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ABSTRACT 
Impact sounds at very low frequencies as well as floor vibrations may bother occupants in high rise 
apartment buildings where floors and walls are supported by timber (or steel) frames. Disturbing impact 
sounds at medium and high frequency may occur in buildings with conrete floors. A weighted single 
number should preferably handle both types of sounds such that it is neutral with respect to building 
materials. This paper presents a brief overview of some main findings of the Swedish ‘AkuLite’ joint 
research project and discuss two single numbers for impact sound evaluated in the frequency range 20-5000 
Hz as well as a deflection criterion. These single numbers were based on results from field surveys where 
the occupants have rated the performance of their buildings as well as physical measurements in these. In a 
companion paper by Ljunggren et al, the airborne and impact sound single numbers are evaluated by means 
of correlation analyses. In listening tests by Thorsson, walking impact sounds were recorded on different 
types of floor and played back to test subjects by means of paired comparisons. Jarnerö made a survey on 
floor vibrations. Their results support the hypothesis, that an extension of the frequency range down to 20 
Hz as well as introducing a stricter deflection criterion could improve the correlation of physical parameters 
to occupants’ rating of annoyance from impact sounds. 
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1. INTRODUCTION 
This paper is accompanied by a paper by Ljunggren et al, where some impact sound single 

numbers discussed in this paper are evaluated by means of correlation analyses on field data [1]. 

A large Swedish joint research project, ‘AkuLite’ has now been finalized after three years of 
intense work coordinated between several universities and the industry. One goal of the AkuLite 
project was to develop a new uniform weighted single number for impact sound insulation. This new 
single number should correlate well to occupants’ subjective rating of the impact sound insulation as 
well as being equally applicable to all kind of floor constructions. Much research on acoustic 
conditions in light-weight buildings has been conducted over the last years, with respect to 
appropriate requirements in building regulations as well as design of practical building constructions. 
A literature survey revealed that several laboratory studies have already been made in Sweden, 
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Canada, South Korea and other countries, presented at conferences and in scientific reports, e.g. [2, 
3]. Results indicate the weighted single number measured under laboratory conditions with the 
standardized tapping machine and evaluated with a ‘spectrum adaptation term’ defined by ISO 717-2 
(L’nT,w + CI,50-2500) seem to correlate reasonably with subjective judgements of sound levels and 
annoyance from walking sounds as well as other impacts on the floor above (e.g. vacuum cleaning, 
furniture moving, doors closing, etc). The extended frequency range 50-2500 Hz has been mandatory 
in Sweden since 1998. This means the Swedish industry has gathered practical experience in this 
field. One lession learned was that both L’nT,w and L’nT,w + CI,50-2500 must be fulfilled, since the C-term 
is typically negative for some floor constructions where occupants complained on poor impact sound 
insulation. Note: In our field data in rooms with volume less than 31 m3, L’nT,w  is replaced by L’nT,w . 

However, consultants’ practical experience as well as some field surveys have revealed less 
confirmative results when measured impact sound levels in light-weight buildings were correlated to 
the average rating given by a large group of occupants, compared in a variety of buildings [4]. A 
hypothesis, to be tested and confirmed in the AkuLite project, was to study the influence of impact 
sounds at even lower frequencies (below 50 Hz), which differed between the different floor 
constructions although their L’nT,w + CI,50-2500 values were more or less equal. Also, vibrations of the 
structures needed to be studied to see whether they could explain the variation of rated annoyance, 
either by direct perception or indirectly by moving furniture, rattling sounds etcetera. Listening tests 
in a ‘field laboratory’ have been performed to study the influence of the frequency range 20-100 Hz 
on the subjective annoyance from walking sounds on both timber frame floors and concrete floors. 

2. APPROACHES TO NEW WEIGHTING FUNCTIONS 

2.1 A-weighted single number for walking and living activites, Li,20-5000,AwLiving 
In the first trial, a frequency weighting was developed under the assumption, that sound pressure 

levels obtained with the standardized tapping machine (ISO 140) should be ’translated’ to a spectrum 
being representative of typical sounds from walking persons as well as other impact sources, e.g. 
moving furnitures and children playing with hard toys on the floor. A single number Li would then be 
readily calculated as the sum of the measured impact sound pressure levels, corrected by the 
frequency weighting in third-octave bands.  

To obtain such frequency weightings, measurements were made in several laboratories where 
impact sounds were recorded with the tapping machine as well as with male and female walkers 
(using different shoe wear), dropping of hard toys on different floors from various heights and 
moving chairs. The idea was to get a variety of impact sounds that may represent the daily life in 
some neighbours’ apartments, not only walking sounds. 

The frequency weighting should then be taken as a conservative function in order to represent 
every-day impact sounds, derived from sound pressure levels obtained with the tapping machine. 
This means it should return a weighted single number that is slightly higher than sounds from 
ordinary activities but as may occur occassionally. The frequency weighting was determined in the 
laboratory as the difference in sound pressure level in each third octave band. The differences were 
A-weighted in order to correlate to the subjective loudness and the summed up to Li,20-5000,AwLiving. 
The choice of A-weighting may be questionned, but it was considered reasonable for the first trial.  

Results from two sets of measurements are displayed in Figures 1 and 2. Two alternative 
A-weighted frequency weighting curves suggested by Gerretsen [5] to the COST TU 0901 research 
network for a common sound classification scheme [6] are included for comparison, even though 
these spectra would result in a higher overall level, i.e. they are not normalized to the absolute level 
of the sounds measured in the laboratory. The slope of the suggested frequency weightings at higher 
frequencies were intended to include some protection of sounds when tiles are glued directly on 
concrete floors or other stiff floors, as suggested by Gerretsen [5]. Thus, there should not be any 
need to use two single numbers as in the current Swedish building regulations (cf the introduction). 
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Figures 1 (top) and 2 (bottom). Legends on next page. 
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Figure 1. A-weighted frequency weighting functions of impact sounds from a male personFel! Bokmärket är inte 

definierat. walking at a normal pace on a variety of floor constructions. The difference on the y-axis is to be 

added to sound pressure levels obtained with a standardized tapping machine (ISO 140). Two proposals for 

new frequency weightings ’Spectrum adaption terms’ are plotted in thick green, with higher normalization 

level than would be typical for impact sounds from a male walker, walking at a normal pace. 

-------------------------------------------- 

Figure 2. A-weighted frequency weighting functions of dropping toys, moving chairs and a male person 

walking heavily (data from Thorsson [7]), amended by a female walker with different shoewear (data from 

Amiryarahmadi, Chalmers University of Technology, to be published).  
 
The ‘spectrum adaptation term’, i.e. the frequency weighting ”CI,20-5000,AwLiving sources” in Figure 1 

was included in a correlation analysis based on field survey data where the occupants rated the 
subjective annoyance related to impact sounds from their neighbours. This analysis was made under 
the same premises as presented by Ljunggren et al [1]. The correlation of L’nTw+CI,20-5000,AwLivingsources 
to the average of occupants’ rating of annoyance was somewhat disappointing and therefore this 
frequency weighting was not included in the paper [1]. A a reference, the squared correlation 
coefficient R2 was 0,32 between the average rating giving by occupants and the weighted single 
number with the standardized spectrum adaptation term according to the current ISO 717-2 (i.e. L’nT,w 
+ CI,50-2500). When the suggested ‘L’nTw+CI,20-5000,AwLiving sources’ was used, the R2 was improved to 
0,39.    

 

2.2 Extension of the ISO 717-2 spectrum adaptation term Ci,50-2500 to 20 Hz; Ci,20-2500 
In a second trial, a frequency weighting was defined as a constant value of -15 dB, as for 

the ’CI,50-2500’ in ISO 717-2, but extended to the frequency range 20-2500 Hz. The R2 was then 
improved to 0,74. Using only the frequency range 20-100 Hz for the frequency weighting resulted in 
R2 0,78. The improvement compared to first trial (cf 2.1) was obvious. However, no concrete floor 
without impact sound insulation on the top surface was included in the occupants’ survey, so the 
annoyance from high frequency impact sounds from this kind of floor remains to be analysed. 

 

2.3 Proposal for an impact sound frequency weighting for walking and living activities 

correlated to annoyance, Li,AkuLite,20-2500 
In the third trial, the R2 was improved to 0,85 with a frequency weighting that combined several 

ideas. In the range 50-400 Hz, it is -15 dB as in the ISO 717-2, but the weighting is increased in steps 
of 2 dB per third octave band below 50 Hz; from -15 dB at 50 Hz to -7 dB at 20 Hz. Another 
modification was made at frequencies above 400 Hz as suggested by Gerretsen: the weighting is 
increased 1 dB per third octave band from -15 dB at 400 Hz to -7 dB at 2500 Hz. See papers [1 and 5] 
for details. This frequency weighting was chosen as the final candidate in the AkuLite project, to be 
presented to the ISO working group as ”working candidate”. However, before ISO 717-2 should be 
changed, there should be a more solid evidence from other studies in order to justify a new 
standardized single number, considering the huge industrial impact such a change would make. 

2.4 Possible reasons for the efficiency of low frequency weighting 
Adding more weight to the low frequency range, quite different to a straight A-weighting, seem to 

improve the correlation to subjective ratings given by occupants in our light-weight residential 
buildings. However, the reasons for the strong influence by impact sounds in the lowest frequency 
range 20-50 Hz remains to be explained. One hypothesis is, that the perceived sound in the buildings 
included in the survey varied from barely audible to clearly audible and even very unpleasant. The 
linear (unweighted) sound pressure levels measured with the tapping machine in 10 buildings with 
different floor structures ranged from 66 dB to 77 dB, calculated from third octave bands in the 
extended frequency range 20-100 Hz, c.f. Figure 3. 
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Figure 3. Field measurements of impact sound pressure level in 7 new buildings; 5 with timber frames, 1 

with a steel frame and 1 with concrete floors and walls 

 
Comparing these levels to the standardized iso-phon curves (ISO 226:1985), which is not quite 

accurate since these were developed for the perceived loudness of pure tones, indicate that a 16 dB 
raise of the impact sound level, starting at 66 dB, indeed corresponds to a change from slightly below 
the auditory threshold to exceed 15-20 phons, which make these impact sounds clearly audible. The 
experience of the authors is that when somebody is walking at a gentle speed, the impact sound is 
barely audible but as soon as the walking speed (and force) increases somewhat, the impact sound 
quickly becomes very unpleasant. Thus, it may be suspected that the ”dynamic range” is very narrow, 
as is indicated by the shape of the iso-phon curves in ISO 226:1985. This result also imply, that 
listening tests should be performed at realistic sound pressure levels as determined in situ. 

2.5 Listening tests in a ’field laboratory’ 
Thorsson [7] reviewed several papers in this field of interest in order to test ideas for new criteria 

in a paired comparison listening test, i.e. to evaluate how subjective strengths of recorded footstep 
sounds are perceived by a number of test subjects. The listening tests were conducted in two ordinary 
single offices with different test subjects. They were exposed to various footstep sounds emitted by a 
hidden loudspeaker system, including or excluding sounds in the frequency range 20-50 Hz. 
Recordings from both timber frame floors and concrete floors were used. The results are preliminary, 
but indicate that when the 20-50 Hz was filtered out from the recorded sound from a walker on a 
timber joist floor, the test subjects added about 4-7 dB to make the sound equally loud as the 
unfiltered recording from the same floor. When the 20-100 Hz part was removed, the test subjects 
added 16-20 dB to make this recording equally loud. When the timber frame floor recording was 
compared to a recording below a concrete floor with almost the same L’n,w + CI,50-2500 (57 dB and 56 
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dB respectively), the test subjects compensated about 8-12 dB to make them equally loud. Filtering 
below 50 Hz had no effect on the subjectively perceived level from the concrete floors. 

2.6 Annoyance by floor deflection and vibrations 
Jarnerö [8] made a separate survey in 7 of the same buildings as studied by Ljunggren et al, on the 

annoyance of floor ”springiness” and vibrations from daily activities within the building. The 
occupants responded to a special questionnaire developed for this purpose (to be published within 
shortly). Several physical parameters were measured in each building to study whether they would 
correlate to the questionnaire results, e.g. the deflection d due to a point load at the floor midspan, 
the fundamental frequency f1 of the floor and the total maximum acceleration Amax of the floor when 
excited with an impulse ball at the centre of the floor. 

The ratings given by the occupants on vibrations and deflection of floors revealed they are 
annoyed to a surprisingly high extent and this was typical for most of the questions asked. This 
means, vibrations seemed to be perceived as annoying from a variety of sources in these buildings, 
e.g. neighbours walking on the floor above, or the stairs as well as family members walking on their 
own floor. The rating on general annoyance was reasonably well correlated to the measured 
deflection of the floor as well as its stiffness. The R2 was 78,8% when the rating was evaluated as the 
fraction of occupants responding 3 or higher on a scale 0-10 to the question  
 

Thinking	  about	  the	  last	  12	  months	  or	  so	  in	  your	  home,	  what	  number	  from	  0	  to	  10	  best	  

shows	  how	  much	  you	  are	  bothered,	  disturbed	  or	  annoyed	  by:	  

1.	  Vibrations	  in	  the	  floors	  or	  in	  the	  furniture,	  in	  general?	  
 

The response scale was 0-10, where 0 was labelled ”Not annoyed at all” and 10 ”Extremely annoyed”. 
When the average rating from all occupants was used instead of the fraction ≥3, the R2 increased to 
85%, for this specific question. However, two special results may be discussed in this context, where 
the lowest values were obtained in a building where the floors and walls were made of solid concrete 
(220 resp 200 mm). The highest values were obtained in a building with light-weight floors (13 mm 
floor gypsum board and 22 mm chipboard on glulam timber joists 42x225 mm and a 12x300 plywood 
flange). The other 5 objects have similar ratings and deflections. To establish a more general 
relationship, additional building data and occupants’ surveys would be needed, preferably with both 
stiff and weak floors to enable a correlation analysis on the basis of a wider range of data.  

However, the overall impression of the deflection and vibration survey is that the floor 
constructions do not seem to be satisfying with respect to deflection and vibrations, about 20% or 
more of the occupants are at least somewhat annoyed. The current limiting value for the deflection d 
in the Swedish building codes is 1,5 mm. It seems motivated to restrict the deflection to 1,0 or 0,6 
mm. 
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Figure 4. Correlation between the subjective rating of impact sound and the measured deflection (d, in mm) 

of the floors. Field measurements and occupants’ surveys made in 7 new buildings; 5 with timber frames, 1 

with a steel frame and 1 with concrete floors. The rating Q reflects the fraction of occupants responding 3 

or higher when asked for how annoying the impact sounds are, on a scale from 0-10, where “0,2” means 

that 20% of the occupants were annoyed to some extent, moderately or heavily.  
 

3. CONCLUSIONS 
The results presented in the AkuLite project support the hypothesis, that an extension of the 

frequency range down to 20 Hz as well as introducing a stricter deflection criterion could improve 
the correlation of physical parameters to occupants’ rating of annoyance from impact sounds and 
floor vibrations. It remains to evaluate a high frequency correction intended to protect occupants 
from disturbing sounds through concrete floors without insulating floorings on top. 
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