walking sound for LTU was perceived as the least 

annoying. 

 

• None of the studied single number quantities, 𝐿′𝑛𝑇,𝑤, 𝐿′𝑛𝑇,𝑤,50 and 𝐿′𝑛𝑇,𝑤,25, describe 

walking sound annoyance satisfactorily in a way that is neutral to the construction 

system. In the second listening test, when the walking sound recordings from all 

measurement objects were adjusted to have the same value for each single number 

quantity, the test participants would have to perceive the walking sounds in the 

pairwise comparisons as equally annoying for the specific single number quantity 

tested to be considered a good metric. Among the ten comparisons, the test 

participants only perceived one pairwise comparison as equal in walking sound 

annoyance, which was between the two heavyweight structures LTU and Ventilen. For 

these two structures, the currently used metric in schools, 𝐿′𝑛𝑇,𝑤, correlated well with 

perceived walking sound annoyance. However, for every other comparison, which 

included at least one lightweight structure, one walking sound was consistently 

perceived significantly more annoying. This was the case for all tested single number 

quantities, which means that when a lightweight structure is concerned, none of the 

metrics are satisfactory when it comes to correlating measured and perceived impact 

sound.   
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6.1. Future work 

The listening tests could not be to extensive and long because otherwise it could negatively 

affect the test participants’ performance. This limited the amount of things that could be 

tested and there were ideas that had to be cut from the project which could be investigated in a 

future project. An alternative is to investigate the lower frequency limit at which a difference 

can no longer can be perceived for the walking sounds when additional lower frequencies are 

included. Practically the test could be performed by letting the participants listen to the 

original walking sound and then compare it to the same sound but with cutoff frequencies at 

different lower frequencies. If a difference can be perceived, there may be a need to include 

the specific lower frequencies when evaluating impact sound insulation.   

 

The same tests performed in this project can be done with different footwear. It can also be 

interesting to investigate annoyance from chair scrapes as it is a common noise source in 

schools. However, there may be difficulties with the repeatability of the chair scrape 

recordings.  

 

The listening tests were only conducted on adults in this project. A future project could 

perform listening tests with children to investigate whether the perceptual annoyance for low-

frequency sound is different. Subjective perception of a child’s walking sound could also be 

studied.  

 

Additional single number quantities could be tested as well to see if any can be found that 

correlates better with measured and perceived impact sound.  
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APPENDIX A   

Lyssningstest – Gångljud för olika bjälklag 
 

I detta test kommer du få lyssna på gångljud från olika bjälklag i skolor. Du kommer själv få 

klicka igenom en powerpoint där ljudfilerna finns. Du kan lyssna om varje ljudfil så många 

gånger som du behöver. Tänk på att det är störningen av gångljuden som ska bedömas, inte 

ljudnivån. Vissa ljudfiler har bakgrundsbrus, försök förbise det och bedöm endast själva 

gångljuden. 

 

Övningslyssning  

Ingenting ska fyllas i här! Denna del är enbart för att du ska få provlyssna på några ljud innan 

testerna. 

 

Lyssningstest 1 – Störningsgrad 

Lyssna igenom ljudfilerna och cirkulera den grad av störning du upplever från respektive ljud. 

 

 Ljud A  

Lite störande       
Mycket 

störande 

1 2 3 4 5 6 7 8 9 10 

 

Ljud B 

Lite störande       
Mycket 

störande 

1 2 3 4 5 6 7 8 9 10 

 

Ljud C 

Lite störande       
Mycket 

störande 

1 2 3 4 5 6 7 8 9 10 

 

Ljud D 

Lite störande       
Mycket 

störande 

1 2 3 4 5 6 7 8 9 10 

 

Ljud E 

Lite störande       
Mycket 

störande 

1 2 3 4 5 6 7 8 9 10 
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Lyssningstest 2 – Ljudjämförelse 

Detta test är uppdelat i fyra delar (a-d) och för varje del ska du jämföra två ljud emellan för 10 

olika jämförelser. Cirkulera det ljud, A eller B, som du upplever mer störande. 

 

 

 

 2a    2b 

Jämförelse 1: A B   Jämförelse 1: A B 

Jämförelse 2: A B   Jämförelse 2: A B 

Jämförelse 3: A B   Jämförelse 3: A B 

Jämförelse 4: A B   Jämförelse 4: A B 

Jämförelse 5: A B   Jämförelse 5: A B 

Jämförelse 6: A B   Jämförelse 6: A B 

Jämförelse 7: A B   Jämförelse 7: A B 

Jämförelse 8: A B   Jämförelse 8: A B 

Jämförelse 9: A B   Jämförelse 9: A B 

Jämförelse 10: A B   Jämförelse 10: A B 

 2c    2d 

Jämförelse 1: A B   Jämförelse 1: A B 

Jämförelse 2: A B   Jämförelse 2: A B 

Jämförelse 3: A B   Jämförelse 3: A B 

Jämförelse 4: A B   Jämförelse 4: A B 

Jämförelse 5: A B   Jämförelse 5: A B 

Jämförelse 6: A B   Jämförelse 6: A B 

Jämförelse 7: A B   Jämförelse 7: A B 

Jämförelse 8: A B   Jämförelse 8: A B 

Jämförelse 9: A B   Jämförelse 9: A B 

Jämförelse 10: A B   Jämförelse 10: A B 


