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ABSTRACT 

An increased share of construction with timber is one possible way of achieving more 

sustainable and energy-efficient life cycles of buildings. The main reason is that wood 

is a renewable material and buildings require a large amount of resources. Timber 

buildings taller than two storeys were prohibited in Europe until the 1990s due to fire 

regulations. In 1994, this prohibition was removed in Sweden. 

    Some of the early multi-storey timber buildings were associated with more 

complaints due to impact sound than concrete buildings with the same measured 

impact sound class rating. Research in later years has shown that the frequency range 

used for rating has not been sufficiently low in order to include all the sound 

characteristics that are important for subjective perception of impact sound in light 

weight timber buildings. The AkuLite project showed that the frequency range has to 

be extended down to 20 Hz in order to give a good quality of the rating. This low 

frequency range of interest requires a need for knowledge of the sound field 

distribution, how to best measure the sound, how to predict the sound transmission 

levels and how to correlate numerical predictions with measurements. 

    Here, the goal is to improve the knowledge and methodology concerning 

measurements and predictions of low frequency impact sound in light weight timber 

buildings. Impact sound fields are determined by grid measurements in rooms within 

timber buildings with different designs of their joist floors. The measurements are used 

to increase the understanding of impact sound and to benchmark different field 

measurement methods. By estimating transfer functions, from impact forces to 

vibrations and then sound pressures in receiving rooms, from vibrational test data, 

improved possibilities to correlate the experimental results to numerical simulations 

are achieved. A number of excitation devices are compared experimentally to evaluate 

different characteristics of the test data achieved. Further, comparisons between a 

timber based hybrid joist floor and a modern concrete floor are made using FE-models 

to evaluate how stiffness and surface mass parameters affect the impact sound transfer 

and the radiation.  

    The measurements of sound fields show that light weight timber floors in small 

rooms tend to have their highest sound levels in the low frequency region, where the 

modes are well separated, and that the highest levels even can occur below the 

frequency of the first room mode of the air. In rooms with excitation from the floor 

above, the highest levels tend to occur at the floor levels and in the floor corners, if the 

excitation is made in the middle of the room above. Due to nonlinearities, the 

excitation levels may affect the transfer function in low frequencies which was shown 

in an experimental study. Surface mass and bending stiffness of floor systems are 

shown, by simulations, to be important for the amount of sound radiated.  

    By applying a transfer function methodology, measuring the excitation forces as 

well as the responses, improvements of correlation analyses between measurements 

and simulations can be achieved 
 
Keywords: Low-frequency, impact sound, light weight floor, timber joist floor, 

tapping machine, multi-storey timber building, frequency response functions. 
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LIST OF SYMBOLS 

B Frequency bandwidth (Hz) 

B’ Flexural rigidity of a plate (Nm) 

E Young’s modulus (N/m
2
) 

H General notation for a transfer function 

K Stiffness matrix 

K Modal stiffness matrix 

L Sound pressure level (dB, ref. 20µPa) 

L’ Total length of the edges in the room  (m) 

Lx Length in x direction (m) 

Ly Length in y direction (m) 

Lz Length in z direction (m) 

M Mass matrix 

M Modal mass matrix 

N Integer number, number of modes 

N’ modal density (modes/Hz) 

P Force vector 

P Modal force vector  

S Surface area (m
2
) 

S’ Surface area of a room (m
2
) 

T Reverberation time (s), 60 dB decrease. 

V Viscous damping matrix  

V Modal viscous damping matrix  

V Volume (m
3
) 

U Displacement amplitude (m) 

X Excitation in a transfer function 

Y Response in a transfer function 

Z Impedance; specific acoustic impedance (Ns/m
3
), mechanical impedance 

(Ns/m) 

c Speed of sound (m/s) 

c0 Speed of sound for air (m/s) 

cL Longitudinal speed of sound in a solid structure (m/s) 

f Frequency (Hz) 

fn Natural frequency (Hz) 

fs Schroeder frequency (Hz) 

i Imaginary number, 𝑖 = √−1   

k Stiffness  (N/m) 

m Mass (kg) 

m’’ Surface Mass  (kg/m
2
) 

n Integer, mode number 
p Force (N), Pressure (Pa) 
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�̂� Peak pressure (Pa) 

r Ratio between excitation frequency and natural frequency 

u Displacement vector  

u Displacement (m) 

�̇� Velocity (m/s) 

�̈� Acceleration (m/s
2
) 

v Viscous damping (Ns/m) 

vcr Critical damping (Ns/m) 

Ω Circular excitation frequency (radians/s) 

𝚽 Modal matrix 

β Adiabatic compression modulus (N/m
2
) 

𝜁  Relative critical damping 

𝛈  Modal coordinate vector 

ρ Density (kg/m
3
) 

𝝓𝑛 Eigenvector / eigen mode shape 

ωn Circular natural frequency (radians/s) 
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1 INTRODUCTION 

1.1 Background 

A small introduction is given with the aim to describe the background and 

meaning of “impact sound in timber buildings” and show how the subject fits 

into a wider context. 

 
Timber is a renewable material. An increased use of timber as a construction 

material is, due to its properties and role in nature, considered as a potential 

way to build a more sustainable society. Carbon dioxide is stored in wood, by 

photosynthesis and the carbon cycle, both as forest and in wooden objects 

such as timber buildings. An extended use of timber in buildings may 

contribute to an increased energy efficiency due to the resulting decrease in 

energy consumption during the life cycles compared to, for instance, these of 

concrete buildings [1]. The carbon storage capacity of wood and timber 

buildings may be seen as an opportunity to improve the carbon dioxide 

balance from the previous fossil fuel emissions caused by mankind; the well-

known greenhouse effect [2]. In countries such as Sweden, wood-based 

industries also help keeping job opportunities in rural areas. In addition, 

timber buildings have properties that may increase the safety in areas of 

seismic hazards [3]. 

 
Due to a number of urban fires that occurred in the 19

th
 century, the fire 

legislations throughout Europe were prohibiting timber buildings taller than 

two storeys. Technological development and improvements in fire protection 

made it eventually considered safe to build tall timber buildings. In Sweden 

the legislation was revised in 1994, whereby timber buildings with more than 

two storeys became allowed. Today, most western European countries have 

revised their legislations and are allowing five or more storeys [4]. 

 

Examples of motivators for developing multi-story timber buildings are 
urbanization and higher prices for land in the cities but also visions of 
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densifying the cities for increased walkability and effective transportation by 

bicycling, walking and public transports in order to enable good life without, 

or with a less need for, cars. 

 

Due to the previously mentioned positive aspects of wood, there is a slowly 

increasing interest in developing multi-storey timber based buildings. As of 

2016, the tallest timber based buildings are reaching record heights with 14 

storeys [5] and even higher buildings are planned; for instance the 18-storey 

Brock Commons Student Residence at the University of British Columbia, 

planned to be finished in the summer of 2017 [6]. 

 

Building high rise timber buildings has shown to imply some technical 

challenges, not at least within the structural dynamics and acoustics areas. 

Timber has a high strength to weight ratio, but a rather low stiffness compared 

to other construction materials. The same properties that are beneficial for 

seismic safety will also lead to less desired effects when it comes to wind 

loadings. For medium to high rise buildings, the dynamic properties of the 

buildings make them more wind sensitive if they are designed with a timber 

frame [7], if not special measures for improving this performance are added. 

This issue could be resolved if allowing a certain extent of other materials, 

such as concrete in stabilizing walls or elevator shafts which is done in the 

previously mentioned building project at the University of British Columbia. 

However, research with the aim to minimize the use of concrete, and other 

materials that have negative impacts on the environment, in favour of timber, 

are ongoing [8]. 

 

Disturbance from vibrations stemming from activities such as walking, 

running etc. is and has been a challenge [9]. This issue seems to be resolved 

by having proper stiffness of the floors systems. When this is written, the 

Swedish national annex to Eurocode allows a maximum deflection of 1.5 

mm/kN for a point load; this limit is under examination. For instance, Finland 

has correspondingly 0.5 mm/kN as the limit. 

 

This thesis is concerning impact sound and mainly measurements and 

simulation techniques, within the low frequency range, for multi-storey timber 

buildings. After revising the regulations, and thereby allowing multi-storey 

timber buildings, it became eventually a well-known issue that footfall noise 

can be unsatisfactory although the formal impact sound requirements are 

fulfilled.  

 

It was shown that impact sound measurement data gave a low correlation to 

the satisfaction of footfall noise for the residents of multi-storey timber 

buildings, compared to those living in multi-storey concrete buildings [10]. 
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This initiated, for instance, the AkuLite research project in Sweden with the 

goal to find the causes of the poor correlations. The research outcome is that 

the measuring frequency range of 50 – 3150 Hz and the weighting method 

according to the standard of impact sound measurements at that time [11, 12] 

were not sufficient for timber buildings. By extending the frequency range 

down to 20 Hz, it was shown that the impact sound correlation to subjective 

ratings could be improved significantly [13]. This resulted in a revision of the 

Swedish sound class rating / requirement standard SS 25267:2015 [14], which 

now gives the recommendation to include the extended range for the highest 

sound classes A and B. The measurement method used for the SS 25267:2015 

rating is ISO 16283-2:2015 [15] that have replaced the ISO 140-7 standard for 

measurement of impact sound. It should be noted that this new standard 

describes the measurement procedure for the frequency range 50 – 5000 Hz, 

i.e. the lowest frequency is a bit higher than 20 Hz. 

 

Even though the measurement methods are getting better concerning 

correlation to subjective perception, there are still obstacles for the building 

industry regarding impact sound. Timber building companies have commonly 

concerns regarding design parameters and methods of how to achieve cost 

effective solutions of impact sound within the low frequencies.  

 

In many industries there is a wish to increase the amount of simulations in the 

development of new products. The main purpose is to decrease the need of 

prototypes since building and testing them tend to be expensive. Ideally, 

numerical simulations can save costs and speed up development. This is also 

valid for the building industry when it comes to developing new building 

systems and joist floors. 

 

Impact sound measurements are, according to the previously mentioned 

standards, mainly made with excitations using tapping machines [16]. 

Although progress is made, by researchers, to more accurately simulate the 

tapping machine [17, 18], thereby enabling numerical simulations of impacts 

tests using that device, there is still a lack of implementation in the building 

industry. 
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Figure 1. Example of a multi-storey timber building, Limnologen in Växjö, Sweden 

1.2 Research questions and aim 

The development of products and constructions involving important acoustical 

properties, in the building sector, is dominated by experiments and 

measurements of the acoustic performances. Many of the methods used are 

based on the diffuse field theory which requires a higher modal density than 

the one that exists in the modal range (the low frequency region, where the 

modes are well separated). The problem area has, by recent research, been 

shown to be lower in frequency than the classical standardized measurement 

methods are made for [13]. In the low frequency (low modal overlap) range, 

deterministic methods like the Finite Element Method (FEM) is widely 

adapted and used in structural dynamics. Computational deterministic 

methods, such as FEM, have a low implementation rate in applied building 

acoustics. In acoustic research there are numerous simulations of impact 

sound. For instance Bard et. al. [19] have made FE-simulations of structural 

sound attenuation of light weight wooden joist floors. Flodén et. al. [20] have 

simulated the transmission through cavities of lightweight wooden joist floors. 

Brunskog et. al. [21] have theoretically treated the sound transmission through 

periodical lightweight floors. Rabold et. al. [22] have made accurate 

predictions of sound transmission and impact sound levels of a tapping 

machine excitation of light weight floors, using FE-models. E Sousa et. al. 
[23] have developed a prediction model for estimation of low frequency 
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impact sound, for homogenous and floating floors and they are using FRFs for 

correlations. Sjökvist et. al. [24] have developed a Fourier series model for 

vibrational response simulations of periodically stiffened light floors. Diaz-

Cereceda et. al. [25] derived and calculated impact sound transfer with 

analytical models of the power transmission through different structural 

connections. However, it is not seen as a strive to apply FRFs in simulations 

as correlations with acoustical measurements in the low frequency range, or 

for impact sound measurements in general, as an alternative to the current 

method with excitations using the ISO tapping machine. The overall question 

is if a measurement methodology setting out from Frequency Response 

Functions (FRFs) in combination with FE-models could improve the quality 

of low frequency impact sound compared to the methods used today. 

 
The strive to increase the number of multi-storey buildings made of timber 

brings a need for more knowledge and better utilization of methods in 

structural dynamics and acoustics within the building industry. The research 

questions aimed for in this thesis are: 

 

1. What is the nature of low frequency impact sound distribution, in light 

weight timber buildings? This question is especially valid for small 

rooms, where the modal range in which eigenmodes are well separated 

becomes an even more significant part of the measurement range. In 

order to be able to measure the sound within the modal range and even 

the range below that correctly, this knowledge is important to improve 

measurement methods and standards. The potential influence of 

excitation characteristics is also a variable of interest. 

 

2. Would an FRF methodology imply an improvement in the approaches for 

simulations and measurements? There are currently limited possibilities 

to make comparisons between impact sound measurement data and 

results from FE-calculations. The reason is that although the tapping 

machine used for impact sound measurements is well specified, it is not 

possible to get reasonable force spectra from such measurements. This is 

an obstacle towards validated simulations of impact sound performance. 

The hypothesis is that by moving towards an FRF approach, for both 

calculations and measurements especially in low frequencies, this 

obstacle may be removed thus enabling accurate simulations of joist floor 

vibro-acoustic performance and impact sounds. 
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3. Are FEM together with an FRF based approach a reliable tool for 

calculations of low frequency impact sound in light weight timber 

buildings? In classical mid and high frequency range acoustics, FEM is 

not considered to be an efficient tool; Statistical Energy Analysis is 

considered to be computationally effective in these ranges. However, in 

light weight timber buildings, the area of interest is the low frequency 

modal range. The vision here is to be able to simulate the sound levels 

and the sound that persons in the room below experience of a heel impact 

on the timber joist floor above. 

 

The purpose and aim are, at the end of this research, to have the tools and the 

methodology to be able to make accurate computer simulations of low-

frequency vibro-acoustics of a light weight joist floor with connecting rooms. 
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2 LOW FREQUENCY IMPACT 

SOUND AND ACOUSTICS 

2.1 Human perception  

Low frequency sound in buildings involves the lowest hearing range that can 

be perceived by humans. The lower limit for human tonal hearing, i.e. the 

perceiving of a sine wave of sound pressure as a tone, is commonly considered 

to be around 20 Hz. However, research has shown that humans can perceive 

sound pressures below 20 Hz [26].  

 

Tonal hearing perception is defined in the ISO 226:2003 standard [27]. The 

curves in this standard are refined from the classical hearing curves of Fletcher 

Munson, showing the equal loudness perception levels throughout the human 

tonal hearing range. The A-weighting filter, commonly used in acoustics for 

rating of disturbances and noise, is based on the 40 phone curve of the ISO 

226 standard.   

 

The ISO 226:2003 equal loudness curves, see Figure 2, show that the tonal 

hearing limits are higher for sound pressures in lower frequencies compared to 

the limits in the frequency range where humans have their best hearing in 

terms of perceiving low sound pressure levels (1000 - 5000 Hz). After 

exceeding the hearing threshold, the equal loudness curves are denser in the 

20-50 Hz range than in the 1000 Hz range.  

 

The results from the AkuLite project [13] shows that the required weighting 

for a transient impact sound disturbance is not met by the classical A-

weighting curve [28] and the classically used curve of reference values for 

impact sound weighting [12]. This shows that the equal-loudness tonal curves 

of ISO 226 are not very well applicable for the transient character of impact 

sound.  
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Figure 2. The ISO 226:2003 Equal-loudness curves. Equal loudness means a constant 

human subjective perception of the same loudness of a pure sine tonal sound. 

It should also be noted that the hearing perception of tones is different from 

the hearing perception of random noise. Hearing curves for random noise are 

defined in the ITU-R 468 standard [29], see Figure 3. The character of the 

sound, if it is tonal, transient or random and which pressure levels it has affect 

the perception of the sound within the low frequency range. However, 

corresponding hearing curves for transient sounds like the ISO 226 equal-

loudness or the ITU-R 468 are not yet found. The closest and most relevant 

weighting for impact sound in low frequencies in light weight timber buildings 

is thus the weighting according to the results from AkuLite and the Appendix 

A in SS 25267:2015 [14]. 
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Figure 3. Comparison between ITU-R (black), A-weighting (blue) and Inverse ISO 226 for 

40-phone (red). 

2.2 Measurements 

The low frequency range implies some differences in buildings compared to 

the more traditionally used range for impact sound (>100 Hz). Including the 

frequencies down to 20 Hz involves a range with low modal density; this is 

especially true within small rooms. Traditional building acoustics concerning 

air borne sound insulation and impact sound is based on the diffuse field 

theory. It is essentially a statistical approach which is assumed to give 

repeatable values by using a number of random measurement locations in a 

room with a sufficient modal overlap. In room acoustics, the diffuse field 

assumption implies the following methodology for measuring of the sound 

pressure in a room: 

 

 Measure the sound pressures in a sufficient number of locations within 

the room during a certain amount of time for each measurement. The 

purpose is to get a sufficiently low standard error of the total average 

value to fulfil a wished or standardized accuracy in repeatability.  
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 Transform the measurement results into the frequency domain and 

present them, integrated over a certain frequency range, such as an octave 

or more commonly a 1/3 octave band. The desired value is the average of 

the energy from all the measurements. The expression for averaging 

sound pressure levels in decibels (dB) is: 

 

 𝐿 = 10 ∙ 𝑙𝑔 (
1

𝑁
∑ 10𝐿𝑗 10⁄

𝑁

𝑗=1

) (1) 

 

where Lj, j=1,2,…N, denotes the sound pressure level at N different 

positions in the room. 

 

 Measurements made too close to walls and floors etc. are not to be used 

in a calculation of a sound pressure level average. Hence, the 

measurements have to be conducted at certain distances, given by 

regulations. These constraints are due to the increase in the sound 

pressure close to hard surfaces where the sound is reflected. Thus 

inclusion of measurements close to these objects renders in an increased 

standard deviation, and thereby a decreased accuracy in the average 

value. 

 

 Determine the damping of the system by measuring the reverberation 

time in the room for each octave or 1/3 octave band. This is made in 

order to capture the influence of the absorption, caused by for instance 

the furnishing in the room. Transform the measured sound levels to a 

certain standardized reverberation time in order to have values suitable 

for comparison and requirements. 

 

 Before conducting the measurement, make sure that the background 

noise is sufficiently low in order to not disturb the measurements. Correct 

the measured levels in the frequency bands (usually 1/3 octaves) where 

the background noise has some effect on the results. Discard those that 

give too high measurement uncertainties to be able to be corrected.    

 

The measurement standards are detailed and use refined techniques but they 

are not described here. An example of this methodology is the standard for 

impact sound insulation measurements in laboratories, ISO 10140-3 [30]. The 

correction for background noise is not seen as specific for the diffuse field 

methodology. Steps towards taking the modal characteristics into account 

have, however, been taken for instance in 16283-2:2015 [15, 31]. According 

to this standard, corner values should be taken into account for low frequency 

measurements. This is due to that the highest sound pressure values usually 
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occur in corners. This is a deviation from a pure diffuse field approach, since 

the maximum of the values from fixed measurement points is used instead of 

only a statistical number of averages. This shows that diffuse field theory may 

be combined with a modal approach in order to gain increased quality in the 

measurement results. 

 

The most common device as the source of excitations for measurements of 

impact sound is the tapping machine [16], see Figure 4. It has five metal 

hammers weighing 0.5 kg each. Each hammer falls on the floor two times per 

second, i.e. ten impacts per second for all the hammers together. The distance 

between pairs of hammer centrelines is 100 mm and the dropping height is 40 

mm. The tapping machine has several benefits; it is statistically efficient with 

five excitation points for each measurement setup. It is also easy to operate 

and it excites a wide frequency range. However, for excitation in the low 

frequency range, the Japanese impact ball, also shown in Figure 4, has become 

more of an alternative in measurement standards in recent years [15, 16]. An 

advantage of using the impact ball in field measurements is the higher signal 

to noise ratio (SNR) in the low frequency range compared to the SNR for the 

ISO tapping machine [32]. Also, the impact ball´s excitation characteristics is 

more similar to excitations made by a human foot than these of the ISO 

tapping machine and other compared devices are, see Figure 5 and Figure 6 

[33, 34]. The disadvantage is the impact ball´s lower SNR within the mid to 

high frequency range (>200 Hz), in which the ISO tapping machine performs 

better.  

  
Figure 4. Photo on the left, the ISO tapping machine, on the right the Japanese impact ball.  

180 mm 

Weight: 

 2.5 kg 
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Figure 5. Impact forces as functions of frequency [32]. The blue curves are repeated heel 

impacts, the red curves are repeated impacts from one ISO tapping machine hammer. 

 
Figure 6. Frequency characteristics of real impact sounds generated by a 26-kg child and 

by standard impactors [34]. 
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2.3 Low frequency sound fields in small rooms 

When getting into the low frequency, low modal overlap range, the statistical 

diffuse field approach performs less efficiently since a few modes dominate 

the sound distribution. The sound in the room gets a character that is similar to 

these modes. A room mode, i.e. a standing wave, has peaks and nodes; peak 

values always occur at the hard reflecting surfaces of the walls, see Figure 7. 

This is governed by the impedance differences between the air and the walls.  

The natural frequencies, fn (Hz), of the room modes (axial, oblique and 

tangential) for a rectangular room can be calculated by the following formula, 

 

 𝑓𝑛 =
𝑐0

2
√(

𝑛𝑥

𝐿𝑥
)

2

+ (
𝑛𝑦

𝐿𝑦
)

2

+ (
𝑛𝑧

𝐿𝑧
)

2

, (2) 

 

where c0 is the speed of sound in air (m/s), nx, ny and nz are the order of the 

mode in the room length, Lx, width, Ly, and height, Lz, respectively. 

 

The exact limit between the modal and diffuse field ranges is a bit vague and 

sometimes still debated [35]. A commonly stated limit in room acoustics is 

defined by M. Schroeder [36] as; 

 

 𝑓𝑠 = 2000 ∙ (
𝑇

𝑉
)

0.5

 (3) 

 

in which fs is the Schroeder frequency in Hz, T is the reverberation time in s 

for the sound to decay 60 dB and V is the volume of the room in m
3
. This limit 

corresponds to a threefold overlap, i.e. three modes per half power bandwidth 

for a frequency response function (FRF). The half power bandwidth is 

described in Figure 8 [37]. 
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Figure 7. An example, showing the pressure distribution for the first three modes between 

two opposing parallel, hard surface, walls in a room. The y-axis indicates the pressure and 

the x-axis indicates the distance throughout the room, between the walls. At the nodes, the 

sound pressure is constant and in theory equal to zero. At the peaks, the highest sound 

pressure levels occur. 

  

 
 

 

 

 

 

Figure 8. A frequency response function, i.e. a response per excitation unit as a function of 

frequency. In acoustics, the response is commonly sound pressure (Pa) and the excitation 

for impact sound is an impact force (N). The peak, shown in the plot, that defines the half 

power bandwidth is centered around a resonance. The relative frequency distance between 

the points below and above the resonance where the power are half the power of that at the 

resonance peak, defines the half power bandwidth. 

  

Indicates node points Indicates peak points 

Peak

√2
= Half Power Point Response 

Frequency 

Half-Power Bandwidth 

Peak Response 
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The half power bandwidth can be calculated with the formula, 

 

 𝐵 =
𝑙𝑛106

2𝜋𝑇
≈

2.2

𝑇
. (4) 

 

In order to have information about the modal overlap, it is necessary to be able 

to calculate the modal density. In diffuse fields, the modal density is defined 

as  

 

 𝑁′(𝑓) =
𝑑𝑁

𝑑𝑓
, (5) 

 

where N is the mode number. A statistical modal density can be calculated by 

the formula [38], 

 

 𝑁′(𝑓) =
4𝜋𝑓2𝑉

𝑐0
3 +

𝜋𝑓𝑆´

2𝑐0
2 +

𝐿´

8𝑐0

, (6) 

 

where f is the band centre frequency (Hz), V is the room volume (m
3
), S´ is the 

total surface area of the room (m
2
) and L´ is the total length of all the edges 

(m). By integrating this formula over a frequency range, the statistical number 

of modes within the range can be estimated. By taking the inverse of this 

function, the statistical frequency separation of the modes can be calculated. In 

the low frequency range, this will be a coarse tool since the room mode 

distribution is discrete and not as smooth as this function indicates. Adding 

modes calculated by Equation (2) is more precise in this range. 

 

Below the first room mode, the sound pressure in a room becomes more 

evenly distributed as the frequency gets lower and thereby further from the 

first eigenmode. The distribution of the sound pressure is then getting closer to 

a static character, i.e. the pressure variation in the room becomes lower in this 

range (zero modes) compared to within the modal range (1 – 3 modes per 

bandwidth). Using Equation (2) for a small room, for example an office room, 

with 4 m in length, 2.25 m in width and 2.7 m in height gives the first mode at 

41.7 Hz. In small rooms there are few modes in the lowest frequency range, if 

20 Hz is set as the lower limit for impact sound measurements. The highest 

sound pressure level may even occur below the first room mode (seen for 

instance in [39]). Also, in a room with the previous dimensions, the Schroeder 

frequency is around 284 Hz at a reverberation time of 0.5 s. A plot of the 

number of modes in the room is shown in Figure 8. The area of the room is 
about 9.2 m

2
 i.e. a normal size for one person office rooms and also a normal 
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size for one person sleeping rooms in apartments. It shows the significance of 

having a modal approach and an understanding of the consequences of 

including a lower frequency range than the diffuse field approach is intended 

for. Ljunggren et. al. [13], show the importance of the frequency range 20-50 

Hz, for impact sound perception.  

 
Figure 9. Number of room modes, according to Eq. (2), for a room with length 4 m, width 

2.25 m and height 2.7 m. The red line shows the Schroeder frequency for the reverberation 

time 0.5 s. 
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3 SOUND TRANSMISSION OF 

IMPACT SOUND 

Sound transmission is a vast area in technical applications. Some important 

principles for sound transmission related to impact sound in buildings are 

presented here. 

 
Impact sound stem from interactions between different media or structures 

that transmit the sound. The excitation is made by a force e.g. the contact force 

between a foot and a floor. From the floor surface, vibrations are transmitted 

through different layers of materials such as floor mats, gypsum boards, or 

wooden flooring with plastic foam sound insulation layers underneath, timber 

joist structures, possible air spaces and ceiling structures underneath. The 

vibration of the bottom of the floor causes the air to vibrate and thereby, sound 

is transmitted. 

 
The only way sound can propagate in a gas, such as air, is by compression 

waves. In solid structures there is a variety in the nature of sound 

transmissions; commonly transmissions are made by bending waves, in plane 

compression waves but also by shear waves. Bending waves are common in 

floor structures and it is also a wave type that is efficient in radiating sound 

into rooms. 

 

The impedance difference at the intersection of two materials is governing the 

sound transmission efficiency. Some of the incident sound pressure at the 

interface of two materials will be reflected and some will be transmitted into 

the other material. Consider a plane wave from one elastic medium that is 

meeting another elastic medium perpendicular to the interface, see Figure 10. 

The elastic media can be gases, liquids or solid materials. The specific 

acoustic impedance, Z (Ns/m
3
), of an elastic medium is 

 𝑍 = 𝜌𝑐, (7) 



18 

where, c is the speed of sound (m/s) and 𝜌 is the density of the material 

(kg/m
3
). The speed of sound of a compression wave through the medium is; 

 𝑐 = √𝛽 𝜌⁄  (8) 

where 𝛽 is the adiabatic compression modulus (N/m
2
). Hence  

𝑍 = √𝛽𝜌. There are usually tabular values of both densities and speeds of 

sound to be used but both properties can be measured fairly easy as well. The 

sound pressure �̂�𝑡 (Pa), that is transmitted into a medium exposed to a 

compression wave with the sound pressure �̂�𝑖 (Pa) from an adjacent medium is 

described by the equation, 

 

 𝑇 =
�̂�𝑡

�̂�𝑖
=

2𝜌2𝑐2

2𝜌2𝑐2 + 𝜌1𝑐1
 (9) 

 

where T is the transmission coefficient. 

 

This basic principle of impedance is also valid at impact points and 

intersections of different parts of a floor system and its connections to the 

walls. In reality when the waves are not perfectly perpendicular, the 

transmission becomes more complex. The example shows, however, an 

important principle of the dominating transmission parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10. At the interface of two media of a perpendicular planar harmonic wave, some of 

the incident sound wave is reflected and some is transmitted into the other medium. The 

picture is remade from [38]. 
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Besides the speed and size etc. of the impact excitation source, the transmitted 

force into a structure is depending on both the mechanical impedance at the 

interface of the impact source and the impedance of the excited structure. The 

velocity, �̇�(𝜔), of a structure at the excitation point at the circular frequency 

𝜔 (radians/s) is described by 

 �̇�(𝜔) = 𝑍−1(𝜔)𝐹(𝜔), (10) 

where 𝑍(𝜔) is the mechanical impedance (Ns/m) and 𝐹(𝜔) is the force. A 

remark is that the impedance of a structure is commonly direction sensitive, 

i.e. the angle of the force affects the response of the structure. 

 

There are analytical derivations and approximate formulas for elementary 

structural objects. A thin plate, which could be considered as the simplest 

approximation of a floor, has the mechanical impedance perpendicular to its 

plane surface [40] 

 𝑍 = 8√𝐵′𝑚′′, (11) 

where 𝐵′ is the flexural rigidity of a plate (Nm) and 𝑚′′ is the surface mass 

(kg/m
2
). The formula shows that the flexural rigidity and the surface mass are 

important variables for the dynamic properties of a floor. On the excitation 

side, a simple model of the impedance of a human foot and a leg is a rod with 

the axial mechanical impedance at the end of the rod, 

 𝑍 = 𝜌𝑐𝐿𝑆, (12) 

where 𝜌 is the density (kg/m
3
), 𝑐𝐿 is the longitudinal speed of sound in the rod 

(m/s) and S is the surface area (m
2
). For a given speed of the leg / rod hitting 

the floor, the impedance has an influence on the excitation force; a larger 

impedance in the rod will give a larger excitation force and velocity of the 

floor. The longitudinal speed of sound is depending on the bulk modulus, 

which is closely related to the Young’s modulus of the material. Thus a higher 

stiffness for a given mass will render in an increased excitation. An increase in 

impact velocity or an increased weight of the foot will also enlarge the 

excitation force. 

 

Mobility, which is the inverse of the mechanical impedance, is commonly 

extracted from vibrational test data. A mobility at the point of excitation, can 

be measured using an impedance head. In a FEM software, impedances / 

mobilities at or between dofs, are easily calculated. 
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4 FREQUENCY RESPONSE 

FUNCTIONS 

4.1 Fundamentals of modal analysis 

The abbreviation FRF stands for Frequency Response Function which is also 

known as a transfer function. An FRF is the relationship between a harmonic 

output (response) at dof i, Yi , and a harmonic input (excitation) at dof j, Xj , as 

a function of frequency. The general mathematical expression is written as 

 

 𝐻𝑖𝑗(Ω) =
𝑌𝑖(Ω)

𝑋𝑗(Ω)
 (13) 

 

in which H is the frequency response function. Transfer functions may be used 

on a wide range of applications. Within structural dynamics, the input (X) is 

commonly a vector of forces as function of the circular excitation frequency Ω 

(rad/s). Using accelerometers, the measured responses form an acceleration 

vector (m/s
2
) and using microphones, the response is a vector of sound 

pressures (Pa). Transfer functions can be presented in different integrations 

and also as their inverses, depending on the matter to be analysed. The 

common names for structural dynamic FRFs are presented in Table 1 and  

Table 2. The FRFs usually consist of complex numbers, containing 

information of the phase angles as well as the magnitudes.  

 
Table 1. Commonly used response / excitation FRFs within structural dynamics. 

Dimension Displacement / 

Force 

Velocity / 

Force 

Acceleration / 

Force 

Name Admittance, 

Compliance, 

Receptance 

Mobility Accelerance, 

Inertance 
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Table 2. Commonly used excitation / response FRFs within structural dynamics. 

Dimension Force / 

Displacement 

Force /  

Velocity  

Force / 

Acceleration  

Name Dynamic Stiffness Mechanical 

Impedance 

Apparent Mass,  

Dynamic Mass 
 

Models used in structural dynamics calculations are divided into two groups: 

 

1. Continuous models 

2. Discretized models 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 11. A single-degree-of-freedom system. p(t)is the force, u is the displacement, m, k 

and v are the mass, stiffness and damping coefficient, respectively. 

Discretized models are then divided into single-degree-of-freedom (SDOF) 

and multiple-degree-of-freedom (MDOF) systems. An SDOF system 

describes the most fundamental dynamic system. It consists of one object 

considered as a mass (kg), one displacement coordinate u (m), one spring 

having the stiffness k (N/m), possible one damper having the damping 

coefficient v and one excitation force, p (N), see Figure 11. The most 

commonly used damping model is a viscous damping representation with a 

damping coefficient, v (Ns/m). The Damping force is then proportional to the 

velocity. 

 
For the SDOF system shown in Figure 11, the governing equation of motion is 

 𝑚�̈� + 𝑣�̇� + 𝑘𝑢 = 𝑝(𝑡). (14) 

m 

v k 

u, displacement. 
𝑝(𝑡) 

Unloaded equilibrium position. 
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A harmonic force can be written 

 �̅� = �̅�𝑒𝑖Ω𝑡 (15) 

where Ω is the circular excitation frequency (radians/s). For a linear system 

subjected to harmonic excitation, with a circular frequency Ω, the response 

will also have the frequency Ω. Hence, the steady-state response is solved by 

assuming the harmonic solution 

 �̅� = �̅�𝑒𝑖Ω𝑡 (16) 

The Single Degree of Freedom (SDOF) response due to a harmonic excitation 

then becomes 

 �̅�(Ω) =
�̅�(Ω)

𝑘 − 𝑚Ω2 + 𝑖𝑣Ω
 (17) 

 

where �̅� is the complex valued displacement. In the equation denominator, the 

circular frequency Ω making 𝑘 − 𝑚Ω2 vanish is the circular resonance 

frequency, or alternatively the circular natural frequency, of the undamped 

SDOF system. The natural frequency, f, for an SDOF system is, 

 

 𝑓 =
1

2𝜋
√

𝑘

𝑚
. (18) 

 

The FRF, �̅�(Ω), from force to response for an SDOF system is achieved by 

dividing the displacement with the force, 

 

 �̅�(Ω) =
�̅�

�̅�
=

1

𝑘 − 𝑚Ω2 + 𝑖𝑣Ω
 (19) 

 

This FRF is a complex valued receptance. Transformations to other 

derivatives of the displacement are made by multiplying with 𝑖Ω as many 

times as needed. Hence, the transformation from receptance to mobility 

becomes, 

 �̅�𝑚𝑜𝑏 =  𝑖Ω�̅�𝑟𝑒𝑐 [m/(Ns)], (20) 

A transformation to accelerance is done by yet another multiplication with 𝑖Ω 

 �̅�𝑎𝑐𝑐 =  −Ω2�̅�𝑟𝑒𝑐 [m/(N𝑠2)], (21) 
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4.2 Damping 

In vibrations of undamped systems, the energy is conserved and transforms 

between kinetic and potential energy. However, in almost all systems there is 

a certain degree of energy that disappears from this transformation. Most often 

this is due to some kind of friction or hysteresis within the material. The 

damping is important in FRF analyses since the maximum amplitudes, at 

resonances, are governed by the damping. Commonly, the damping is 

modelled as viscous damping. It means that the damping force is linearly 

proportional to the velocity. This model is useful both for fundamental 

understanding of dynamic systems and for real applications. Damping is often 

described as a relative damping factor in engineering; the ratio between the 

damping and the critical viscous damping is 

 

 𝜁 =
𝑣

𝑣𝑐𝑟
. (22) 

 

The critical damping for an SDOF system is 

 𝑣𝑐𝑟 = 2√𝑘𝑚 = 2𝑚𝜔. (23) 

Hence, the relative viscous critical damping is 

 

 𝜁 =
𝑣

2𝑚𝜔
 (24) 

4.3 Multiple degree of freedom systems 

Timber joist floors are usually complex designs which make SDOF models 

not representative for their dynamics. A Multiple Degree of Freedom (MDOF) 

approach is then needed.  

 

The Finite Element Method (FEM) is a numerical method used to solve 

differential equations by discretizing systems by user selected shape functions. 

Here, the FEM is used for calculations of transfer functions from one degree-

of-freedom of the structure (for instance a point force impact from a foot) to 

other degrees-of-freedom of the structure (for instance the sound radiating 

ceiling underneath the floor of the foot impact).  
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4.3.1 Natural frequencies and mode shapes of undamped 

systems 

 

The equation of motion for free decay of a linear undamped MDOF system, 

see Figure 12 for an example, is written as 

 𝐌�̈� + 𝐊𝐮 = 𝟎 (25) 

where M is the mass matrix, K is the stiffness matrix and u is the 

displacement vector.  

 

 

 

 

 

 

 

 

 
Figure 12. An example of an MDOF system. 

The stiffness and mass matrices of the system are 

 

 𝐊 = [

𝑘1 + 𝑘2 −𝑘2 0
−𝑘2 𝑘2 + 𝑘3 −𝑘3

0 −𝑘3 𝑘3 + 𝑘4

] ,   𝐌 =  [

𝑚1 0 0
0 𝑚2 0
0 0 𝑚3

]. (26) 

 

The ansatz for a solution is a harmonic displacement of the form 

 𝐮(𝑡) = 𝝓𝑛𝑒𝑖𝜔𝑛𝑡. (27) 

By assuming this, the equation of motion may be written as  

 (𝐊 − 𝜔𝑛
2𝐌)𝝓𝑛𝑒𝑖𝜔𝑛𝑡 = 0. (28) 

From this equation, a solution of 𝜔𝑛
2 is such that it makes the determinant of 

the first part of the equation vanish 

 det(𝐊 − 𝜔𝑛
2𝐌) = 0. (29) 

The square root of a solution 𝜔𝑛
2 is the n

th
 natural circular frequency (rad/s) of 

the MDOF system. Then the eigenvector 𝜙𝑛 associated with each natural 

circular frequency, 𝜔𝑛 , can be calculated by solving 

𝑘1 𝑘2 𝑘3 𝑘4 
𝑚1 𝑚2 

 

𝑚3 

 

𝑢1 𝑢2 𝑢3 
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 (𝐊 − 𝜔𝑛
2𝐌)𝝓𝑛 = 0. (30) 

The solved eigenvectors 𝝓𝑛, are dimensionless displacement vectors with 

arbitrary scaling but with determined relations between all the degrees-of-

freedom. In structural dynamics, the eigenvectors are known as mode shapes. 

The mode shapes may be collected in a modal matrix 

 𝚽 = [𝝓1 𝝓2 . . . 𝝓𝑁]. (31) 

4.3.2 The mode superposition method 

The basic principle behind the mode superposition method is that a vibrational 

mode, or shape, can be expressed as a linear combination of the structure’s 

eigenmodes, see Figure 13. Each natural frequency is associated with an 

eigenmode shape, i.e. a periodic motion that repeats itself with the period time 

corresponding to the natural frequency. Each eigenmode is also associated 

with a specific damping factor and a modal mass. 

 
How a structure is excited affects which eigenmodes that will dominate the 

vibrations. The location of the excitation, on the structure, affects which 

modes that could be engaged. The frequency or duration of the excitation 

force affects how the energy is distributed between the modes. Also, the 

amplitude of the excitation affects the amplitude directly.  

 
In the low frequency range, the idea is to calculate the eigenmodes in order to 

get a modal model that accurately represents the dynamic response of the 

structure. The equation of motion of a viscously damped linear MDOF system 

is 

 𝐌�̈� + 𝐕�̇� + 𝐊𝐮 = 𝐩(𝐭), (32) 

where M is the mass matrix, V is the viscous damping matrix, K is the 

stiffness matrix and p(t) is the excitation force.  

 

The transformation  

 𝐮 = 𝚽𝛈 (33) 
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a). A beam or a simplified floor, 

just before an excitation / a step. 

 
 

 

 

 

 

 

 

b). A displacement shape of the 

beam / floor consisting of a 

summation of the structure´s 

eigenmode shapes 

 

 

 

 

 

 

 

 

 

 

 

 

c). Eigenmode 1, 𝑀1, 𝑓1,𝝓1, 𝜁1 

 

 

 

 

 

 

 

 

 

 

 

d). Eigenmode 2, 𝑀2, 𝑓2,𝝓2, 𝜁2 

 

 

 

 

 

 

 

 

 

 

 

e). Eigenmode 3, 𝑀3, 𝑓3,𝝓3, 𝜁3 

 

 

 

 

 

 

 

 

 

 

 

 

 

f). Eigenmode N, 𝑀𝑁, 𝑓𝑁,𝝓𝑁, 𝜁𝑁 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. The principle of mode superposition. 
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where 𝚽 is the modal matrix and 𝛈 is a vector containing the modal 

coordinates 𝛈 = [𝜂1, 𝜂2, 𝜂3, … , 𝜂𝑁]𝑇is applied. Due to the mass orthogonality 

of the eigenmodes, 𝚽𝑇𝐌𝛟 and 𝚽𝑇𝐊𝚽 become diagonal. Thus, the strategy is 

to pre-multiply the terms in Equation (33) with 𝛟𝑇  rendering in  

 𝚽𝑇𝐌𝚽�̈� + 𝚽𝑇𝐕𝚽�̇� + 𝚽𝑇𝐊𝚽𝛈 = 𝛟𝑇 𝐩(𝑡). (34) 

For simplicity; 

 𝑴 = 𝚽𝑇𝐌𝚽 (35) 

is denoted the modal mass matrix. Correspondingly the modal stiffness matrix 

is defined as 

 𝑲 = 𝚽𝑇𝐊𝚽. (36) 

There is no reason for 𝚽𝑇𝐂𝚽  to become diagonal but computationally it can 

be forced to be diagonal and that can be a reasonable approximation for lightly 

damped systems. The modal damping matrix is defined to be 

 𝑽 = 𝚽𝑇𝐕𝚽. (37) 

Further, the modal force vector is, 

 𝑷(𝑡) = 𝚽𝑇𝐩(𝑡) (38) 

Hence, with the assumption mentioned above on the damping. the equation of 

motion becomes 
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 𝑴�̈� + 𝑽�̇� + 𝑲𝛈 = 𝑷(𝑡). (40) 

The system now consists of N uncoupled generalized SDOF equations  

 𝑀𝑛η̈𝑛 + 𝑉𝑛η̇𝑛 + 𝐾𝑛η𝑛 = 𝑃𝑛(𝑡). (41) 

𝜙𝑛 is commonly scaled to give 𝑀𝑛 a specific value, e.g. normalized so 

that 𝑀𝑛 = 1. To calculate the steady-state response due to a harmonic load, at 

dof j, each decoupled equation of motion is solved: 

 𝑀𝑛�̈�𝑛 + 𝑉𝑛�̇�𝑛 + 𝐾𝑛𝜂𝑛 = 𝝓𝑗,𝑛�̅�𝑒𝑖𝛺𝑡 (42) 

The ansatz   

 𝜂𝑛 = η
𝑛

e𝑖Ω𝑡, (43) 

results in 

 [𝐾𝑛 − 𝑀𝑛Ω2 + 𝑖𝑉𝑛Ω]η
𝑛

= 𝝓𝑗,𝑛𝐩. (44) 

Hence, 

 

 η𝑛 =
𝝓

𝑗,𝑛
�̅�

𝐾𝑛 − 𝑀𝑛Ω2 + 𝑖𝑉𝑛Ω
 (45) 

 

Then, the physical response is 

 

 𝐮(𝑡) = ∑ 𝝓𝑛𝜂𝑛

𝑁

𝑛=1

. (46) 

 

Solving Equation (32) for these conditions give 

 

 𝐮(𝑡) = ∑ (
𝝓𝑛 𝝓𝑗,𝑛�̅�

𝐾𝑛
) [

1

(1 − 𝑟𝑛
2) + i(2𝜁𝑛𝑟𝑛)

] 𝑒𝑖𝛺𝑡

𝑁

𝑛=1

, (47) 

 

where rn is the ratio between the n
th
 natural frequency and the excitation 

frequency i.e., 

 𝑟𝑛 =  
Ω

𝜔𝑛
, (48) 
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The complex frequency response function for a response at degree of freedom 

i due to a harmonic excitation at dof j becomes, 

 

 �̅�𝑖𝑗(Ω) = ∑ (
𝜙𝑖,𝑛𝜙𝑗,𝑛

𝐾𝑛
) [

1

(1 − 𝑟𝑛
2) + i(2𝜁𝑛𝑟𝑛)

]

𝑁

𝑛=1

. (49) 

 

This transfer function calculation is applicable for FE models representing 

structures from one dof to any other dof in the model.  
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5 SUMMARY OF THE APPENDED 

PAPERS 

The results this far are presented in the appended papers. A summary of 

purpose and results are presented for each paper.  

Paper I 

Title: Low frequency measurements of impact sound performance in light 
weight timber frame office buildings. 
This study which was made in the year 2012 is an examination of parameters 

related to low frequency impact sound in small office rooms in timber 

buildings with light joist floors. The main purpose of this paper was to get 

experimental data and to gain knowledge of the nature of the spatial sound 

field distribution in the low frequency domain. The two buildings in which the 

measurements were made represent two “extremes” of light weight wooden 

floors. Measurements were made in a relatively large number of rooms and the 

confidence intervals are presented in the frequency domain for both mid room 

and corner measurements. Excitations were made both from the room above 

and from neighboring corridors. Excitations were made both with a tapping 

machine and an impact ball. Measurements with excitations in corridors were 

made both in rooms that share the same joist floors and in rooms that have 

divided joist floors between the corridor and the room.  The measurement 

results became an experimental review of several impact sound variables; their 

influences on the results and repeatability. 
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Paper II 

Title: Low frequency sound pressure fields in small rooms in wooden 
buildings with dense and sparse joist floor spacings.  
This work continues from Paper 1. Detailed grid measurements of the sound 

fields were made in the two buildings representing the “extremes” of light 

joist floors. The excitations were made using the Japanese impact ball, which 

has shown to simulate human foot excitation well in the low frequency range. 

In this way the spatial nature of low frequency impact sound, from a room 

above, in small office rooms can be identified in detail. The results show that 

for both buildings, the highest impact sound levels occur in the low frequency 

range spanning 20 – 50 Hz. The highest levels occurred most far away from 

the excitation point, which was in the middle of the room above. The highest 

levels were in general in the lower parts of the rooms, with the highest peaks 

in the corners. Besides assessing the nature of low-frequency impact sound, 

the data are used to evaluate simplified few-sample field measurement 

methods. 

Paper III 

Title: Low frequency force to sound pressure transfer function measurements 
using a modified tapping machine on a light weight wooden joist floor.  
This research question concerns the use of FRFs for analysis and correlation to 

measurements of impact sound. The tapping machine does not measure force 

at impact and it is therefore normally not possible to achieve force spectrums 

and thus not FRFs either. Here, the tapping machine was modified to measure 

force in order to achieve FRFs. The same kind of measurements were made 

with the modified tapping machine, an electrodynamic shaker, a modal impact 

hammer and a Japanese impact ball in order to compare their quality as 

excitation devices for FRF measurements. The FRFs achieved were also used 

for visualizing the vibrations in the ceilings, walls and floor below. The 

purpose was to evaluate the transfer paths of impact sound. This may be an 

alternative to sound intensity measurements in the low frequency range. The 

measurement results show differences in the estimated FRFs depending on the 

force level characteristics indicating nonlinearities in the building structure. 

The maximum influences of the measurements due to non-linarites were 

observed in the low frequency range below 100 Hz. The non-linear results 

show that it is important that the excitation has a force level that is similar to 

the force of a human foot excitation. 
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Paper IV 

Title: Impact evaluation of a thin hybrid wood based joist floor.  
The purpose of this paper is twofold. The first aim is to develop a numerical 

analysis procedure, by combining FRFs from FE-models with analytical 

formulas for sound emission and transmission from the ceiling and 

downwards within a room with four walls. The aim is to, by applying this 

approach; accomplish a tool which calculates the relative impact sound 

between different joist floors, in the low frequency range. The second aim is to 

benchmark a thin hybrid wooden based joist floor with similar thickness, 

surface weight and global bending stiffness as a concrete hollow core floor 

structure. What will be the difference in sound transmission? The question is 

relevant since it may be necessary to make thinner wood based joist floors in 

high rise buildings, if wood should stay competitive against concrete. The 

results show that the direct transmissions of impact sound are very similar 

around the first bending mode. As the frequency increases, the modes in the 

structures differ significantly. Below 100 Hz, the concrete floor has 4 modes, 

while the hybrid joist floor has 9 modes. As the frequency increases the sound 

radiation characteristics differs. The results show that it is possible to have 

similar sound transmission properties around the first bending modes for a 

hybrid based joist floor and a hollow core concrete floor structure with similar 

thicknesses. At the first modes of the structure, the information about the 

surface weight and global bending stiffness are useful for prediction of sound 

transmission properties but for higher modes, they are not sufficient. 

Not included papers 

I have contributed to the conference papers below. However, these are not 

included in the present licentiate thesis. 

 

Å. Bolmsvik, A. Linderholt and J. Olsson, Correlating material and 
connection properties of two wooden structures – using EMA and FEA, 

Conference proceedings of WCTE, 2014, Quebec, Canada. 

 

M. Johansson, A. Linderholt, Å. Bolmsvik, K. Jarnerö, J. Olsson and T. 

Reynolds, Building higher with light-weight timber structures – the effect of 
wind induced vibrations, Conference proceedings of Internoise 2015, San 

Francisco, USA. 
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6 CONCLUSIONS 

The most important conclusions from the appended papers can be summarized 

as: 

 

By separating the joist floor of an office from the corridor, improvements in 

impact sound insulation from the corridor can be achieved. The two timber 

buildings studied have significantly different designs. Yet, at least 5 dB 

improvements in the frequency range 20 – 100 Hz are seen in both the 

building types. By separating the joist floors between the corridors and offices, 

the low frequency impact sound is decreased. However, more measurement 

objects are needed to make more general conclusions of the influence of the 

design details. 

 

Within the small rooms (about 25 m
3
) in the two building structures, the 

largest sound pressure levels in low frequencies occur in the corners of the 

floors, when the impact is in the middle of the room above. The height 

position in the room was the single most important parameter for the variation 

of the sound pressure in the room.  

 

For both building designs, the largest sound pressures occurred below 50 Hz, 

when the excitation was made with the impact ball. The results from one of 

the two buildings show that the highest sound pressure could occur even 

lower, in frequency, than the frequency of the first room mode. 

 

The confidence intervals of variation of the sound pressure in the rooms are 

highest around the first room modes. It is rapidly decreasing below the 

frequency of the first room mode. Although there is a variation of the sound 

pressure around the first modes, it is efficient to measure the corners in the 

rooms in order to obtain the maximum values with just a few measurement 

points, within this frequency range. 
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Frequency response function measurements of impact sound between two 

rooms in a timber building with different excitation devices were made. The 

transfer function from a force on the floor in the room above to sound in the 

room below and acceleration of radiating walls and the ceiling in the room 

were measured. It was shown that in the range of the peak levels, the FRFs are 

non-linear and depend on the excitation force characteristics. This implies that 

the excitation force and the frequency characteristics of an ideal excitation 

device, that measures force, should be similar to the impact of a human foot 

excitation. 

 

It was demonstrated that the measured FRFs of impact sound and structural 

response could be pedagogically visualized. This helps to evaluate the 

response for any selected frequency in the low frequency range.  

 

A modelling was made using the finite element method together with 

analytical formulas of sound radiation into a rectangular duct (room). The 

modelling had two purposes. First, to see if a wooden based floor could by 

reasonable by means of achieving a similar thickness, surface weight and 

global stiffness as a modern hollow core pre-stressed concrete floor. Second, 

to see if the same properties in surface weight and global stiffness would 

imply the same impact sound transmission properties in the low frequency 

range. The study show that it is possible to get almost the same surface weight 

and stiffness for the wood based floor as for the concrete floor. The results 

also show that around the first bending mode, the sound radiation for a given 

force becomes similar. However, although the global bending mode is the 

same, the higher order modes become more different due to different local 

mass and stiffness distributions. The conclusion is that for the lowest 

frequencies, the surface mass and the stiffness may apply to a rule of thumb 

for sound transmission properties, but not for modes higher in frequency. 

 

By applying a transfer function methodology, measuring the excitation forces 

as well as the responses, improvements of correlation analyses between 

measurements and simulations can be achieved. 
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7 FUTURE WORK 

The results from the grid measurements using the impact ball excitations in 

paper 2 will be benchmarked against a tapping machine measurement using 

the ISO 16283-2:2015 [15] standard for impact sound. For the tapping 

machine, there is a low-frequency procedure in the standard that is not yet 

approved for the impact ball. The purpose of the planned benchmark is to 

study if impact ball measurements are applicable according to the same low-

frequency procedure, or if it is necessary to make adjustments in the 

measurement and weighting procedures in order to achieve the correct sound 

levels. 

 
The estimation of FRFs from the impact sound measurements reported in 

paper 3 will be continued. Additional tests of real building structures will be 

made in order to investigate the influence of nonlinearities in the low 

frequency range. The purpose is to define a suitable excitation source for 

measurements of impact sound FRFs in timber buildings. 

 

The work on the calculation model according to paper 4 will also be 

continued. The model will be expanded with a part that includes the influence 

of the impedance of the impact source to the force spectrum of the excitation. 

The calculation model needs to be verified. An FE-validation of the sound 

radiation is planned to be made by studies using an FE-model of the air that 

radiates the sound from the ceiling surface. After validating the FE-model, it 

will be tested against real joist floors in buildings. The purpose is to see 

potential obstacles in real implementations. At least two constructions with 

significantly different designs will be tested. If successful, it will imply an 

applicable procedure for the building industry to predict impact sounds within 

the low frequency range, and potentially to simulate the sound stemming from 

human walking on a floor. 

  



38 

 



39 

REFERENCES 

1 L. Gustavsson, R. Sathre, Variability in energy and carbon dioxide 

balances of wood and concrete building materials, Building and 

Environment 41.7 (2006) pp. 940-951.  

2 J. F. Mitchell, "The “greenhouse” effect and climate change" Reviews 

of Geophysics 27, no. 1 (1989): 115-139. 

3 A. Ceccotti, C. Sandhaas, M. Okabe, M. Yasumura, C. Minowa, and N. 

Kawai, SOFIE project–3D shaking table test on a seven‐storey full‐
scale cross‐laminated timber building, Earthquake Engineering & 

Structural Dynamics 42, no. 13 (2013) pp. 2003-2021. 

4 B. Östman, E. Mikkola, R. Stein, A. Frangi, J. König, D. Dhima, T. 

Hakkarainen, and J. Bregulla, Fire safety in timber buildings, SP Report 

19 (2010). 

5 R.B. Abrahamsen, First 14-storey wood building in the world at Bergen 
in Norway, Forum International Bois Construction FBC 2015. 

6 E. Poirier, M. Moudgil, A. Fallahi, S. Staub-French, T. Tannert, Design 
and construction of a 53-meter-tall timber building at the university of 
British Columbia, Proceedings of WCTE 2016, Vienna. 

7 M. Johansson, A. Linderholt, Å. Bolmsvik, K. Jarnero, J. Olsson, and 

T. Reynolds, Building higher with light-weight timber structures: Effect 

of wind induced vibrations, Proceedings of Internoise 2015, San 

Francisco. 

8 M. Johansson, A. Linderholt, K. Jarnerö, P. Landel, Tall timber 

buildings- a preliminary study of wind-induced vibrations of a 22-
storey building, Proceedings of WCTE 2016, Vienna. 

9 K. Jarnerö, Vibrations in timber floors: Dynamic properties and human 

perception, (2014). Linnaeus University Dissertation. 



40 

10 Acoustic in timber building, State of the art 2008”.SP Technical 
Research Institute of Sweden. SP - Technical Research Institute of 

Sweden, SP Report 2008:16. 

11 ISO140-7. Acoustics – Measurements of sound insulation in buildings 

and of building elements. Part 7: Field measurements of impact sound 

insulation of floors.  

12 ISO 717-2: 2013. Acoustics – Rating of sound insulation in buildings 

and of building elements. Part 2: Impact sound insulation.   

13 F. Ljunggren, C. Simmons, K. Hagberg, Correlation between sound 
insulation and occupants’ perception–Proposal of alternative single 

number rating of impact sound, Applied Acoustics 85 (2014) pp, 57-68.  

14 Swedish Standard SS 25267:2015. Acoustics – Sound classification of 

spaces in buildings – Dwellings. 

15 ISO 16283-2:2015. Acoustics — Field measurement of sound 

insulation in buildings and of building elements — Part 2: Impact 

sound insulation. International Organization for Standardization. 

16 ISO 10140-5. Acoustics – Laboratory measurements of sound 

insulation of building elements. Part 5: Requirements for test facilities 

and equipment. 

17 A. Rabold, M. Buchschmid, A. Düster, G. Müller, and E. Rank. 

Modelling the excitation force of a standard tapping machine on 

lightweight floor structures, Building Acoustics 17, no. 3 (2010) pp. 

175-197. 

18 J. Negreira, D. Bard, Modelling of the tapping machine for finite 

element prediction tools, paper 132, Proceedings of the 22
nd

 

International Congress on Acoustics (ICA 2016). 

19 D. Bard, J. Sonnerup, G. Sandberg, A finite element solution of 
structure-borne sound attenuation for a lightweight timber 
floor, Building Acoustics 15 no. 2 (2008) pp. 137-151. 

20 O. Flodén, J. Negreira, K. Persson, G. Sandberg, The effect of 
modelling acoustic media in cavities of lightweight buildings on the 
transmission of structural vibrations, Engineering Structures, 83 (2015) 

pp. 7-16. 

21 J. Brunskog, P. Hammer, Prediction model for the impact sound level 
of lightweight floors, Acta acustica united with acustica, 89 no. 2 

(2003), pp. 309-322. 



41 

22 A. Rabold, A. Duster, E. Rank, FEM based prediction model for the 
impact sound level of floors, Journal of the Acoustical Society of 

America 123, no. 5 (2008), pp. 3356. 

23 A. N. e Sousa, B. M. Gibbs, Low frequency impact sound transmission 
in dwellings through homogeneous concrete floors and floating 
floors,  Applied Acoustics 72 no. 4 (2011), pp. 177-189. 

24 L.G. Sjökvist, Structural sound transmission and attenuation in 
lightweight structures, Ph.D. thesis Chalmers University of 

Technology, 2008. 

25 C. Díaz-Cereceda, J. Hetherington, J. Poblet-Puig, and A. Rodríguez-

Ferran, A deterministic model of impact noise transmission through 

structural connections based on modal analysis, Journal of Sound and 

Vibration 330, no. 12 (2011) pp. 2801-2817. 

26 H. Møller, and C.S. Pedersen, Hearing at low and infrasonic 
frequencies, Noise and health 6, no. 23 (2004) pp. 37-57. 

27 ISO 226: 2003.  Acoustics–Normal equal-loudness-level contours. 

International Organization for Standardization. 

28 IEC 61672:2013, Electroacoustic - Sound level meters, Electroacoustics 

Std., 2013. 

29 Rec. ITUR-R BS.468-4. Recommendation – Measurement of audio-

frequency noise voltage level in sound broadcasting. 

30 ISO 10140-3. Acoustics – Laboratory measurements of sound 

insulation of building elements. Part 3: Measurements of impact sound. 

31 C. Hopkins, and P. Turner, Field measurement of airborne sound 

insulation between rooms with non-diffuse sound fields at low 

frequencies, applied acoustics 66, no. 12 (2005) pp. 1339-1382. 

32 Homb, A. (2005), Low frequency sound and vibrations from impacts on 
timber floor constructions, Ph.D. thesis, Department of Structural 

Engineering, Norwegian University of Science and Technology 

(NTNU), Trondheim, Norway.  

33 M. Späh, K. Hagberg, O. Bartlome, L. Weber, P. Leistner, A. Liebl, 

Subjective and Objective Evaluation of Impact Noise Sources in 

Wooden Buildings, Building Acoustics 20.3 (2013) pp. 193-214. 

34 J.Y. Jeon, J.K. Ryu, J.H. Jeong and H. Tachibana, Review of the impact 

ball in evaluating floor impact sound, Acta Acustica united with 
ACUSTICA 92.5 (2006) pp. 777-786.  



42 

35 M. Skålevik, Schroeder Frequency Revisited, Paper presented at Forum 

Acusticum 2011. 

36 M. R. Schroeder, K. H. Kuttruff, On Frequency Response Curves in 

Rooms. Comparison of Experimental, Theoretical, and Monte Carlo 
Results for the Average Frequency Spacing between Maxima, J. Acoust. 

Soc. Am. 34 (1962) pp. 76–80.  

37 R.R. Craig Jr, Structural dynamics: an introduction to computer 
methods, Book, Society for Experimental Mechanics, Inc, 7 School St, 

Bethel, CT 06801, USA, 1995. 527 (1995). 

38 H. Bodén, U. Carlsson, R. Glav, H.P. Wallin, M. Åbom, Sound and 

vibration, Book, Institutionen för farkostteknik, Tekniska högskolan, 

KTH, Sweden. 

39 J. Olsson, A. Linderholt, K. Jarnerö, Low frequency sound pressure 

fields in small rooms in wooden buildings with dense and sparse joist 
floor spacings, Proceedings of Internoise 2015. 

40 L. Cremer, M. Heckl, and B. A. T. Petersson, Structure-borne sound, 

Book, Springer (2005). 




