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Abstract 

 

The purpose of this research is to investigate several approaches for simplifying impact sound 

insulation measurement in high-density housing under field conditions. The best way for examining 

sound performance is to make field tests in actual buildings. However, for a number of reasons, such as; 

the difficulty of transporting heavy equipment (e.g. 45 kg at Acoustic Research Centre), long and 

demanding test periods and the requirement for low ambient noise, measurements designed to comply 

with the International Organization for Standardization (ISO) Standard 140-7 can be time-consuming 

and subject to unforeseen factors when carried out at a complicated construction site. For the reasons 

stated, the field measurement of impact sound insulation can therefore be expensive and is not an 

attractive option in finished buildings.  

 

The research investigates the possibilities for simplifying impact sound insulation tests for high-density 

housing in the field. Firstly, the elimination of the ISO standardized tapping machine is suggested in 

Chapter 3. An empirical method is proposed, where the impact insulation measurement is inferred from 

the field measurements of airborne sound insulation using Correction Factor(s) (CF) based on an 

assumption of a low coincidence frequency and high input impedance for a floor/ceiling structure. The 

results predicted show good agreement with measurement data both in the laboratory and field, and the 

reliability of the CF(s) is verified in the laboratory and in field conditions. The simulation method for 

CF is coded to a computer programme for convenient application. Secondly, as described in Chapter 4, 

for sound absorption/Reverberation Time (RT) measurement, economies may be achieved by replacing 

ISO reference source/loudspeakers with a Radiation Box Gear (RBG). In a comparison of sound power 

levels between the ISO Reference Sound Source (B&K 4204) and the RBG, the RBG shows 

significantly better results. The RBG, the new source, is compared with the traditional airborne source 

for measuring the sound absorption coefficient according to ISO 3741 and 354. The RBG results show 
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good agreement with conventional methods. Thus the novel prototype could possibly perform as a 

powerful airborne source as a substitute for the ISO reference source/loudspeaker and amplifier. 

Moreover, as shown in Chapter 5, in order to verify whether the simplified methods in the field can 

produce results similar to those of full measurement in the laboratory, the uncertainty budget of field 

tests of impact sound is investigated. The uncertainty of measurement for impact sound insulation was 

investigated by the comparison of the normalized impact sound pressure levels with a measured 

frequency from 50 Hz to 5 KHz under two categories consisting of the laboratory technique (ISO 140-6) 

and the field method measurement method (ISO 140-7) on 26 floors with four floor conditions; in 

addition, the single rating comparison under two test systems was included for a study of variations in 

field conditions. Furthermore, in order to promote the ISPL, which has been suggested as an alternative 

to replace L‘n, the current ISO rating system for impact sound insulation at low frequencies (as 

suggested by LoVerde), the Repeatability of Impact Sound Pressure Level (ISPL) is proposed over the 

frequency range 50 Hz to 5 KHz (enlarged frequencies) using 26 floors with three types of floor 

covering in field conditions; the tolerance is to be derived. The repeatability of ISPL is proposed as a 

supplement for impact sound insulation assessment. Finally, considering factors in the repeatability 

tests above and also those outlined in Chapters 3 and 4, variations are summarised as a spreadsheet of 

uncertainty budget for the field measurement of impact sound insulation.  

 

In conclusion, simplified methods for the field measurement of impact sound insulation that have been 

developed can be achieved efficiently and at low cost without significantly decreasing the 

recommended measurement accuracy required by ISO Standards. These will be beneficial in buildings 

verified as being high-density, and the methods suggested will also make practicable a planned acoustic 

quality rating for dwellings.   
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Symbol                      Description                                                                                                        Units  

          The Equivalent Sound Absorption Area of the Test Specimen                  m2  

Ca           The Propagation Speed of Sound in Air at the temperature 15℃ to 30℃        m/s 

C             Spectrum Adaptation Terms for Airborne Sound (A-weighted pink noise)             dB 

C100-5000        Spectrum Adaptation Terms from 100 Hz to 5 KHz Hz for Airborne Sound       dB 
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CI,50-2500        Spectrum Adaptation Terms from 50 Hz to 2500 Hz for Impact Sound          dB 
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Iy             The Impact Sound Rating in Russia; Iy  = L'nT,w +7                                                dB 

k             The coverage factor; k =1.96 for 95% level of confidence                      / 
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Ln             Normalized Impac t Sound Pressure  Leve l                                 dB 

L ‘n              F ie ld  N ormalized  I mpac t  S ound  P ressure  Leve l                    dB 

L‘n,  p re           Predicted Normalized Impact Sound Pressure Level                         dB 

Ln,w           Weighted Normalized Impact Sound Pressure Level (in laboratory conditions)     dB 

L'n,w          Weighted Normalized Impact Sound Level (in field conditions)                dB 
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R             Sound Reduction Index (for airborne sound in laboratory conditions)           dB 
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ASTC         Apparent Sound Transmission Class defined in ASTM E336-11 

ASTM        American Society for Testing and Materials 

ATL           Apparent Transmission Loss defined in ASTM E336-11 

BCA           Building Code of Australia 

B&K           Brüel & Kjær, Danish multinational engineering and Electronics Company 

CF               Correction Factor in the one-third-octave band centre at frequency f, investigated in 

Chapter 3 

dB                Decibels, logarithmic measure of sound pressure 

DBH             Department of Building and Housing in New Zealand 

EAA             European Acoustics Association 

FSTC            Field Sound Transmission Class defined in ISO 717 

GUM            Guide to the Expression of Uncertainty in ISO/IEC Guide 98-1 

HDF              High-Density Fibre hardboard with a density about 500-1040 kg/m³ 

Hz                 Hertz, unit of frequency in cycles per second 

 IRS             Inverse Repeated Sequence, a deterministic excitation signal of pseudo-random white 

noise, played through loudspeakers to test the reverberation time of a room. 

ISO               International Organization for Standardization 

ISPL             Impact Sound Pressure Level defined in ISO 140 series 

LFMP           Low Frequency Measurement Procedure 

LS                Legendre Sequence, a deterministic excitation signal played through loudspeakers to   

test the reverberation time of a room. 

MDF       Medium-Density Fibreboard, an engineered wood product made by breaking down 

hardwood or softwood residuals into wood fibres, often in a defibrator, combining it 

with wax and a resin binder, and forming panels by applying high temperature and 

pressure. MDF density is typically between 500 kg/m3 and 1000 kg/m3. 

MLS      Maximum Length Sequence, a type of pseudorandom binary sequence. Practical 
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reverberation). 

NIC               Noise Isolation Class defined in ASTM E336-11 

NNIC            Normalized Noise Isolation Class defined in ASTM E336-11 
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NNR              Normalized Noise Reduction defined in ASTM E336-11 

NR                 Noise Reduction defined in ASTM E336-11 
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of the Canadian Government 

NZBC           New Zealand Building Code  

OSB         Oriented Standard Board is an engineered wood particle board formed by adding 

adhesives and then compressing layers of wood strands (flakes) in specific 

orientations: its most common uses are as sheathing in walls, flooring and roof 

decking. 

RBA             Room Building Acoustics  

RBG             Radiation Box Gear is a combination of the Radiation Box with the ISO standardized 

tapping machine. The RBG is used to measure sound absorption area in buildings as 

the alternatively airborne sound source, which is studied in Chapter 4. 

Req               Requirement 

SD                Standard Deviation in statistics and probability theory 

STC               Sound Transmission Class is a single number rating of airborne sound for a building 

element widely used in the USA (ASTM E413-87 1999). Outside the USA, the 

Sound Reduction Index (SRI) ISO index or its related indices are used.  

 SWL             Sound Power Level of sound equipment defined in ISO 3744. The sound power level 

(or, in the case of noise bursts or transient noise emission, the sound energy level) 

produced by the noise source, in frequency bands, or with frequency A-weighting 

applied, is calculated using those measurements in accordance with ISO 3744.                              

SNR             Signal-to-Noise Ratio is a measure used in science and engineering that compares the 

level of a desired signal to the level of background noise. It is defined as the ratio of 
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Glossary 
 

Average sound pressure level in a room, L – ten times the logarithm to base 10 of the ratio of the 

space and time average of the sound pressure squared to the square of the reference sound pressure, the 

space average being taken over the entire room with the exception of those parts where the direc t 

radiation of a sound source or the near field of the boundaries (wall, etc.) is of significant influence. In 

practice, usually the sound pressure levels Lj are measured and expressed in decibels. In this case L is 

determined by (Standard ISO 140-7 1998). 

 

Confidence interval (two-sided), CI – when the limits T1 and T2 are two functions of the observed 

values such that, the population parameter θ being a population parameter to be estimated, the 

probability Pr(T1≤θ≤T2) is at least equal to  (1−α) [where (1−α) is a fixed number, positive and less 

than 1], the interval between T1 and T2 is a two-sided (1−α) confidence interval for  θ. Associated with 

this confidence interval is the attendant performance characteristic 100(1−α) %, where α is generally a 

small number. The performance characteristic, which is called the confidence coefficient or confidenc e 

level, is often 95% or 99 % (Standard ISO/IEC 98-3 2008) (Standard ISO 3534-1 2006). 

 

Correction for background noise – measurements of background noise levels shall be made to ensure 

that the observations in the receiving room are not affected by extraneous sound such as noise from 

outside the test room or electrical noise in the receiving system. To check the latter cond ition, replace 

the microphone with a dummy microphone. Take care that the airborne noise produced by the tapping 

machine and transmitted to the receiving room does not influence the impact sound pressure level in 

the receiving room. The background noise level shall be at least 6.0 dB below the level of signal and 

background noise combined. If the difference in levels is less than, or equal to, 6.0 dB in any of the 

frequency bands, use the correction 1.3 dB corresponding to a difference of 6.0 dB. In that case Ln shall 

be given in the measurement report so that it clearly appears that the reported Ln values are the limit of 

measurement (Standard ISO 140-7 1998). 

 

Coverage factor, k – a number is multiplied by the combined standard uncertainty to give an expanded 

uncertainty for a particular level of confidence (Maekawa et al 1994). 

 
Correction factor, CF – numerical factor by which the uncorrected result of a measurement is 

multiplied to compensate for systematic error (Standard ISO/IEC 98-3 2008). 



 

xiii 
 

Decibel – the scale expressed the logarithm of the ratio of two powers W1 to W0 (a standard value of 

W0 = 10-12 watt) called the “Bell”, but as it is too coarse, a unit one-tenth of it is used and called the 

“decibel” (dB) (Maekawa et al 1994). 

 

Error (of measurement) – the difference is between the measured value and the “true value” of the 

sample being measured (Standard ISO/IEC 98-3 2008). 

 

Field tests – in field tests, the acoustical test conditions are not under the control of the operator and in 

most cases they will have to be accepted as they are. If procedures and equipment checked by tests in 

the laboratory are used, the repeatability values and the reproducibility values due to these influences 

alone can be considered to be essentially similar to those of laboratory tests given in Table A.1 and 

Table A.2 in Standard BS EN 20140-2. The difference between two independent test results (i.e. for all 

16 frequency bands) found by two operators or two testing teams on the same location will, on average, 

not exceed the reproducibility values given in Table A.3 in Standard BS EN 20140-2 in the normal and 

correct operation of the test methods according to ISO 140-4 and ISO 140-7 (Olesen 1992). 

 

Heavyweight concrete floor – a homogeneous, reinforced concrete slab of thickness (120±40 mm), 

preferably 140 mm for the construction of new laboratories, meeting the requirements of the reference 

floor in ISO 140-8 (1997). A lining comprising two layers of 12.5 mm plasterboard should be 

suspended below the concrete floor from independent joists, with mineral wool in the cavity. The 

lightweight suspended lining shall not be rigidly bonded to the permanent structure. Alternatively, the 

lining may “float” on the concrete floor, supported by 75 mm thick mineral wool (Standard ISO 140-1 

1997). 

 

Impact Sound Pressure Level, Li – average sound pressure level in a one-third-octave band in the 

receiving room when the floor under test is excited by the standardized impact sound source; it is 

expressed in decibels (Standard ISO 140-7 1998). 

 

Impedance – in the case of sound, when the sound pressure p is the action and produces a particle 

velocity v, p/v=Z, called the impedance, for the sound wave at the point. Also in a mechanical vibrating 

system when an external force F is applied and a velocity v is produced, F/v=Zm, is called the 

“mechanical impedance” (Maekawa et al 1994). 
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Lightweight floor – a lightweight floor can be constructed with the ceiling being supported from joists 

below those which support the floor. The construction details shall comprise layers of plasterboard or 

other board materials of similar mass per area (at least 30 kg/m2). The cavity of the lightweight floor 

shall be at least 200 mm wide and shall contain mineral wool at least 100 mm thick                             

(Standard ISO 140-1 1997). 

 

Lightweight masonry floor – a masonry base having a mass per unit area of 100±10 kg/m2, sealed on 

one side with plaster. A lining comprising two layers of 12.5 mm plasterboard should be suspended 

below the masonry from independent joists, with mineral wool in the cavity. The perimeter of the 

lightweight suspended lining shall not be rigidly bonded to the permanent structure. Alternatively, the 

lining may “float” on the masonry, supported by 75 mm thick mineral wool (Standard ISO 140-1 1997). 

 

Normalized Impact Sound Pressure Level – impact sound pressure level Li increased by a correction 

term which is given in decibels, being ten times the logarithm to the base 10 of the ratio of the 

measured equivalent absorption area A of the receiving room to the reference equivalent absorption 

area A0 (10 m2); it is expressed in decibels (Standard ISO 140-7 1998). 

 

Precision – the closeness of agreement between mutually independent test results obtained under 

prescribed conditions (Standard ISO 140-2 1991). 

 

Repeatability – r is the closeness of agreement between mutually independent tests‟ results obtained 

under repeatability conditions. The value which is the absolute difference between two single test 

results obtained under repeatability conditions may be expected to lie with a probability of 95%. Also 

according to ISO 140-2 (1991), qualitatively, there should be a closeness of agreement between 

successive results obtained with the same test procedure on the same test specimen, under the same 

conditions (same operator, same apparatus, same laboratory, and short intervals of time) (Standard ISO 

140-2 1991). 

 

rs – Repeatability for impact sound pressure level at a single position of a floor in this research, “s” 

abbreviated from “single” in Chapter 5. 

 

rw – Repeatability for impact sound pressure level at the whole floor in this research，“w” abbreviated 

from “whole” in Chapter 5. 
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Repeatability conditions – conditions where mutually independent test results are obtained with the 

same method on identical test material in the same laboratory with the same equipment by the same 

operator within short intervals of time (Standard ISO 140-2 1991). 

 

Reverberation time, T60 – is defined as the time required for the average sound energy density to 

decay by 60 dB from an equilibrium level. It is the most fundamental concept in geometrical acoustics 

for evaluating the sound field in a room. The theory is based on the assumption of a diffuse sound field 

in a room, thus, regardless of location and effectiveness of absorbing materials and o f the sound source 

and measuring points, the reverberation time has the same value (Maekawa et al 1994). The 

measurement of average reverberation time in buildings is to comply with ISO 354 (Standard ISO 354 

2003).  

 

Spectrum adaptation term (airborne sound), C or Ctr  – value, in decibels, to be added to the single-

number airborne sound rating (e.g. Rw) to take account different spectra of noise sources (such as pink 

noise and road traffic noise) and to access sound insulation curves with very low values in a single 

frequency band. (The validity of the rating obtained with the reference curve alone is limited for such 

cases.) The spectrum adaptation terms are to ensure continuity with the reference curve system and to 

avoid the danger of confusion of different single-number quantities of about the same magnitude 

(Standard ISO 717-1 1996). 

 

Spectrum adaptation term (impact sound), CI – value, in decibels, to be added to the single-number 

impact sound rating (e.g. Ln,w) to take account of the characteristics of particular sound spectra, such as 

the characteristics of typical walking noise spectra (Standard ISO 717-2 1996). 

 

Single-number quantity for impact sound insulation rating – value, in decibels, of the reference 

curve at 500 Hz after shifting it in accordance with the method specified in the relevant part of ISO 

717-2. Terms and symbols for the single-number quantity used depend on the type of measurement and 

measurement areas in the laboratory or in the field (Standard ISO 717-2 1996). 

 

Standard deviation, s – the square root of the sample variance; the sample variance is defined as the 

sum of squares of the deviations from the arithmetic mean of test results, divided by the number of 

degrees of freedom (Standard ISO/IEC 98-3 2008). 
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Standardized impact sound pressure level – impact sound pressure level Li reduced by a correction 

term which is given in decibels, being ten times the logarithm to the base 10 of the ratio of the 

measured reverberation time T of the receiving room to the reference reverberation time T0 (0.5 second 

for dwellings); it is expressed in decibels. Also the standardizing of the impact sound pressure level to a 

reverberation time of 0.5 of a second takes into account that in dwellings the reverberation time has 

been found to be (nearly of the volume and of the frequency) equal to 0.5 second (Standard ISO 140-7 

1998). 

 

Schroder cut-off frequency, fs – the Schroder cut-off frequency is a function of the room volume and 

its reverberation time for calculating the lowest frequency at which diffused sound fields occur in the 

room (the modal overlap index is greater than 3). V
T

Sf 2000  Hz (Jacobsen et al 2001). 

 

Small rooms – typically bathrooms and entrance halls – with volumes in the range 8-15 m3, the 

following problems arise; this causes considerable measurement inaccuracy especially at low 

frequencies (Olesen 1992):  

(a) The modal overlap is small, as the Schroder cut-off frequency is typically 400-600 Hz; 

(b) Room dimensions are so small that it is impossible to achieve a sufficient distance between 

individual microphone positions or a sufficient radius for a rotating microphone; 

(c) It is difficult to achieve a sufficient distance between loudspeaker and microphone positions so near 

field influence is avoided. 

 

Test result, y – the final value obtained in a single frequency band by the complete set of instructions 

given in a test method (Standard ISO/IEC 98-3 2008). 

 

True value, u – the value characterizing a quantity perfectly defined under the conditions existing 

when that quantity is considered. For practical purposes, it is the arithmetic mean of test results 

obtained by a large number of laboratories. Consequently, such a practical true value is associated with 

the particular test method (Standard ISO/IEC 98-3 2008). 

 

Type A evaluation of uncertainty, calculation of uncertainty – is a evaluation of uncertainty by 

statistical methods. For measurement uncertainty of data, where the distribution of values is spread 

around the mean (normal distribution), the magnitude of the standard uncertainty can be calculated 

from repeated measurements. For a set of n measurement, the standard uncertainty associated with the 

mean of that data may be calculated, u=s /√n .Also, the standard uncertainty associated with any 
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single measurement may be calculated u=s, where s is the estimated standard deviation of a set of n 

data based on a measure of the spread of results of a limited sample (Craven et al 2007). 

 

Uncertainty – is a quantification of the doubt about the measurement results that characterizes the 

dispersion of the values that could reasonably be attributed to the measured (Standard ISO/IEC 98-3 

2008). 

 

Uncertainty of measurement – means doubt about the validity of the results of a measurement in 

general. Specific in the Guide to the Expression of Uncertainty in Measurement (GUM), parameter, 

that is associated with the result of a measurement that characterizes the dispersion of the values that 

could reasonably be attributed to the results measured (Standard ISO/IEC 98-3 2008). 

 

Uncertainty budget – list of sources of uncertainty and their associated standard uncertainties, 

complied with a view to evaluating a combined standard uncertainty associated with a measurement 

result. The list often includes additional information such as sensitivity coefficients (rate of change of 

result with change in a quantity affecting the result), degrees of freedom for each standard uncertainty, 

and an identification of the means of evaluating each standard uncertainty in terms of a Type A or Type 

B evaluation (Standard ISO/TS 21748 2004).  

 

Uncertainty budgets for impact sound insulation – a summary of the uncertainty calculations in the 

form of a spreadsheet, in which the various sources of uncertainty, the pertinent magnitudes, the 

statistical processes and the final combined results are all conveniently listed in Chapter 5.
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Introduction 

 

1. Setting the Scene: Noise Complaints 

In recent years, there has been a significant rise in the number of noise complaints from building 

occupants around the world. A worsening scenario of noise complaints is demonstrated by an analysis 

of surveys from around the world. The first noise annoyance survey in the southern hemisphere was 

carried out in Australia in 1986. Two years later, in the same country, another noise survey was carried 

out in Brisbane. Over 100,000 noise complaints were recorded in those surveys. It is reported that 70% 

of Australians hear traffic and neighbour-generated noise in their homes and over one million people in 

the state of Victoria suffer annoyance from these sources (UK National Statistics 2008). New Zealand 

studies also report similar levels of noise complaint; the numbers of complaints in the main cities 

continues to rise. In 2008, more than 10,000 noise complaints were filed in Christchurch (Christchurch 

City Council, New Zealand 2008) and 20,000 in Auckland (Auckland City Council, New Zealand 

2008). 

 

Table I-1 presents a summary of noise sources and associated levels of annoyance; this is from data 

gathered by the Environmental Protection Agency (EPA) in interviews with 1,213 residents across 

residential communities in Victoria, Australia in 2007 (EPA Victoria 2007). This table shows that 57% 

of occupants can hear neighbour noise, and 15% are moderately to extremely disturbed by such noise. 

This finding indicates a lack of privacy due to the poor sound performance of these buildings. As a 

consequence, some of the complainants have developed health problems, attributed to their noisy 

environments (Fields 1993; Broadbent 1972; Michaud 2005).  
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Source of noise 

Proportion of 

respondents who hear 

the noise (%) 

Proportion of respondents moderately to 

extremely bothered, annoyed or disturbed 

by the noise source (%) 

Road traffic noise 70 20 

Neighbour noise 57 15 

Audible alarms 48 8 

Construction activities 34 8 

Aircraft noise 61 6 

Table I-1: Noise exposure and level of annoyance from EPA Noise Surveys 2007 

(Interviews with 1,213 persons) 

 

With serious noise complaints becoming widespread in many developed nations, residents in Australia 

and New Zealand are not alone in experiencing this level of noise annoyance. From the perspective of 

building occupants, a Building Society Survey (Alliance & Leicester 2002) revealed that 34% of 

respondents identified noisy neighbours as the principal deterrent to purchasing a property; this is based 

on the Alliance and Leicester Moving Improving Index. According to published documents from the 

United Kingdom (UK) in 2007, the National Society fo r Clean Air and Environmental protection 

(NSCA) reported that 45% of respondents claimed that noise had a major impact on their lives (NSCA 

2007). Noise from neighbours has been reported as an issue for a substantial number of people in 

Britain. Of all respondents, 25% in England, 16% in Scotland, and 33% in Wales were annoyed by 

noise made by neighbours outside the respondents' homes, and nearly 18% were annoyed by noise 

made by neighbours inside their homes. Almost 30% were annoyed by neighbour noise either inside or 

outside their homes, with 7% being either very or extremely annoyed. The total number of formal noise 

complaints in the UK rose fivefold over the twenty year period to 2008, according to the UK office of 

National Statistics (UK National Statistics 2008). Outside the UK, there were 354,000 similar 

complaints in New York City, USA in 2007 (New York City Council 2007). 
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There are two possible reasons for the unsatisfactory nature of sound insulation in dwellings. One is the 

growth in world population since 1950. Over the last 60 years, there has been a strong trend for 

urbanisation. The United Nations (UN) estimates that the world population will rise by 21.5% to 3.5 

billion by the end of 2015 (UN Population Division 2007); this growth will consist mainly of people 

living in urban areas. The UN has pointed out that the increasing population is correlated with a growth 

in high-density housing in the larger cities. 

 

 

Figure I-1:  Historical and predicted future urbanisation levels 

 (Source from United Nations website 2007) 

The other reason for the unsatisfactory nature of sound insulation in dwellings is the sudden increase in 

high-density housing in cities around the world. According to Statistics New Zealand, the housing data 

from the 2006 Census (New Zealand Statistics 2006) recorded that the number of dwellings joined to 

another dwelling increased significantly between 2001 and 2006, rising by 20.1% during this period to 

42,336 dwellings. The total of such dwellings included; adjoined flats, units, townhouses, apartments 

and houses joined together either horizontally and/or vertically (New Zealand Statistics 2006). 
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Therefore, over the last two decades, world urbanisation and the growth in high-density housing are 

probably the main reasons for the increase in noise complaints in dwellings. 

 

As has been mentioned previously, over the last twenty years, the minimum legal requirements for 

sound insulation for building elements (in walls, floors and facades) have not been satisfactory 

according to the subjective perceptions of the majority of residents. As has been well documented, the 

issue of annoyance from neighbours is both subjective and complex, and may include a layer of 

complexity arising from people‟s differing living habits or even their dislike for one another. 

Alternatively, the source of noise complaints may be caused by defective building construction or 

insufficient sound insulation. The subjective factor is not considered in this thesis. Instead, the focus 

here is a study of the objective factors relating to the sound insulation in buildings. A review of existing 

building codes and regulations has become an urgent task for industry and government (local and 

national). Technical bodies such as the ISO and the instigators of Standards from individual countries 

will be required to take responsibility for the review of the measurement and rating standards. 

Generally speaking, the evolution of acoustical research in buildings has not been as fast as in other 

disciplines related to Acoustics. The first theoretical and practical concept concerning sound 

transmission in buildings and building elements was proposed in 1950 by Kosten, Cremer and Gǒse le 

(Kosten, Cremer & Gǒsele 1950) at the International Congress on Acoustics. They suggested a 

hierarchy of the way in which the desired sound performance could be determined, expressing in a 

single number, the ratings for airborne and impact sound insulation, as well demonstrating the way in 

which to achieve a corresponding field performance in buildings. In 1978, after thirty years of research 

on sound performance in buildings, a comprehensive series of ISO Standards (140-1~7 and 717-1~2) 

was first published as an international technical guideline for the building industry. Twenty years later, 

research on the development of sound sources produced test procedures and reference curves for rating 

systems in Building Acoustics and was published in the amended versions of the ISO standards (ISO 

140-1~7; ISO 717-1~2). The reference curve was a single-number rating based on A-weighted level 

differences using defined spectra of indoor and outdoor noise. Although the noise complaints have been 
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significantly increasing in buildings, as discussed previously in the identified noise surveys (UK 

National Statistics 2008; EPA Victoria 2007; NSCA 2007; UK National Statistics 2008), since 1998, 

the ISO Standards have not yet been revised. Therefore a review of the ISO Standards (ISO 140-1~7) 

(ISO 717-1~2) has become an urgent task for the technical organisations involved. 

 

As a general rule, the ISO is an internationally recognised technical body providing standards on 

measurement procedures and accuracy (ISO 140-1~7) as general guidelines and the rating of sound 

insulation (ISO 717-1~2) building elements in buildings; individual countries adopt their own standards, 

based on ISO Standards, for conducting sound performance measurements and articulating their 

building codes for the assessment of the acoustics performance of buildings. With respect to the 

national standards of the various countries; the ASTM Standards (Standards ASTM 1999 2006 2009 

2011) are used in the USA, and the AS/NZ Standards (Standards AS/NZ 1999 2000 2002 2006) are 

applied in Australia and New Zealand. In the case of the Standards and Building Codes applied in New 

Zealand, the AS/NZS 2107 (Standard AS/NZ 2000) is the measurement standard recommended for 

sound levels and reverberation times in the interiors of buildings. On the other hand, the New Zealand 

Building Code (NZBC) requirements for sound performance in buildings are expressed in the Building 

Code Clause G6 Airborne and Impact Sound (Building Industry Authority 2004), which is a 

publication from the Ministry of Housing and Building Industry Authority (BIA). The NZBC states 

that the performance of partition walls and floors must be tested in the laboratory or verified, when 

necessary, through site measurement by the appropriate authority and that the sound insulation of those 

building elements should either meet, or exceed, the NZBC requirements (Building Industry Authority 

2004).  

 

Apart from the various national standards for implementing measurement, the same phenomenon is 

applied to national codes for assessing sound performance. The legal requirements for airborne and 

impact sounds in buildings and building elements are specified at national level in differing ways, in 

accordance with the regulations of the country concerned.  For example, in New Zealand, the Sound 
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Transmission Class (STC) of 55 dB applies to airborne sound insulation for interior partitions, and the 

Impact Insulation Class (IIC) of 50 dB applies to the impact sound insulation for floor/ceiling 

structures; while in the UK, the Weighted Standardized Airborne Sound Level Difference (DnT,w) of 45 

dB is used for the rating of airborne sound insulation, and the Weighted Standardized Impact Sound 

Pressure Level (Ln,w) of 45 dB is used for the rating impact sound. There is no doubt that diversity 

exists in standards and codes in individual countries, and the evolution of standards and codes also 

differs between countries.  

 

Although there is an arduous task for the BIA in New Zealand, the current NZBC Act has been under 

review since 2004. The Building Code review has taken place in stages, the first step, from 2004 to 

2007, included research into, and consultation on, content and structure; the second step involved work 

and consultation on setting performance requirements from 2006 to 2010; and the, ongoing, final step is 

to report on the procedures undertaken and make recommendations for changes to the building code 

and decisions made by the government. Thus far, the stricter compliance code has neither been released 

nor scheduled for release, despite the fact that this code will provide clear guidance on the performance 

requirements that buildings must achieve (Building Industry Authority 2004). 

 

Progress and change in the requirements for sound performance in buildings has also been slow in 

Europe. A study by Rasmussen (Rasmussen 2004) found that, in Europe, for over approximately fifty 

years, there has been almost no change in acoustics performance in building codes, although both 

neighbour noise levels and demand for comfort have increased. This study also suggested that a 

harmony of building codes needs to be implemented to solve the chaos and confusion among the 

countries with varying descriptors for the assessment of sound performance in buildings and building 

elements. 

 

Apart from the inadequate Building Codes and Regulations, another important concern was raised by 

Hanson in his study (Hanson 2006) to investigate the significance of field measurement in buildings in 
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the United Kingdom. The study strongly proposed that field measurement was the best way for 

verifying building performance to achieve the sound insulation requirements in Building Regulations. 

The Robust Details Certification Scheme, mentioned in Hanson‟s study, is for the partition walls and 

floors in newly-built semi-detached houses, bungalows and flats in England and Wales. The Robust 

Details Limited (Robust Details Limited 2004) is a United Kingdom Accreditation Service (UKAS) 

accredited product certification body (No.4171); it has certified that, in order to demonstrate 

compliance with Requirement E1 in Schedule 1 of the Building Regulations (England and Wales), the 

stated Robust Details are capable of being used as an alternative to Pre-Completion Sound Testing 

(PCT) to demonstrate compliance with Requirement E1 in Schedule 1 of the Building Regulations 

(England and Wales). In theory, Robust Standard Details (RSD) are over-engineered to; allow for a 

degree of workmanship error, give a more consistent performance and lower failure rates. However, in 

reality, some RSDs have failed to reach the standards claimed (Robust detail fails sound tests 2006). To 

some extent, this is perhaps not such a surprise for researchers. Historically, the absence of testing has 

been linked with high failure rates. For example, in the early 1980‟s when sound testing was first 

introduced in Glasgow in Scotland, the overall failure rates of sound performance in buildings were as 

high as 60%. After testing had been carried out in building elements for a decade, failure rates were 

dramatically reduced down to 20% for floors and 7% for walls (Burnett 1994). Similarly, in England, 

40% of new separating floors and up to 25% of new separating walls were unlikely to reach the 

regulatory standards without testing (DETR 2001). 

 

In conclusion, while the arduous work of reviewing Building Codes continues, there is an urgent 

necessity for technical organisations (ISO) to upgrade the current standards to cater for the needs of the 

majority of building occupants. Meanwhile, as in New Zealand, some other countries need to speed up 

the processing procedure for the review of Building Codes to cope with ever- increasing number of 

complaints about noise from building occupants. Consequently, where this occurs, the number of noise 

complaints is expected to decrease once the stricter building codes and standards have been 

implemented, since the majority of occupants will enjoy reduced, or even eliminated, noise from 
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neighbours and traffic. The most satisfactory outcome for residents will be that they will be able to 

enjoy greater privacy inside their buildings.  

 

2. The Motivation for the Thesis  

The purpose of the research is to promote simplified methods of impact insulation in buildings in field 

conditions. This project aims to establish economical methods for field measurement of sound 

insulation, which are designed to be simple, lightweight and less costly in buildings, while achieving 

repeatability in fields recommended by full ISO tests.  

 

The traditional measurement method, ISO standard “Acoustics - Measurement of sound insulation in 

buildings and of building elements” (Standard ISO 140-4 &140-7 1998), currently requires a range of 

equipment to operate in the field, such as a standard ISO tapping machine (specified by ISO 140-7 

Annex A 1998), sound level measurement equipment (with the requirements of accuracy class 0 or 1 

defined in IEC 60651 and IEC 60684) and a loudspeaker, and thus making it a complicated, laborious 

(because of the total weight of equipment) and time-consuming procedure, which is hence expensive to 

implement in actual buildings. Such procedures and processes discourage the inspection of building 

sound performances in field conditions. The first promising approach, was made by the ISO survey 

method “field measurement of airborne and impact sound insulation and of service equipment sound” 

(Standard ISO 10052 2004); this was introduced as a supplement for screening approaches in 2004, but 

has not been as prevalent in implementation as the traditional ISO method (Standard ISO 140-7 1998). 

One of the reasons for this is possibly its lack of accuracy, which is varies by ± 2 dB, compared with 

the accuracy obtain from the engineered method (Standard BS EN 20140-2 1993). The other possible 

reason is the limited scope of the application of the 2004 survey method as this is only designed for 

application to furnishing conditions in specified dwellings. Consequently, there is a clear opportunity to 

develop simplified methods for verifying the field performance of building elements, and the prospect 

of making test procedures more simple and convenient.  
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Another motivation for this research is that the author has worked for two years for the Auckland City 

Council as a building inspector for the verification of sound performance in high-rise buildings. This 

thesis is part of research work for reviewing the New Zealand Building Code G6. During the course of 

the work as a building inspector, the author has also developed experience in sound insulation 

measurement in finished buildings. Most crucially, this experience has informed the author‟s research 

assumptions that full ISO measurement is time-consuming and laborious. There is also an abundance of 

unforeseen factors (measurement set-up, high background noise, etc) that arise during the practice of 

sound measurement in actual buildings; such factors can cause measurement time to far exceed the 1.5 

hours, which is the ideal testing time for one wall or floor sample with up-to-date measurement gear 

(e.g. hand-held analyser B&K 2260). Generally speaking, it takes 4 to 5 hours to finish examining 

sound insulation for 2 walls and 3 floors between adjacent houses. Based on this, it goes without saying 

that the measurement time for verifying sound insulation in high-rise buildings is considerable; the 

buildings can be as over 16 storeys high. Therefore, the simplified methods proposed are extremely 

relevant to the field measurement of impact sound insulation.   

 

From this author‟s experience, in regard to the excessive amounts of measurement time spent in the 

field, it is unlikely to be solved solely by using modern measurement equipment to reduce the test time. 

One of the reasons for this is the overall size and weight of the necessary equipment; the total weight of 

the gear for airborne sound insulation (see figure I-2) is approximately 33 kg (plus a power lead 

extension and battery backup); the equipment includes the loudspeaker (e.g. B&K source 4292), the 

power amplifier (e.g. B&K 2716), the hand-held sound level meter (e.g. the latest model of B&K 2250 

with BZ-7228 Building Acoustics Modules) and the laptop with the Building Acoustics Application. 

The set of equipment for impact sound insulation is the same with the exception of cases where it is 

necessary to use the standardized tapping machine (e.g. B&K 3207 weights 12 kg in Section 1.4.1), as 

added in Figure I-2. This means that the total weight of the gear for impact sound test is about 45 kg 

(plus stand-by accessories). 
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Figure I-2:  The set of equipment for airborne sound insulation measurement 

(Source from B&K Company website 2012) 

Unfortunately, the time-consuming measurement processes are most likely to occur in complicated 

building environments with non-diffuse sound fields in specific frequencies, such as those that prevail 

in large lounges with a high absorption level (accuracy is poor at high frequencies) or in small 

bathrooms (poor accuracy at low frequencies); difficulty of accurate measurement is also related to 

high levels of background noise (such as the construction noise occurring in the field), as well as to  

other unforeseen factors (e.g. determination of flanking transmission between buildings in high-rise 

buildings). A portable real time analyser is capable of generalizing results, or possibly speeding up 

measurements when several tests need to be made on the same sample in a building, if the operators are 

in possession of a laptop with suitable application software (such as 01dB or B&K BZ 7228) on site. 

However, the difficulties (or the time required) in the majority of situations leads operators to judge for 

themselves as to whether the results are reasonable for representing building performance; they may 

also be required to arrange another measurement if the results are less than reasonable. Thus, this 

further confirms the importance of the research into simplifying methods for field measurement.  

 

Moreover, this on-site experience described by the author verifies the investigation by Hanson (Hanson 

2006), who claimed that the absence of testing has been linked to high failure rates, this referred to the 

high failure rates of sound insulation in buildings in Auckland, New Zealand. This situation was later 
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reversed to having low failure rates of building performance following the physical inspection of sound 

performance in some high-rise buildings. Furthermore, the author has tested the impact sound 

insulation of twenty-six floor/ceiling structures in the Tamaki Chamber (see Section 4.1) in replicated 

field conditions using the conventional ISO laboratory (Standard ISO 140-6 1995) and field methods 

(Standard ISO 140-7 1998). Two issues have arisen from this work: one is the variation of results from 

the ISO laboratory and field measurement methods, thus the research aims to summarize unforeseen 

factors for the uncertainty budget of impact sound insulation in the field (in Chapter 5); and the other 

research is to propose repeatability for the Impact Sound Pressure Level (ISPL) of floors, as the author 

believes ISPL is a better descriptor than the normalized impact sound pressure level defined in ISO 

Standard 717-2 for rating impact sound at low frequency ranges. From the author‟s perspective, the 

ISPL, which considers noise at low frequencies, would possibly match better with the subjective 

perception of the great majority of people at low frequencies (LoVerde & Dong 2002  2003 2005 2006 

2007) than the current descriptor, L‘n with spectrum adaptation terms CI, in ISO Standard 717-2 

(presented in Chapter 5). 

 

The original research in 2004 aimed to (1) investigate and propose new methods for the speedy and 

efficient inspection of airborne and impact sound insulation performance of buildings, and (2) to work 

out uncertainty budgets for building insulation measurements. The research involved investigation into 

the possibility of the elimination of the half-set tests for impact/airborne sound in buildings by 

modifying the use of the testing gear; the simplified methods developed as a result of the investigation 

are able to produce results similar to those for the full ISO field tests. The benefit of the simplified 

methods is that they can achieve the research aim by removing half the weight of the testing gear and 

saving half of the test time and the labour involved. Therefore, the adoption of the simplified methods 

ensures that field testing of sound insulation is simpler, more lightweight and less costly than the 

current field tests that are in accordance with ISO standards for buildings. During the research period, 

from 2004 to 2009, the research emphasis was on impact sound as the starting point for the broad area 

of sound insulation. The original contributions to the thesis include: (a)The removal of the impact 
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sound insulation test and the proposal for a simplified method for Correction Factors to predict impact 

insulation from airborne tests along with the empirical CF. The empirical CF is inferred from the 

difference between practical floors and floors with a high impedance (i.e. heavy and hard surfaced 

floors) in the laboratory and in housing; the CF method has been achieved by further research on the 

constant relationship between airborne and impact sound on high impedance floors developed by Heckl 

(Heckl et al 1963); (b) The promising development of a less costly airborne sound system to replace the 

loudspeaker and amplification system/the ISO reference source. The simplified method for modifying 

the equipment is to propose a new airborne sound excitation, the Radiation Box Gear (RBG) (the ISO 

tapping machine on the top of the Radiation Box), which is cheaper and lighter than the current ISO 

airborne sound excitation to form an essential part of the impact isolation tests. Because the design 

cycle for the current model of Radiation Box has not yet been completed, it is not powerful enough to 

make level difference between the source and receiving room at this stage. Fortunately, it is possible to 

apply the RBG to the detection of a faulty building (e.g. floors with FSTC 45 dB). The current 

prototype of the RBG has been successfully verified to substitute the ISO airborne source to make RT 

tests in the laboratory. The further development of the RBG is to fulfil optimum design for higher 

power at measuring frequencies, which makes it possible to replace the loudspeaker and amplifier 

system in housing; (c) The measurement accuracy of the simplified methods that have been developed 

through this research contain studies of the repeatability of the laboratory-based testing system and the 

hand-held microphone technique on impact sound measurement of the repeatability of the CF and the 

RBG method. Consequently, an uncertainty budget is summarized for impact sound measurement in 

the field.  

 

The literature reviews in Chapter 1 and 2 include Standards and Building Codes as well as studies 

related to this research topic that were published before 2009. The CF interactive software in Chapter 3 

has been coded by the author under Mr. Chen‟s supervision, and the author appreciates his support in 

offering a domain to run the application. The Radiation Box has been designed by the author and built 
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by Gian Smith under the supervision of Dr. George Dodd; Dr. Martin Kean is responsible for the 

running of the model check for its natural frequencies.  

 

Regarding the laboratory data, the ARC data in Chapter 3 is first-hand data, measured directly in the 

Reverberation Chambers at ARC over the last 20 years; whereas the NRC data is derived second-hand 

from the published documents of the NRC of Canada. In regard to field data, the field data from NZ 

acoustic companies in Chapters 3 and 5 is second-hand data obtained before 2008 with very little 

information, such as a lack of provision of measurement conditions. The database of Insul software is 

mixed with ARC laboratory data and field tests on the NZ and Australia housing (confirmed by the 

Insul Company), no further information can be obtained from its manual. The field data from the US 

Consultant Company referred to in Chapter 3 is second-hand data with limited information, such as, 

lack of a record of flanking transmission in housings. The measuring data in Chapter 5 is first-hand 

data, collected in 2008, which resulted from tests conducted by the research team that included, Dr. 

George Dodd and Mr. Gian Smith and the author. 

 

With regard to the consideration of simplifying the measurement procedures of impact sound insulation 

in finished buildings, the first approach has been to cut down, or modify, the amount of measurement 

gear required; this will contribute to lessening the amount of equipment to be transferred to the 

construction site, and could also be used in situations where the speedy and efficient inspection of 

sound insulation is needed. The simplified methods for modifying measurement procedure and gear 

that have been developed in this research are: (a) a decrease in measurement procedures with no impact 

sound field test being required; therefore the reduction of equipment is related to the ISO standard 

tapping machine, as described in Chapter 3: (b) the modification of measurement gear, as described in 

Chapter 4. Firstly, an empirical method in Chapter 3 is described as a simulation method combined 

with field measurements of airborne sound insulation of the floor/ceilings structures and empirical 

Correction Factors (CF). The benefit of the method is that the inferred result of impact sound insulation 

in floor/ceiling structures can be achieved without the use of the ISO standard tapping machine in the 
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impact sound insulation measurement. The scope of the application for Correction Factors is clearly 

illustrated in Chapter 3. Secondly, the pilot equipment for the Radiation Box Gear in Chapter 4 is 

suggested as a replacement for a loudspeaker (sound absorption is derived from RT which is inferred 

from the sound pressure level measured) or the ISO reference sound source (directly measured the 

sound absorption area) in the sound absorption measurement, which is an essential part of sound 

insulation of airborne and impact sound measurements. The idea of using the RBG equipment was 

verified in laboratory conditions, and compared with an ISO reference sound source with a similar 

function applied in sound absorption / reverberation time measurement. The advantage of this method 

is to replace a time-consuming RT measurement with loudspeakers (a large, heavy, loudspeaker and 

amplifier system is required to take measurements at low frequencies) or the ISO reference sound 

source (heavy and expensive ISO equipment) by sound absorption measurement with the Radiation 

Box Gear in a small and damped room, though there are some limitations, as described in Chapter 4. 

The method has not been verified in construction sites during the course of this research due to a lack 

of funding and the facilities for a comprehensive study at this stage; further research would focus on 

optimizing the prototype and applying it for the implementation of sound absorption area measurement 

in finished buildings. The first approach, described in Chapters 3 and 4, contributes to the research on 

modifying the measurement procedures for the technical organisation impact sound insulation 

measurement in buildings. 

 

In regard to the significance of RT/sound absorption area measurements for sound insulation tests of 

airborne and impact sound in the field mentioned above, the reverberation time in the receiving room is 

governed by the absorption area of the room surfaces. The reverberation time/sound absorption 

measurement plays the most important role in those tests, as can be shown from equations (I-1) to (I-3), 

consequently the RT in the receiving room shall be determined to calculate the sound reduction index 

in the airborne sound insulation. The sound reduction index R, is given by  

A

s
LLR log1021                                                                       (I-1) 
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T

V
A 163.0                                                                                     (I-2) 

Where 

   L1     is airborne sound pressure level in the source room, dB; 

     L2   is airborne sound pressure level in the receiving room, dB; 

      A    is equivalent absorption area of the receiving room, m2; 

      S     is area of test objects (walls or floors), m2 ; 

      V    is volume of the receiving room, m3; 

      T   is the reverberation time of the receiving room, second.  

 

Also the RT in the receiving room shall be required to infer the normalized impact sound pressure level 

in the impact sound insulation. The normalized impact sound pressure level Ln is given by 

0

log10
A

A
LL in                                                                          (I-3)  

T

V
A 163.0                                                                                   (I-2) 

Where 

Li   is impact sound pressure level in the receiving room, dB; 

A    is equivalent absorption area of the receiving room, m2; 

A0   is reference absorption area of 10, m2; 

V    is volume of the receiving room, m3; 

T    is reverberation time of the receiving room, second. 

From equations (I-1) to (I-3), the RT/sound absorption measurement is shown as the essential 

component for accessing sound performance in buildings. Although the unique method of using 

“reverberation time index” defined in the survey Standard ISO 10052 (Standard ISO 10052) may 

calculate RT instead of it being measured directly according to ISO Standards 354 or 140-7, the 

screening technique in ISO 10052 has been shown to have less accuracy (Díaz et al 2006); it is also 

limited to the types of construction and their furnishing conditions. Therefore, the measurement of 
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reverberation time/sound absorption is irreplaceable in the whole range of sound insulation tests in the 

field. 

 

Another contribution of this thesis to statistical acoustics is concerned with the uncertainty of 

measurement for the field measurement of impact sound insulation for building elements such as 

floor/ceiling structures; this is due to the fact that there are many factors that influence measurement 

accuracy on construction sites. First, the comparison of the normalized impact sound pressure level 

with a measure frequency from 50 Hz to 5 KHz under two categories including, laboratory technique 

(ISO 140-6) and field measurement (ISO 140-7) is presented on ten floor/ceilings structures with four 

floor conditions, including 3 different floor coverings and bare floor (as a reference floor); also 

included is a comparison of the single number rating in ISO 717-2 generalized from those test data. 

Consequently the thesis investigates the variations between two measurement systems based on the 

comparison of those tests, and also defines factors in the fields which possibly influence the 

measurement results for a comprehensive uncertainty budget of impact sound insulation in field 

conditions. Secondly, it is shown that Impact Sound Pressure Level (ISPL) is a suitable descriptor at 

low frequencies to replace the L‘n defined in ISO Standard 717-2 for the assessment of impact sound 

insulation in buildings at low frequencies. In order to propose the repeatability for the ISPL for floors 

in enlarged frequency ranges, the results of ISPL were studied with the individual positions (3 tests) 

and four tapping machine positions (12 tests) on 26 floor/ceilings structures (see Appendix 1) with four 

floor conditions being presented along with statistical analysis. A recommended repeatability for ISPL 

is proposed in Chapter 5. Furthermore, the repeatability of CF and the RBG are included for 

measurement accuracy purposes. Consequently, all the factors are summarized into a spreadsheet for 

the uncertainty budget of impact sound in the field.  

 

In summary, the objectives of the thesis can be concisely defined as follows: 

 To develop a simulation method for predicting impact sound insulation of floors combined with 

empirical Correction Factors and actual airborne sound measurements in floor/ceiling structures 
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in finished buildings. As a highlight of the research, a web 2.0 application of CF (Appendix B) 

has been coded to apply this empirical method to collect feedback for a sustainable development 

(Chapter 3); 

 To develop a new instrument consisting of the ISO Standardized tapping machine on the top of 

the Radiation Box, to theoretically and practically replace the ISO Reference Sound Source 

(B&K 4204) in sound absorption measurement (or the loudspeaker in reverberation time 

measurement) in impact sound insulation measurement in buildings (Chapter 4); 

 To investigate the uncertainty of measurement for impact sound insulation in the field, a series 

of impact sound insulation measurements have been tested on 26 floor/ceiling structures (10 

floors; these are presented in Chapter 5 and Appendix C) with four floor conditions between the 

laboratory (ISO 140-6) and field methods (ISO 140-7) in a chamber in field conditions, 

consequently, factors are summarized for the preparation of the uncertainty budget of field 

measurement of impact sound insulation in buildings. Also included is the repeatability of ISPL 

as an alternative option for the rating of impact sound insulation for floor/ceiling structures in 

buildings in field conditions based on measured data of 26 floors with four flooring conditions. 

Furthermore, the statistical analysis of CF and the RBG are studied. A spreadsheet of 

uncertainty budget is proposed for impact sound in the field (Chapter 5). 

 

The simplified approaches outlined above are more flexible for different situations in the field to 

conduct impact sound insulation measurements, and are more efficient than the traditional methods 

defined in the ISO 140 series. Accordingly, these simple methods can be used to complement ISO 

standards and other standards in situations demanding field measurement. The research for simplifying 

methods of impact sound insulation measurement is not only beneficial in that the sound performance 

of a greater number of buildings than was previously the case may be verified before handover, but it 

also makes practicable the planned acoustic quality rating for occupied dwellings. The simplified 

techniques are intended to encourage the physical verification of a finished building, rather than the 

currently prevailing methods, which include a computer simulation for verifying acoustic performance, 
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or a speculative method based on the use of test results of building element samples in laboratory 

conditions. These simplified methods for encouraging field tests will match well with performance-

based Building Codes, such as the NZBC; moreover, they increase confidence about the acoustics 

performance of building elements for meeting legal requirements at the finished stage. 

 

3. Outline of the Thesis 

The thesis is divided into five chapters as follows:  

 

Chapter 1 reviews the studies of the field measurements of sound insulation in buildings and build ing 

elements. Normative Reference Standards of sound insulation from the ISO and from individual 

countries are introduced to specify the scope of the research. Studies regarding reverberation time (for 

obtaining the sound absorption area) measurement and its measurement accuracy are reviewed in this 

chapter; this is because, the RT measurement is a crucial part of the whole sound insulation 

measurement in buildings, e.g. the sound absorption area calculated by RT values in the receiving room 

are needed to deduce the results of the sound reduction index and the normalized impact sound pressure 

level in sound insulation measurement (see Equations I-1 to I-3). Due to the fact that the RT test is 

conventionally adopted for buildings in field conditions, the test is important in sound insulation 

measurement, but it is very difficult to use when endeavouring to obtain reasonable results in some 

frequencies in specified constructions. S ince most bathrooms and entrance halls are relatively small 

(see “small rooms” in Glossary) it is difficult to achieve a diffuse field at low frequencies, thus it is less 

possible to efficiently measure RT. The other difficulty is in damped rooms (with high absorption) e.g. 

furnished living rooms, offices, classrooms, auditoria, corridors and industrial halls, where the sound 

pressure level measured for generalizing the RT often decreases with increasing distance from the 

sound source (e.g. loudspeakers) in the receiving room. Those RT measurements should be generally 

repeated with the positions of microphones and loudspeakers changed (if possible) for increasing 

accuracy of results on site; thus the RT test becomes time-consuming in field conditions. In this chapter, 
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a number of studies are described to suggest methods for improving the RT accuracy by using a shorter 

measuring period. Study reviews are also examined with respect to the modified methods of impact 

sound generators complying with ISO Standard 140-7 Annex A. Because the ISO Standard tapping 

machine described in ISO 717-1 does not properly reflect the characteristics of human-made floor 

impact noise, a series of studies referring to new generators has been carried out to verify their 

effectiveness for replacing the current impactor. And the calibration of the ISO tapping machine is 

included for the purpose of accuracy in level difference measurement. The literature in the area of field 

measurement of sound insulation in buildings is also reviewed. Research has been related to different 

methods of operating tests in the field, modifying the measurement systems, or making tests for sound 

insulation in expanded frequency ranges in buildings. Studies on the assessment of sound performance 

in buildings are provided, including a comparison of different types of rating systems applied in sound 

insulation in different countries. According to the accuracy defined in ISO Standards 140-2 and 5725, it 

is not possible to specify the construction of laboratory facilities or the sound field conditions obtained, 

therefore studies in the area of an uncertainty budget of measurement, including details of the test set-

up and the procedure, are reviewed. The ISO Standard Guide 98 (GUM 1995) for uncertainty budget is 

first introduced as a guideline, and several studies extend this guide to apply to general areas in 

acoustics in practice. Finally, research on simplifying methods of sound insulation measurements in 

buildings in field conditions are also reviewed for the purpose of investigating the possibilities for 

implementing simplified approaches, despite the fact that there has been little promising progress in 

this area over the last two decades.  

 

Chapter 2 comprises of an overview of various measurement standards, sound classifications and 

building codes for airborne and impact sound insulation in buildings. A comparison of current building 

codes and regulations, which are described as the legal guidelines for an assessment for sound 

performance in buildings, is summarized in this section. An evolution of ISO Building Codes for sound 

insulation is introduced as the official guideline adopted by different countries; however, the current 

ISO Building Codes (ISO 717-1 & 717-2 1998) are insufficient to cope with the noise complaints as 
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discussed earlier. The European Building Code is discussed for two purposes as these are of 

significance for future Code development. The first is the legal sound insulation standard NEN 1070, 

originally from Germany; this has been significant in this research area over the last 80 years. The 

second purpose is to contribute to the development of ISO Codes. For example, spectrum adaptation 

terms were introduced to ISO Standards 717-1 and 717-2 from European Standard in 1978. Therefore 

the majority of the members who were heavily involved in the development of ISO codes in 

International Working Group 4 are from European countries. The Australia n and New Zealand 

Building Codes (NZBC) are provided in a detailed discussion of the future of NZBC for further 

development. The US building code is also included as it has a very d ifferent rating system to other 

national building codes; field data has been collected from the USA and is presented in Chapter 3. 

Finally, a future universal concept for sound insulation classification is suggested to obliterate the 

superabundance of descriptors for the rating systems that are at present in building codes, though a 

majority of countries adopt similar measurement building codes as the ISO 140 series.  

 

Chapter 3 presents a simplified approach by decreasing equipment in impact sound insulation 

measurements. The elimination of the ISO standardized tapping machine is investigated. An empirical 

method is considered, where the impact insulation is inferred from measurements of airborne sound 

insulation using Correction Factors (CF) according to the reciprocity theory of Heckl and Rathe (Heckl 

& Rathe 1963). The assumption is based on a low coincidence frequency and high input impedance for 

a floor/ceiling structure. After the prediction results had shown good agreement with measurement data 

in the laboratory, this idea of CF was extended to diverse constructions with different types of floor 

coverings in field conditions, although there are still few limitations in applying this technique. The 

interactive application of the Correction Factors collection has been implemented for encouraging the 

application for use by researchers and consultants. This successful approach would significantly 

decrease the measuring time in the impact sound insulation measurement of floors, both in laboratories 

and buildings in field conditions. Further development of this empirical method would be to enlarge the 

CF database, and also to code the application for use with a mobile phone.  
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Chapter 4 puts forward that the recommendation that measurement equipment may be alternatively 

reduced by replacing loudspeakers (or the ISO reference sound source in sound absorption 

measurement) by the Radiation Box Gear for reverberation time measurement. The suggestion is 

derived from an original idea in Standard GBJ 75-84 (Standard China GBJ 75-84 1985). One related 

study applied the Radiation Box to measure sound performance of extensive residential buildings with 

average sound performance using a short test method according to Standard GBJ 75-84, and the results 

presented in single number ratings are the same as the descriptors defined in ISO rating standards, 

though those descriptors infer results from a regression formula by substitution of a weighted sound 

level difference measured among 5 octave bands (octave band) in buildings. In this chapter, the 

construction of the pilot model of the Radiation Box is successfully completed after consideration of a 

combination of a dimension design verified by Finite Element Analysis 8.0 and the acoustical 

characteristics of surface material, as well as weight. The Sound Power Level (SWL) of the Radiation 

Box Gear has been measured in the frequencies from 50 Hz to 5 KHz in Reverberation Chambers 

according to Standard ISO 3741, and measurements included verifying its repeatability as well. 

Additionally, a comparison of the SWL(s) between the ISO Standard reference sound source (Bruel & 

Kjaer 4204) and the RBG in a laboratory is presented, and the novel prototype produces better results. 

Furthermore, a comparison of sound absorption coefficient measured among the loudspeakers (ISO 354) 

and the Radiation Box Gear as an airborne sound source (ISO 3741 & the simplified method of ISO 

3743) shows almost no difference over the measured frequencies from 100 Hz to 5 KHz. Therefore it 

can possibly perform as a reasonably powerful sound source for measuring sound absorption in 

accordance with Standard ISO 3741, although there are some limitations to this new equipment. 

Further development for the RB is suggested, and future research work regarding the Radiation Box 

Gear is proposed to verify its effectiveness for measuring sound absorption in finished buildings in the 

field conditions as one part of simplifying the methods used in impact sound insulation measurement. 

 

Chapter 5 presents studies of the measurement uncertainty for impact sound insulation in the field. This 

chapter discusses a series of factors and unforeseen situations related to the uncertainty of the field 
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measurement of impact sound insulation as these would influence measurement results to different 

degrees on construction sites. A testing facility and experimental setup are introduced to compare 

results between the laboratory technique and the field measurement of impact sound insulation on ten 

floor/ceiling structures (chosen from 26 constructions) with four surface conditions, including three 

types of floor covering, and one bare floor on a construction site. Results from the comparison are 

discussed in detail because the variations need to be studied for factors affecting measurement accuracy. 

Deviations arise mainly from situations where floor/ceiling structures have softer coverings, such as 

carpet with underlay and the results imply a better agreement in bare structures. In order to investigate 

a difference of single number ratings for impact sound insulation between two measurement techniques, 

a comparison of the weighted normalized impact sound pressure level and spectrum adaptation terms 

has been carried out on ten floor constructions with four floor finishes. An interesting phenomenon 

appeared in some floors under specific floor conditions: there is no difference between laboratory 

technique and in field conditions. This chapter also offers suggestions for the repeatability of impact 

sound pressure level in the field. It is a study to perpetuate the research idea of modifying the current 

descriptor, which is the normalized impact sound pressure level from 100 Hz to 3150 Hz, defined in 

ISO Standard 717-2, to the ISPL at the frequencies below 100 Hz (though the measured frequencies of 

ISPL from 50 Hz to 5 KHz are larger than the required frequencies of ISPL, as outlined in Chapter 5), 

for an assessment of impact sound insulation of building elements. The newly proposed descriptor of 

ISPL pays close attention to ratings at low frequencies, resulting in a better match with the majority of 

occupants‟ perceptions; this is because most noise complaints come from impact sound noise at low 

frequencies such as footsteps and moving furniture in buildings. Two acceptable limits of the ISPL on 

floor 6 in measured frequency ranges (enlarged frequencies) with four floor covering conditions are 

inferred from one tapping machine position (3 tests) and four tapping machine positions (12 tests),  and 

a tolerance derived. Therefore the recommended repeatability for ISPL in field conditions is suggested 

to provide a possibility for further application the impact sound insulation of building elements if 

needed. Furthermore, the repeatability of the CF (Chapter 3) and the RBG (Chapter 4) are studied. 
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Future research would be to continually develop the uncertainty budget of impact sound insulation in 

the field with the incorporation of simplified methods.  

 

Finally, the conclusion drawn is that the field measurement of impact sound insulation can be measured 

efficiently and at low cost without significantly decreasing the recommended measurement accuracy 

required by ISO Standards. Future research is also suggested. The ideas examined in this research are 

intended to be applicable to a broad area of field measurement of impact sound insulation in buildings, 

and hence may possibly be employed in situations where a screening technique is needed. Chapters 3 

and 4 present the investigation of possible approaches to cutting down or modifying measurement 

equipment for sound insulation measurement. One idea, that of suspending the use of the standardized 

ISO tapping machine has been examined in Chapter 3, and therefore the empirical method combined 

with actual measurement of airborne sound on floor/ceiling structures and Correction Factors has been 

investigated as well as the implementation of the interface web 2.0 databases of Correction Factors. 

The other idea of replacing loudspeakers or the ISO reference sound source by the Radiation Box Gear 

in sound absorption area measurement has been studied in controlled conditions and outlined in 

Chapter 4 and a comprehensive comparison regarding ISO Standards in laboratory conditions has been 

examined. Further research on the Radiation Box Gear is to conduct sound absorption measurements or 

level difference measurement (needed to improve and verify the SWL of the RBG in the laboratory), if 

possible in finished buildings in field conditions. Due to the fact that many factors and unforeseen 

instances may influence measurement accuracy of field measurement of impact sound insulation, 

Chapter 5 focuses on the investigation of uncertainty in impact sound measurements of building 

elements in field conditions. Firstly, a comparison between laboratory techniques and field 

measurement according to ISO Standards 140-6 and 140-7, respectively, was conducted on ten 

floor/ceiling structures with four floor covering conditions, as well as a comparison of single number 

ratings for impact sound insulation according to ISO Standard 717-2 for those structures. Secondly, the 

repeatability for ISPL in an enlarged frequency range is suggested to encourage the use of impact 

sound pressure level as the descriptor to replace the Normalized Impact Sound Pressure Level (L‘n,) in 
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the ISO Standard 717-2 for an assessment of impact sound insulation in buildings. Finally, the 

investigation of the repeatability of CF in both laboratory and field conditions is included. All of the 

simplified methods outlined in this research are suitable for implementation in sound insulation 

measurement in finished buildings having similar accuracy to ISO Standards; it is highly probable that 

this will encourage the field measurement of sound insulation in dwellings.  
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Chapter 1 

 

Literature Review 

1.1 Introduction  

In this thesis, it is suggested that a solution for the problems caused by the increase in the number of 

complaints in regard to noise and also by the delay in the revision of Building Codes and Regulations, 

as discussed in the Introductory section. Such a solution could be found in the physical testing of 

buildings prior to completion. However, most countries are not accustomed sound performance tests in 

buildings. For example, in the UK the prevailing practice is a „deemed to satisfy‟ method and in New 

Zealand there is compulsory compliance with a performance based Building Code.  Due to the fact that 

there is a high risk of failure in the use of existing practices (simulation methods in the laboratories), a 

strong correlation has been found between faulty buildings and the absence of field testing (Hanson 

2006); thus, it is not surprising that, in recent years, under the current Building Codes and Regulations, 

there has been an increase in the number of complaints about noise in buildings. Consequently the 

ultimate solution is to encourage the use of field measurement despite the fact that, in practice and, in 

order to perform in accordance with the current ISO standards, such measurement is very expensive.   

 

The purpose of this chapter is to offer generalisations in regard sound insulation measurement and 

sound measurement accuracy in buildings. The chapter extensively reviews study-related works in the 

measurement of sound insulation, the uncertainty budget and simplified methods of sound insulation in 

buildings. This review of the associated literature provides a comprehensively significant background 

for the simplification of measurement systems.  
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A considerable amount of research in sound insulation measurement in buildings has been carried out 

over the last twenty years.  One set of airborne sound insulation measurements includes reverberation 

time, background noise and level difference measurements; while another set of impact sound 

insulation measurement includes tests of: reverberation time, background noise, and impact sound 

pressure level. In order to simplify the field measurement of impact sound insulation in buildings 

without loss of acceptable levels of accuracy, there are a series of topics that can be investigated, such 

as: measurement gear, measurement procedures, and factors which may influence the measurement 

accuracy in the field, as well as the rating systems, which may have a better relationship than the 

current objective ratings with subjective perceptions. 

 

The outline of the Chapter 1 is as follows: Normative reference standards of sound insulation from the 

ISO and from individual countries are introduced to specify the scope of the research. Firstly, studies 

are reviewed in regard to reverberation time test and its test accuracy, as the RT measurement is a 

crucial part of the whole sound insulation measurement in buildings (in Introduction section). In order 

to obtain good results in specified constructions, the RT measurements should be generally repeated 

with positions of microphones and loudspeakers changed (if possible) for increasing the accuracy of the 

results on sites; thus, the process becomes time-consuming in field conditions. An abundance of RT 

studies are included to suggest diverse measurement methods to improve RT accuracy with a shorter 

measuring period. Secondly, study reviews are also examined with respect to modified methods of 

using impact sound generators in order to comply with ISO Standard 140-7 Annex A. Since the ISO 

Standard Tapping Machine described in the ISO 140 series does not properly reflect the characteristics 

of human-made floor impact noise, a series of studies referring to new generators has been carried out 

to verify their effectiveness for replacing the current ISO tapping machine. Additionally, the calibration 

and maintenance of the ISO tapping machine are included for the purpose of accuracy in impact sound 

level difference measurement. Thirdly, the literature is reviewed in the area of field measurement of 

sound insulation in buildings. The examples described relate to a variety of methods for modifying 

sound sources, measurement systems, and making field tests in expanded ISO frequency ranges in 
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buildings. Fourthly, studies are provided on the assessment of sound performance in buildings, 

including a comparison of the different types of rating systems applied in different countries. 

According to the measurement accuracy defined in ISO Standards 140-2 and 5725, it is not easy to 

specify constructions of laboratory/field facilities and the sound field conditions obtained, therefore 

studies are reviewed in the area of an uncertainty budget of measurement including details of the test 

set-up and procedure. The Guide to the Expression of Uncertainty (Standard ISO/IEC Guide 98 1995) 

was first introduced as an additional guideline for measurement standards, and the GUM (Standard 

ISO/IEC Guide 98 2008) has been modified to accommodate further information on the evaluation of 

measurement data (GUM series) in ISO standard series (e.g. Standard ISO/IEC Guide 98-1 2009; 

Standard ISO/IEC Guide 98-3 2008/Suppl. 1 2008; Standard ISO/IEC Guide 98-3 2008/Suppl. 2 2011). 

Finally, the research into simplifying methods of sound insulation tests in field conditions is also 

reviewed for the purpose of investigating the possibilities for implementing simplified approaches, 

even though little promising progress has been made over the last twenty years. 

 

1.2 Normative References Sound Insulation Standards from ISO and 

Individual Countries 

In order to correctly carry out measurements of sound insulation in the laboratories and dwellings, the 

ISO has introduced a series of measurement standards as guidelines. Measurement results are also to 

comply with the ISO rating standards for the assessment of sound insulation in the laboratory and field 

conditions. Furthermore, ISO standards related to measurement accuracy are included as an essential 

part of the measurement results. 

 

The fundamental standards ISO 140-4 (Standard ISO 140-4 1998) and 140-7 (Standard ISO 140-7 

1998) specify the measurement procedure in detail under ideal conditions in the field, but give few 

guidelines as to how to establish a suitable measurement set-up in atypical rooms (e.g. coupled rooms, 

long rooms, narrow rooms and staircases). The ISO Standard 140-14 (Standard ISO 140-14 2004) is 
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covered by some suggestions on measurement set-up in particular situations in certain types of building, 

such as commercial dwellings (e.g. hotels) and public buildings (e.g. schools) with volumes of less 

than 250 m3. The benefit of supplemental guidelines is to improve the reproducibility of field 

measurements and also to facilitate measurement efficiency in actual testing environments.  

 

1.2.1 Measurement Standards 

ISO 140-4 (Standard ISO 140-4 1998) Acoustics Measurement of sound insulation in buildings and of 

building elements Part4: Field measurements of airborne sound insulation between rooms  

 

ISO 140-7 (Standard ISO 140-7 1998) Acoustics-Measurement of sound insulation in buildings and of 

building elements Part7: Field measurements of impact sound insulation of floors  

 

ISO 354 (Standard ISO 354 2003) Acoustics-Measurement of sound absorption in a reverberation room 

 

ISO 3741 (Standard ISO 3741 1999) Acoustics-Determination of sound power levels of noise sources 

using sound pressure Precision methods for reverberation rooms 

 

ISO/TR 140-13 (Standard ISO 140-13 1997) Acoustics-Measurement of sound insulation in buildings 

and of building elements Part 13: Guideline 

 

ISO 140-14 (Standard ISO 140-14 2004) Acoustics-Measurement of sound insulation in buildings and 

of building elements Part 14: Guidelines for special situations in the field  

 

ISO 18233 (Standard ISO 18233 2006) Acoustics-Application of new measurement methods in 

building and room acoustics 
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ASTM E336 (ASTM E336 2009) Standard test method for measurement of airborne sound attenuation 

between rooms in buildings 

 

ASTM E1007-04e1 (ASTM E1007-04e1 2004) Standard test method for field measurement of tapping 

machine impact sound transmission through floor-ceiling assemblies and associated support structures 

 

ISO 10052 (Standard ISO 10052 2004) Acoustics- field measurements of airborne and impact sound 

insulation and of service equipment sound (Survey method) 

 

ISO 6926 (Standard ISO 6926 1999) Acoustics-requirements for the performance and calibration of 

reference sound sources used for the determination of sound power levels  

 

ISO 15186-2 (Standard ISO 15186-2 2003) Acoustics measurement of sound insulation in buildings 

and of building elements using sound intensity Part 2: Field measurements 

 

IEC 60651 (IEC 60651 1979) Sound level meters 

 

IEC 60651 (IEC 60651 1985) Integrating-averaging sound level meters 

 

1.2.2 Rating Standards 

ISO 717-1(Standard ISO 717-1 1996) Acoustics-Rating of sound insulation in buildings and of 

building elements Part 1: Airborne sound insulation 

 

ISO 717-2 (Standard ISO 717-2 1996) Acoustics-Rating of sound insulation in buildings and of 

building elements Part 2: Impact sound insulation 
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BS 5821 (Standard BS 5821 1984) Rating of sound insulation in buildings and of building elements 

Part1: Airborne sound insulation in buildings and of interior building elements 

 

ASTM E413 (ASTM E413 1999) Determination of sound transmission class 

 

ASTM E989 (ASTM E989 1999) Classification for determination of impact insulation class  

 

JIS A1419-1 (Standard JIS A1419-1 2000) Acoustics-Rating of sound insulation in buildings and 

building elements Part 1: Airborne sound insulation 

 

JIS A1419-2 (Standard JIS A1419-2 2000) Acoustics-Rating of sound insulation in buildings and 

building elements Part 2: Floor impact sound insulation 

 

CNS 8465 A1031 (Standard CNS 8465 A1031 1987) Classification of airborne and impact sound 

insulation for buildings 

 

AS/NZ 1276 (Standard AS/NZ 1276 1999) Methods for determination of sound transmission class and 

noise isolation class of building partitions 

 

AS1191 (Standard AS 1191 2002) Acoustics-Method for laboratory measurement of airborne sound 

transmission insulation of building elements 

 

1.2.3 Standards of Measurement Accuracy 

ISO 140-2 (Standard ISO 140-2 1991) Acoustics-Measurement of sound insulation in buildings and of 

building elements Part2: Determination, verification and application of precision data  

 

http://www.techstreet.com/cgi-bin/detail?product_id=1175562
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EN ISO 5725 (Standard ISO 5725 1994) Accuracy (trueness and precision) of measurement methods 

and results Part 6: Use in practice of accuracy values 

 

BS 8233 (Standard BS 8233 1999) Sound insulation and reduction for buildings code of practice 

 

BS 6472 (Standard BS 6472 1992) Evaluation of human exposure to vibration in buildings (1Hz to 

80Hz) 

 

ISO/IEC 98 (Standard ISO/IEC 98 1995 1998) Uncertainty of measurement: Guide to the Expression 

of Uncertainty in Measurement  

 

ISO/IEC 98 (Standard ISO/IEC 98 1995 1998) Uncertainty of measurement: Guide to the Expression 

of Uncertainty in Measurement                                              (Replaced by ISO/IEC Guide 98-3 in 2008) 

 

ISO/IEC 98 (Standard ISO/IEC 98-3 1998 2008) Uncertainty of measurement part 3: Guide to the 

Expression of Uncertainty in Measurement  

 

ISO/IEC 98 (Standard ISO/IEC 98-3 2008/Suppl 1 2008) Uncertainty of measurement part 3-1: 

Propagation of distributions using a Monte Carlo method 

 

ISO/IEC 98 (Standard ISO/IEC 98-3 2008/Suppl 2 2011) Uncertainty of measurement part 3-2: 

Extension to any number of output quantities 

 

ISO/IEC 98 (Standard ISO/IEC 98-1 2009) Uncertainty of measurement part 1: Introduction to the 

expression of uncertainty in measurement 
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1.3 Literature Review of RT Test 

Because the RT measurement is vital to the airborne and impact sound insulation measurement in 

buildings (in the Introduction section), an overview of studies regarding reverberation time 

measurement is included as the beginning of literature review.  These studies investigated a series of 

difficulties of correctly measuring RT, such as problems including measurement set-ups and 

measurement accuracy, particularly in field conditions. 

 

1.3.1 The Original RT Measurement 

The science of room acoustics is generally believed to have emerged when Wallace Clement Sabine 

started his reverberation experiments in a lecture room in the Fogg Art Museum at Harvard University. 

In the 1890s and early 1990s, Sabine investigated the impact of absorption on reverberation time. He 

used a portable wind chest with organ pipes as sound sources, a stopwatch, and his ears as recording 

equipment to measure the time from the interruption of the source to inaudibility, roughly 60 dB in the 

lecture room. He found that the reverberation time (Equ.I-2) was proportional to the volume of the 

room and inversely proportional to the amount of absorption present (Lindsay 1973). Since its 

discovery, reverberation time has been used as one of the most important indicators of the acoustic 

characteristics in a room. 

 

1.3.2 ISO Standards for Measuring RT and its Repeatability  

The ISO Standard 354 (Standard ISO 354 2003) specifies a laboratory method for measuring 

reverberation time in rooms with a volume of at least 150  m3 (for old buildings) or 200 m3 (for new 

constructions), and also extends its application to the measurement of RT in actual rooms on site. The 

equivalent sound absorption area A, used in the calculation of the normalized impact sound pressure 

level (Standard ISO 140-7 1998), is evaluated from the RT measured according to ISO 354 and 

determined using Sabine‟s formula: 
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T

V
A

163.0
                                                                             (I-2) 

Where  

A   is the equivalent sound absorption area; 

V   is the receiving room volume, in cubic metres; 

T   is the reverberation time, in seconds.  

As ISO Standard 354 is designed for controlled laboratory conditions with required volumes (over 150 

m3), the obtainment of measurement accuracy is the primary unavoidable factor when it is used in 

buildings. In theory, the precision of RT results depends on the number of modes per frequency band 

and the, so-called, modal overlap factor in a room; a diffused room should have at least 3 overlapping 

modes in that frequency band which is described as the Schroeder‟s cut-off frequency (Jacobsen, 

Poulsen, Rindel, Gade, & Ohlrich 2001). In reality, the situation of achieving precision RT is more 

complicated in the field. For example, a room with a volume below 50 m3 is a typical size for a 

bedroom in residential buildings. For such a small or sufficiently „undiffused‟ room, precision of RT in 

low frequency bands (generally below 100 Hz) is almost impossible to reach in reasonable values as 

required by ISO standard 354. The ISO 140-3 (Standard ISO 140-3 1995) also specifies the definition 

of measurement accuracy for the RT in a controlled conditions. The relative standard deviation of the 

reverberation time T20, evaluated over a 20 dB decay range, can be estimated by the following formula 

(1-1). More discussions regarding repeatability of RT can be obtained in Standard ISO/TR 140-3 

(Standard ISO/TR 140-3 1995). 

                                                                  (1-1) 

Where 

     is the standard deviation of the reverberation time T20; 

T              is the reverberation time measured; 

f                is the centre frequency of the one-third-octave band; 

N              is the number of decay curves evaluated.  
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In conclusion, whatever the discussion of the RT theory and the requirements for measuring RT in 

laboratory conditions as well as the measurement accuracy from the related ISO standard, RT 

measurement in the field is complicated. The uncertainty of RT measurement is in doubt at some 

frequencies in small rooms (a typical type of room in residential buildings). Fortunately, ISO Standard 

140-7 gives a basic requirement for measuring the RT in the field as follows: the minimal number of 6 

RT measurement is required at specific frequencies in a diffused room (specific frequencies should be 

higher than the Schroder‟s cut-off frequency); this means that at least 1 loudspeaker position and 3 

microphone positions with 2 readings in each case shall be used in buildings in general. For the 

frequencies below the Schroder‟s cut-off frequencies in a room, ISO 140-7 also suggests conducting 

more RT measurements for the achievement of improved measurement accuracy on complicated 

constructions. 

 

1.3.3 Reviews on Methods of Measuring RT 

Because ISO standards give limited guidelines on the conducting of reverberation time measurement in 

non- ideal rooms, considerable research has been made in the area of the invention of measuring 

approaches and the discussion of measurement accuracy both in field and laboratory conditions.  

 

In 1965, Schroeder (Schroeder 1965) studied a new method for measuring reverberation time. The 

method used tone bursts or filtered pistol shots to excite the enclosure. This involved; the simple 

integral response over the tone-burst response of the enclosure yields in a single measurement, the 

ensemble average of an infinite number of the decay curves that would be obtained with band pass 

filtered noise as an excitation signal. The smooth decay curves resulting from the new method 

improved the accuracy of RT measurements and facilitated the detection of non-exponential decays. 

The accuracy with which reverberation times can be determined from decay curves was limited by 

random fluctuations in the decay curves. These random fluctuations resulted from the mutual beating of 

normal modes of different natural frequencies. The exact form of the random fluctuation depended 
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upon, among other factors, the initial amplitudes and phase angles of the normal modes at the moment 

that the excitation signal was turned off. In cases where the excitation signal was a bandpass-filtered 

noise, the initial amplitudes and phase angles differed from trial to trial. A method that was frequently 

used to minimize the effect of the fluctuations in decay curves on the measured RT values was to repeat 

the reverberation experiment many times and to average the reverberation times obtained from the 

individual decay curves. However, this method was not only inefficient but failed to reveal the true 

nature of the decay. In particular, it was often impossible to detect the existence of multiple decay rates, 

especially high initial decay rates persisting for only a few decibels. The shortcomings of conventional 

decay measurements were regrettable due to the fact that the initial portion of the decay contains much 

valuable information. For example, decays with multiple slopes point to a lack of sound diffusion, an 

important factor both for absorption measurement in reverberation chambers and the evaluation of 

concert-hall acoustics. Furthermore, in reverberation chambers where diffusion decreases during the 

decay, it is the initial decay rate that is important for the determination of the statistical absorption 

coefficient of the test material. Finally, there has been increasing evidence that the initial decay rate of 

the reverberation process in halls for speech and music is at least as important for subjective 

“reverberance” as the later portions of the reverberation decay. To extract further useful information 

from decay curves, many such curves should be averaged, not just the decay rates or reverberation 

times obtained from individual decay curves.  

 

In 1977, Wu (Wu 1978) also investigated two techniques for accurate determinations of reverberation 

time. One was Schroeder‟s “integrated impulse method”, in which special attention is given to the 

question of repeatability and the influence of Signal-to-Noise Ratio (SNR) on the successful application 

of the method. The other technique involves taking an “ensemble average” of a large number of 

logarithmic decay curves. The two methods are complementary. The integrated impulse method is best 

suited to investigations of the spatial variations in a room, with the object of proceeding as directly as 

possible to the ensemble average for each position; the ensemble average method is the best for 
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standard room tests whereas rotating diffusers are often employed to improve diffusion and the object 

is to determine the space-average reverberation time for the whole room.  

 

Schroeder (Schroeder 1979) researched a method for measuring linear-system response using 

Maximum Length Sequences (MLS) and the Legendre Sequence (LS) as test signals with flat-power 

spectra. Improvements in SNR(s) proved to be equal to the period length of the pseudorandom noise, 

typically 40 dB in room acoustical applications. The necessary digital processing to realize these gains 

in SNR and accuracy of response can be performed on available minicomputers. The LS signal had flat 

power spectra like MLS one, but discrete Fourier components had only two phase angles (= ±90), thus 

simplifying their digital representation for storage and transmission. In fact, the discrete Fourier 

Transform of a LS was equal (within a constant factor) to the sequence itself. LS exist for all period 

lengths equal to a prime number of the form 4k-1(where k was an integer). Thus, there are many more 

period lengths to choose from than those for MLS. 

 

Chu (Chu 1990) presented a detailed account of the cross-correlation method involving the use of a 

periodic pseudorandom sequence for impulse-response and reverberation decay measurements. Great 

SNR can be obtained because of the immunity of the cross-correlation method to unrelated background 

noise and the possibility of using long sequences and averaging.  

 

As in similar researches made by Wu, Schroeder and Vorlander et al. (Vorlander et al 1994) studied the 

interrupted noise and impulse response methods for measuring reverberation time in rooms and 

comparing them to check the repeatability limits of interrupted noise methods and with those of 

methods using an integrated impulse response. Several methods for determining RT have been 

investigated and compared. Impulse measurements and conventional techniques with interrupted noise 

were equivalent as long as the following criteria were taken into account: (a) The evaluation of the 

impulse response must cover a time window which corresponds to a level decay lower by at least 10 dB 

than that prescribes for the range of the reverberation measure to be obtained; (b) The repeatability 
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limit of RT from integrated impulse responses attained values of a few percent and was clearly lower 

than the repeatability of single random noise decays. An average of 3 to 5 random noise decays shows a 

repeatability limit of the same order of magnitude as that obtained for impulse methods; (c) The result 

of the comparison of the time required when the impulse and interrupted noise methods were applied 

depended strongly on the frequency range and the ability to measure broadband signals in real- time 

instead of on sequentially measured frequency bands; (d) The crucial part of the MLS technique was 

the Linearity and the Time Invariance of the measured (LTI) system. At very low frequencies the 

repeatability limit obtained for the MLS technique exceeded the repeatability limit of measurements 

using band-filtered single pulses; (e) Manual or linear regression evaluation of non-reverse- integrated 

impulse decays may result in the RT being underestimated, particularly at low frequencies; (f) If the 

methods of assessing RT have to be simplified for routine field measurements, or even for so-called 

“survey test methods”; the integrated impulse method is a reasonable alternative to conventional 

techniques. An interesting study showed that, in some situations, errors due to nonlinearity were 

unevenly distributed in the MLS measurement period, and this prevented the expected reduction of 

errors by zeroing a portion of the impulse response of longer MLS measurements.  

 

Vanderkooy (Vanderkooy 1994) explored the pathology of MLS systems when distortion of various 

kinds was present. The resulting artifacts could falsify a reverberation plot; reduce the distortion 

immunity of the measurement system, and give rise to spurious reflections in the impulse response, to 

name but a few of the negative aspects. On the other hand, MLS systems could also allow the 

determination of the total distortion of an electro acoustic system when excited by a signal of any 

desired spectrum, and sensitive tests for determining the presence of distortion were possible due to the 

time-domain separation of linear and nonlinear components.  

 

In 1992, Vorlander et al. (Vorlander et al 1992) presented a general overview of the benefits and 

limitations of the MLS technique in building acoustics. The basic advantages and benefits of the MLS 

technique in building acoustics can be summarized thus: first, compared with conventional techniques, 
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the gain in SNR was typically 20 dB and over 11  dB; further gain could be obtained by synchronous 

averaging. Additionally, a stationary SNR of 0 dB was sufficient for level measurements, which meant 

no background noise correction was needed. Finally, to measure RT (e.g.T30) a stationary SNR of about 

20 dB was sufficient if noise compensation was included when processing the integrated impulse 

response. The researchers also pointed out those systematic errors could occur if the system or the 

measuring setup included nonlinear elements; fortunately these errors were so small as to be negligible 

in building acoustics applications. However, they also found that time variances could produce phase 

shifts that could cause distortions in synchronous averaging and in the cross-correlation procedure 

(namely the Hadamard transformation). Formulae were derived for practical use in building acoustics 

which are able to provide an estimate of the error in the measurement results of room impulse 

responses during drift of temperature.  

 

Stan et al. (Stan et al 2002) compared the measurement of impulse responses, by employing four of the 

most suitable methods: MLS, Inverse Repeated Sequence (IRS), Time Stretched Pulses (TSP) and Sine 

Sweep. These systems are based on Matlab 5.3 (a computer simulation application), allowing an 

automatic and easy measurement to be realized. The results are as follows: (a) The MLS /IRS method 

was the most suitable method when the measurements were taken in an occupied room because of the 

room‟s strong immunity to all kinds of noise (e.g. white or impulsive noise). However, major 

drawbacks lay in the tedious calibration that had to be carried out for obtaining optimum results and 

also in the appearance of spurious peaks (distortion peaks) due to inherent nonlinearities of the 

measurement system; (b) The TSP method avoided the appearance of the distortion peaks, but the 

remaining non- linear artifacts could possibly be superimposed with the deconvolved “linear” impulse 

response. The presence of a residue of the excitation signal in the deconvolved impulse response was a 

result of such superposition problems. This residue could be almost completely eliminated if a precise 

calibration of the measurement parameters (mainly the output level) was realized. However, its timbre 

and the high optimum output signal level needed to mask out the ambient noise make it unusable for 

use in occupied rooms; (c) The perfect and complete rejection of the harmonic distortions prior to the 



 

39 

 

“linear” impulse response, their individual measurement, and the excellent SNR of the Sine Sweep 

method made it the best impulse response measurement technique in an unoccupied and quiet room. 

Moreover, unlike the preceding methods, it did not necessitate a tedious calibration in order to obtain 

very good results (no compromise between the SNR and the superposition of nonlinear artifacts in the 

room impulse response). However the Sine Sweep technique was not recommended for measurements 

taken in occupied rooms due to the same drawback as found in the TSP method. 

 

Ćirić et al. (Ćirić et al 2005) studied the MLS technique used in room acoustics. The transient noise 

immunity respected one of the advantages. The afore-mentioned noise was transformed through cross-

correlation into background noise. Transient noise influence in MLS technique was analyzed here on a 

theoretical and practical basis using simulations and measurement. The influences of transient noise 

signal parameters such as signal duration, level and type were observed. The results showed that the 

reduction of the SNR in IR method, as the main consequence of transient noise, was directly related to 

the energy of noise signal. The change in transient noise parameters caused change in SNR reduction 

but only if the noise energy was changed. Although this noise did not influence the decay of obtained 

IR, attention should be paid to SNR reduction since it could be important in some applications.  

 

Judging by the above examples of research on measuring RT in rooms, there is no a perfect approach to 

measuring the RT measurement in buildings in general. Most development approaches are suitable for 

the situations for which they were invented. Taking the MLS method as one example to discuss in 

detail, the benefit of the MLS technique is to measure RT in high noise environments without annoying 

occupants, but the time duration would be less attractive for field conditions due to its sensitivity to 

wind and temperature; furthermore the comprehensive gear needed would be difficult to transport to 

the field. In conclusion, the most suitable RT measurement with satisfactory results in field conditions 

needs to pay greater attention to its measurement setup, especially in conditions which do not meet the 

requirements of ISO 354 (Standard ISO 354 2003) and therefore repeatable measurement is likely to be 
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required for improving measurement accuracy. This section is also as the research background for 

Chapter 4. 

 

1.4 Reviews on Impact Sound Insulation 

Due to the fact that most of the noise complaints from impact noise caused by such things as moving 

furniture or running children, as discussed in the Introduction, the research purpose of the thesis is to 

simplify the field measurement of impact sound insulation. This section reviews studies of impact 

sound generators, including: the ISO tapping machine and 2 inventions of impact sound excitation 

commonly used in Japan, the field measurement of impact sound insulation, as well as of the rating 

systems for impact sound in buildings.  

 

1.4.1 ISO Impact Sound Generators 

The history of the impact sound generator goes back to 1932. A light-weight impact source called “the 

tapping machine” was first developed in Germany for the purpose of an impact sound source exciting 

the floor constructions in impact noise measurement. The German Standard DIN-5211 and DIN-5510 

were also published in 1935 as the standardized methods for measuring floor impact noise from 

laboratory and in-situ experimentation, respectively. Moreover, the Standard DIN 4109 was released as 

the first guideline for the rating of impact sound insulation on floated floors in structure constructions; 

therefore, in 1978, after the continuous research conducted in the area of impact noise insulation over 

twenty years, those German standards evolved as the original version of the ISO 140 series for building 

acoustics. 

 

Two types of ISO standardized tapping machines manufactured by Brüel & Kjær (B&K) and the 

Norsonic Company are currently available for impact noise measurement in buildings. The B&K model 

3207 meets the requirements of the ISO Standards 140 and 717 series, DIN52210 (Germany), BS5821 

(British) and ASTM E-492 Standards (US) as the impact sound generator, weighing 11.5 Kg (with 
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mains adaptor). The dimensions of the impact sound source are: 590 mm wide, 273 mm high and 285 

mm deep (Tapping machine type 3207 user manual 1998). The Norsonic Model 277 is a newly-

developed unit when compared with the traditional B&K tapping machine, with a lighter weight of 10 

Kg (including battery and wireless remote option). Its dimensions are: 495 mm wide, 230 mm high and 

265 mm deep. Therefore the Norsonic model is a slightly lighter and smaller machine than the B&K 

model 3207. It also meets the requirements from the series of ISO and ASTM Standards to be a 

qualifying impact sound generator in laboratory and field conditions (Nor277 User Guide 2007). 

 

 

 

 

 

 

Figure 1-1: B&K Model 3207                                          Figure 1-2: Norsonic Model 277 

(Source from B&K Company website 2007)            (Source from Norsonic Company website 2007) 

 

The verification and maintenance for the standardized tapping machine need to fulfil the requirements 

in Annex A from ISO Standards 140-6 to 8. Since the physical properties of the tapping machine are 

mechanically defined, the tested characteristics are : hammer velocity, impact angle, hammer tip 

curvature, etc. Minor servicing of the tapping machine, such as adjustments to the feet or hammer 

exchange; cleaning is also carried out when necessary. In most of the cases, common defects include; a 

hammer velocity that is too weak on impact on floors, long-time pause between impacts on floors and, 

worn out hammer tips. The Norsonic Company recommends recalibration intervals of three years for 

tapping machines in normal use, or shorter intervals if used intensively or in a severe environment. 

Another study relating to the verification of tapping machines by Andersson (Andersson 2004) showed 

a high ratio of five out of six standardised tapping machines that could not meet at least one of the 
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specifications, including velocity at impact, interval of impact and hammer head dimension. Anderson 

selected six ISO tapping machines consisting of three model types from B&K and Norsonic companies, 

and conducted a verification procedure specified in the Annexes of ISO 140-6 to 8. He concluded that 

the verification interval needed is dependent on the time and environment of use but should not be 

more than three years. This is the same as the recommendation from the manufacturers of the Norsonic 

Company.  

 

1.4.2 Research on Impact Sound Generators  

Since the invention of the standardized tapping machine, among the ISO Standards 140-6 (Standard 

ISO 140-6 1998) and 140-7 (Standard ISO 140-7 1998) and the ASTM standard E492-9 (Standard 

ASTM E492-9 2009) and E1007-04e1 (Standard ASTM E1007-04e1 2004), give detailed 

specifications for the mechanical properties of the tapping machine to be used for sourcing of floor 

excitation in impact noise measurement. Schultz (Schultz 1974) pointed out the requirements were 

seldom met in practice, and also summarized that, in general, even with the nonlinearity of floor 

behaviour, the impact noise levels between a tapping machine and real- life walkers on various floors 

and their coverings must not be expected to be well correlated. Such good correlation could only occur 

if the internal impedance of those hammers in the tapping machines was equal to that of the walker. 

Additionally, if there was nonlinearity in the floors and floor coverings, it would be necessary to adjust 

the impacting force of the test hammers to be in the same range as that of live walkers; only in this case 

it was possible to achieve good correlation between hammer tests and the live-walker tests for all kinds 

of floor/ceiling structures (Schultz 1976).  

 

Many studies have indicated that floor impact noise evaluation using the ISO tapping machine does not 

properly reflect the characteristics of human-made floor impact noise. In 1965, Watters (Watters 1965) 

first reported experimental results concerning the characteristics of floor impact noise in terms of the 

floor impact spectrum of the tapping machine and women‟s high-heeled shoes. Olynyk et al. (Olynyk et 
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al. 1965) also investigated the fact that impact noise evaluation using the ISO tapping machine made it 

hard to replicate the real impact characteristics of a floor. Furthermore Belmondo et al. (Belmondo et al. 

1973) found that the ISO method using the tapping machine did not simulate an inhabitant walking in a 

lightweight building. Similar experiments for studying the difference between floor impact sound 

source and real noise have been undertaken in lightweight and heavyweight buildings in the field. 

Istvan (Istvan 1971) evaluated the impact noise on a floating floor and a hard floor with elastic surface 

material; he also shared similar conclusions to those of other researchers. 

 

In the nineteenth century, Mckell (Mckell 1991) focused on the development of a screening test to 

determine the impact sound insulation of floors. Stewart et al. (Stewart et al 2000) also suggested the 

Statistical Energy Analysis (SEA) method as a prediction method for floor impact noise in order to 

study the impact sound noise in buildings.  

 

In recent years, some researchers have extended their research areas to develop new impact sound 

generators. Shi et al. (Shi et al 1997) compared the frequency characteristics between human impact 

noise (walking, running and jumping) and the floor impact noise made by other sources, such as; sand 

bags/ball, tires and the tapping machine. They found that the frequency characteristics of the noise 

made by a sand ball dropped from a certain height is the most similar to the frequency characteristics of 

human floor impact noise. Consequently this meant that there was a better representation of an actual 

human footfall than that of the standard tapping machine. Meanwhile Tachibana et al. (Tachibana et al 

1998) developed two impact sources: these included a heavy tire machine and a soft rubber ball for the 

assessment of floor impact sound in buildings. Warnock (Warnock 2000) also confirmed that the 

loudness of real impact noise, such as footsteps, was similar to the degree of loudness of lightweight 

impact noise, in this case, a Japanese rubber ball tested in laboratory conditions. Warnock (Warnock 

NRCC CR6132.2 2000) verified the effectiveness of two Japanese impact source generators, the ISO 

machine and the real impact noise made by human beings in laboratory conditions. Four types of 

impact device, including a tire/wheel (similar to the Japanese tire machine), a human walker, the 



 

44 

 

standard ASTM/ISO tapping machine and a special impact device developed by the National Research 

Council (NRC), were used for impact sound insulation measurement through 75 floor structures at the 

NRC laboratory. He concluded that single number ratings for the Japanese tire machine, though 

expensive and not commonly in use, correlated very well with those for the walker; while that of the 

ISO tapping machine (IIC) did not give good agreement with the walker results. 

 

While Japanese researchers studied and verified two new impact sources, the Japanese ball and the tire 

machine on floors with different floor coverings in lightweight and heavyweight buildings, in both 

laboratory and field conditions, some researchers were involved with the direct modification of the 

traditional impact excitation, the ISO tapping machine, for improving the correlation between the 

impact noise made by real human beings and the impact noise created by the tapping machine defined 

in ISO Standard 140-7. Lindblad (Lindblad 1968) first proposed a minor modification to the ISO 

machine based on the theoretical models to give a better simulation of the impact noise of women‟s 

high-heeled shoes, when the mass of the hammers was reduced to 0.2 kg which they dropped from the 

height of 0.2 mm. His proposal regarding the reduced weight of the hammers apparently contradicted 

Cremer‟s proposal (Cremer 1969). Cremer compared the effectiveness of floating concrete slabs with 

thin floor coverings that were measured either by; using the ISO tapping machine or a walking person 

as the impact sound generator. By extending the investigation by Josse (Josse 1971), Scholl (Scholl 

2001) slightly modified the standard tapping machine for the simulation of the walker‟s noise 

behaviour. The result successfully showed a closer agreement with the walking noise generalized by 

the modified tapping machine both on a concrete slab and a wooden joist floor than those results 

achieved using the ISO one. He also proposed a modification to the tapping machine to deliver 

comparable results for lightweight and heavyweight structures (Scholl et al 2002). The further 

investigations by Fischer et al. (Fischer et al 2003) and Petzold et al. (Petzold et al 2002) confirmed 

that this modification yielded impact sound level spectra comparable to those of human walkers.  
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In conclusion, although there are controversial discussions on the shortcomings of the ISO tapping 

machine being applied as the impact sound generator, and also of the new development and research on 

impact sources promising to replace the ISO tapping machine in Japan, the ISO tapping machine is still 

the main generator to use in impact sound insulation as it has been a traditionally recognized impact 

source for making measurements and sharing research over the last 80 years. Therefore, for the 

purposes of studying the measurement uncertainty of impact sound, as outlined in Chapter 5, the ISO 

tapping machine is used as the impact excitation to conduct field tests in building constructions.  

 

1.5 Review of Sound Insulation Measurement 

Comprehensive studies of impact sound insulation measurements have been conducted over the last 

two decades after the initial establishment of building acoustics in 1932. Researchers have investigated 

a variety methods of operating tests in complicated field conditions: suggesting new rating systems for 

impact sound insulation in order to provide better correlation with occupants‟ perceptions; the  

modification of the measurement systems for simplifying measurements; the making of measurements 

in expanded frequency ranges, not only for meeting the legal requirements, but also to fulfil the 

majority of subjective perceptions in order to cope with the growing number of noise complaints which 

is the ultimate aim.  

 

Lee et al. (Lee et al 2007) investigated a current measurement method for a small room. A sound field 

by impact sound in a room was investigated for reliable measurement positions to reduce the deviation 

in measured Impact Sound Pressure Level (ISPL) and to evaluate the insulation performance of the 

floor structure. His findings are as follows: (a) Before starting any field tests, the estimation of room 

mode frequencies should be calculated according to room shape; thus those frequencies should be 

excluded in order to facilitate measurement from the receiving positions. The exclusion also applies to 

positions with high number deviations in ISPL due to room mode; (b) The ISPL distribution showed a 

level difference (the ISPL averaged) of 6.5 dB between the location at 1,260 mm and the rest of the 792 
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positions that were measured. The lower ISPL averaged were obtained at the middle height 1,260 mm 

of a room; (c) In order to compare test accuracy of ISPL, two impact excitation sources of the ISO 

tapping machine and bang machine (impact source with more low frequency energy) are used to make 

impact measurement in the small room. The finding shows that the results for the bang machine are 

more valid on the same receiving positions than those of the ISO tapping machine at low frequencies. 

Consequently the receiving positions should be arranged taking room mode into consideration when 

measuring ISPL at low frequencies; (d) Because the levels of distribution were found to differ 

considerably at low frequencies at the same receiving height, ISPL measurement positions at 1,260 mm 

height should be reconsidered; thus receiving positions need to be arranged after the prediction of room 

modes. The findings indicate that the components required for the improvement of the field 

measurement method of impact sound insulation should include; the position of impact, the shape of 

the receiving room, the prediction method by computational analysis for sound field conditions and the 

general procedure for selecting the receiving positions prior to measuring.  

 

Shi et al. (Shi et al 1997) carried out an investigation of the characteristics of impact sound sources for 

impact sound insulation measurement in the assessment of the sound insulation for building 

construction. Since the ISO standardized tapping machine has been criticized, and in particular for the 

requirements for the measurement of wooden-joist floors, due to the fact that the sounds generated by 

the tapping machine differ from those generated by actual footfalls, this study has investigated the 

waveforms and frequency spectra of human footfalls (walking, running and jumping), of sand balls, 

sand bags, tires, and of the standardized tapping machine. The results confirm that the frequency 

spectra differ between the standard tapping machine and actual footfalls, especially at low frequencies. 

The results from other excitation sources, such as a sand ball falling from a certain height, showed a 

concordance with an actual footfall at low frequency. This means that, in constructions made of wood, 

a sand ball drop as an impact source provides a better representation of an actual human footfall than an 

ISO machine at low frequency bands.  
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Jeon et al. (Jeon et al 2004) investigated both objectively and subjectively the evaluation of floor 

impact sound insulation in heavyweight buildings. They drew conclusions on the sound isolation 

efficiency of structural materials, such as reinforced concrete in heavyweight constructions, where floor 

impact noise was considered to be the major source of residents‟ complaints. The floor impact noise 

was measured on selectively treated floor/ceiling structures and walls while two impact noise 

excitations, the bang machine and the tapping machine, were applied. Meanwhile auditory experiments 

were also undertaken to determine the appropriate sound isolation treatment on those building elements. 

The results revealed that the isolation of retaining walls, along with the floating floors, was minimized 

in both the impact noise level of floors and its subjective loudness, and therefore produced a lower 

annoyance rating for occupants. In contrast, in heavyweight buildings, it was found that the reduction 

of floor impact noise level was maximized only when the floor/ceiling structures and walls were 

insulated. 

 

Bravo et al. (Bravo et al 2004) researched the variability of low frequency sound transmission 

measurements between walls in buildings. It was found that the effect of the source room on the 

measured sound reduction index at low frequencies could be reduced by using a number of suitably 

driven loudspeakers close to the panel to simulate a diffuse incident field. However, by calculating the 

transmitted acoustic power from a dense array of acoustic intensity measurements, rather than using an 

array of microphones in the receiving room, the effect of the receiving room was not found to be 

reduced.  

 

Gibbs et al. (Gibbs et al 2004) studied the relationship between the sound insulation measurements of 

walls and floors and the airborne sound level difference between rooms at frequencies below 200 Hz in 

small rooms in laboratory conditions. The research was undertaken for the purpose of describing the 

sound transmission between sound fields in small rooms at low frequencies in terms of the modal 

characteristics of the spaces and of the intervening walls/floors. Since the existing ISO 140 gave a 

diffuse field correction to the sound reduction index and gave the level difference, this paper proposed 
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a supplementary correction, which was a function of the low frequency characteristics of the separated 

rooms and of the walls/floors. In addition, a statistical estimate was given of level difference for the 

range of conditions between rooms for both heavyweight masonry walls and lightweight cavity walls. 

The minima and maxima in level difference were reduced if the total room absorption was increased. 

Room damping resulting from surface vibration was found to have less effect in rooms of heavyweight 

construction than rooms of lightweight construction. At frequencies of below 100 Hz, the effect of 

furniture sound absorption also had little effect on the steady-state sound field of a small room. Overall, 

the average sound insulation of a party wall of lightweight construction was lower than that of 

heavyweight construction below 200 Hz.  

 

Díaz et al. (Díaz et al 2006) researched the reverberation time in furnished rooms in dwellings in field 

conditions. The results of the reverberation time measurement included 11,687 rooms, of which 11,457 

were furnished (8,246 bedrooms, 3,211 living rooms) and 230 unfurnished rooms in heavyweight 

buildings, meaning that the buildings had heavy walls and concrete slab/ceiling structures. The results 

showed that it is possible to predict accurately the reverberation time in these kinds of spaces as a 

function of size and frequency. A comparison showed a good agreement between the reverberation 

time measured in the field and that specified in the screening technique outlined in ISO 10052. The 

results of reverberation time in unfurnished rooms showed standard deviations which were 

considerably greater than those for furnished rooms, due to the sound absorption caused by the 

furnishings and décor, particularly at medium and high frequencies.  

 

Hopkins et al. (Hopkins et al 2005) researched field measurement of airborne sound insulation between 

rooms with non-diffuse sound fields at low frequencies. Measurement of sound intensity was found to 

be not well-suited to a field situation due to flanking transmission from the side walls and floor/ceiling 

structures. In addition sound intensity measurements were time-consuming, and therefore expensive to 

apply for airborne sound insulation testing at low frequency bands in the field. Also typical rooms in 

dwellings with volumes of less than 50 m3 were found to have non-diffuse fields in the low frequency 
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range. For the purposes of the study described, a Low Frequency Measurement Procedure (LFMP) was 

developed for sound pressure level measurements in the 50 Hz, 63 Hz and 80 Hz third octave bands. 

Field tests using the LFMP and reverberation time proposal were carried out to investigate light weight 

timber/steel constructions. In the 50 Hz, 63 Hz and 80 Hz bands, the LFMP generally resulted in lower 

sound insulation values than those in the normative procedure in ISO 140-4. For RT measurements, it 

was found that 98.9% of RT measurements met the BT > 8 criterion by using 63 Hz octave bands 

compared to 37.3%, 48% and 86.5% in the 50 Hz, 63 Hz and 80 Hz third octave bands, respectively. In 

regard to low frequency measurement protocols for airborne sound insulation, the use of corner 

positions was recommended; these were sited between 0.3-0.6 m from the corner along each x, y and z 

axes. With respect to RT measurements at low frequencies, as there were relatively few room modes in 

the 50, 63 and 80 Hz bands, single-slope decay curves for T20 and T30 in the room would hardly ever 

occur. (a) If BT > 8 and there are straight lines of decay curves, RT should be calculated using T10; (b) 

If BT > 8; however, it is not possible to get value from (a), use the 63 Hz band to represent the 50 Hz, 

63 Hz and 80 Hz bands; (c) If (a) or (b) are not possible, then assume a RT of 0.5 second for 50, 63 and 

80 Hz bands. 

 

To summarise, in small rooms it is difficult to measure reliable impact sound pressure levels at low 

frequencies due to a non-diffuse field. Various researches giving consideration to measurement 

methods have studied the positions of impact sound, the shape of the receiving room, and the general 

procedures for selecting the receiving positions, etc, for the improvement of field measurement 

methods for impact sound insulation; the researches have also given suggestions for a measurement set-

up for atypical rooms, as well as the variations of sound pressure levels in a variety of sound fields (in 

various conditions, such as a furnished house). These researchers‟ findings for measurement stages 

have been sufficiently beneficial as to inspire the research described in Chapters 3, 4 and 5 of this thesis. 
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1.6 Rating Systems of Impact Sound Insulation in Buildings 

A method of rating reference curves was proposed by Cremer in Germany in the 1950s and, in 1968, 

this method evolved into the ISO Standard 717. Another similar method for reference curves, used in 

countries such as France and Scandinavia, was a single number rating based on A-weighted level 

differences using defined spectra of indoor and outdoor noise (Thaden 2005). Since the application of 

diverse reference curves leads to varying ratings of sound insulation in buildings in different countries, 

in order to share those rating results for the research‟s purpose, they need to be carefully evaluated as to 

which curve is to be internationally standardized. In consideration of the practice of compensating for 

reference curves that is applied in countries such as France and Scandinavia, two Spectrum Adaptation 

Terms C and Ctr were developed for the rating of airborne sound insulation. One C is for mid and high 

frequencies and the other Ctr is at low frequencies; these were first introduced in 1977 in ISO Standards 

717-1. 

 

In regard to an appropriate rating for impact sound insulation of floors/ceiling assemblies between 

dwellings, the rating method is standardized in ISO Standard 717-2. In this standard, the single-number 

descriptor for impact sound is presented as Weighted Normalized Impact Sound Pressure Level, Ln,w, 

which was basically intended for evaluating hard and heavy floor (e.g. concrete) constructions; 

however, in practice, the descriptor Ln,w has been found to contain uncertainties (not well corre lated 

with human perceptions) in the ratings for lightweight floors with soft floor coverings. Therefore, the 

ISO applied a similar concept, Spectrum Adaptation Terms, from airborne sound to impact sound. In 

1996, extensions to the reference curve with Spectrum Adaptation Term CI (Ln,w+ CI) were introduced 

in ISO Standard 717-2, as a compensation for the uncertainty of lightweight floors with soft coverings, 

without significant modification of the current ISO rating system. In fact, the value of Spectrum 

Adaptation Term (CI) for impact sound is a difference between the La reference curve in France and the 

reference curve defined in ISO Standard (ISO 717-2).  
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The other rating procedure of impact sound insulation has been formalised by ASTM E989 (American 

Society for Testing and Materials, ASTM) in the US, denoted as Impact Insulation Class (IIC) metrics. 

There are two aspects that differ in the fitting procedures of the ISO Standard 717-2 and the ASTM 

Standard E989. In the ASTM Standard Test, data is rounded to the nearest dB instead of to the nearest 

0.1dB, and also the maximum deficiency allowed during the fitting procedure is 8 dB. When the fitting 

procedure has been completed, the IIC, the single number rating defined in ASTM is obtained by 

subtracting the value of the reference contour at 500 Hz from 110 dB. This has the effect that higher 

IIC numbers mean greater protection against impact sound in ASTM E989. In contrast, in the ISO 

standard, the Ln,w rating decreases as the floor impact sound attenuation increases. The two ratings are 

related by IIC=110 - Ln,w only if the 8 dB rule is not invoked (Warnock NRCC47340 2004). The ISO 

Standard 717-2 also requires that the maximum unfavourable deviation at any frequency should be 

recorded if it exceeds 8 dB in test reports (Maekawa et al 1994). 

 

An interesting comparison study of impact sound ratings between ASTM, IIC, defined in ASTM E989 

and ISO, Ln,w , C I, 50-2500, C I. 100-2500 according to ISO 717 was carried out at the NRC laboratory on 407 

samples to evaluate floor coverings that could be placed, either on concrete slabs or, on lightweight 

joist (wooden) floors (Warnock NRCC47340 2004). Warnock presented a poor correlation, which 

might lead to unacceptably large reproducibility ranges between four metrics of impact sound 

insulation on those floors with different floor finishes, and also of the C  I, 50-2500 rating because of the 

low frequencies included. 

 

Another Japanese rating system for impact sound is also internationally recognized. This has a better 

correlation with subjective perceptions for occupants in a lightweight construction (Tachibana et al 

1998). Two Japanese standards include, the Floor Impact Noise Measurement Method (JIS A 1418-1 

2000) which is designed to introduce a lightweight floor impact source, and the Bang Machine ( the tire 

machine), Method (JIS A 1418-2 2000) which is designed for the simulation of heavyweight floor 

impact noise; these systems are standardized in the Japan Industrial Standard. In addition to the ISO 



 

52 

 

717-2 and the ASTM standards, because the Japanese standards use the new impact sound generators 

which have better correlation with actual impact noises, such as children running or jumping, the 

Japanese rating system also plays an important role in accessing impact sound insulation on floors in 

buildings along with ISO and ASTM standards.  

 

1.7 Review of the Uncertainty of Measurement 

Using the measurement accuracy Standard ISO 140-2 (Standard ISO 140-2 1991), it is almost 

impossible to completely specify the construction of the test facilities or the sound field conditions 

obtained. In such cases, some details of the measurement set-up and the procedure must be left to the 

choice of the operator. Therefore this situation, together with the statistical character of sound fields 

within rooms, leads to measurement uncertainties in the results; this is due to both non-systematic 

(random) and systematic influences.  

 

Non-systematic (random) influences in the uncertainty category can be determined by repeated 

measurements under essentially similar conditions, variations being made in order to obtain 

representative samples of the actually existing conditions, e.g., positions of loudspeakers and 

microphones. The repeatability obtained is a measure of the confidence to be placed in the results with 

respect to random influences. On the other hand, systematic influences of the uncertainty category, for 

example, size and shape of test rooms or, calibration of measuring equipment, cannot be determined by 

a simple procedure. Generally speaking, under such conditions, in order to assess the systematic 

influences, it is necessary to have access to the comparison measurements for various test set-ups and 

to have knowledge of the random uncertainties that may occur. 

 

In agreement with statistical methods, the concepts of repeatability and reproducibility of complete 

results are used, as specified in ISO Standard 140-2, rather than the variance of the individual quantities 

comprising the result. Those concepts offer simple means of checking and state a required degree of 
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precision of measurement in buildings. In addition, the Accuracy, to be determined as trueness and 

precision of measurement methods and results, is defined in ISO Standards 5725-6 (Standard ISO 

5725-6 1994). Many different factors, apart from the variations between supposedly identical 

specimens, may contribute to the variability of results from a measurement method, including: the 

operator; the equipment used, the calibration of the equipment; the environment such as temperature, 

humidity, air pollution etc, and, the time that has elapsed between measurements. All such relevant 

factors need to be carefully taken into consideration in measurement procedures.  

 

While the ISO Standards 140-2 and ISO 5725-6 simply describe the scope of measurement accuracy in 

general, in 1995, the Guide to the Expression of Uncertainty (GUM) (Standard ISO/IEC Guide 98 1995) 

in measurement came into force as the first comprehensive uncertainty guideline then, three years later, 

the updated version of GUM (1998) was issued with minor corrections. The GUM series is currently 

under revision to accommodate further guidelines for the evaluation of measurement data; the 

published versions of the GUM series have been modified to form two standards, including GUM 98-3 

“Extension to any number of output quantities” (Standard ISO/IEC Guide 98-3 2008/Suppl.2 2011) and 

GUM 98-1“Introduction to the expression of uncertainty in measurement” (Standard ISO/IEC Guide 

98-1 2009).  

 

GUM 98-1 provides a brief “Introduction to the expression of uncertainty in measurement” (Standard 

ISO/IEC Guide 98-1 2009), in order to indicate the relevance of that fundamental guide and promote its 

use. The publication also outlines documents related to the GUM series that are intended to extend the 

application of the guide to broader categories and fields of practical prob lems. Another updated 

supplement, number  2 of “Extension to any number of output quantities” in ISO Standard GUM 98-3, 

which was upgraded, in 2008, from supplement 1 of “Propagation of distributions using a Monte Carlo 

method” having originated from GUM (1995), is concerned with measurement models having any 

number of input quantities and any number of output quantities. The quantities involved may be, either 

real, or of a complex nature. Two approaches are considered for treating such models. One approach is 
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a generalization of the GUM series uncertainty framework. The other is a Monte Carlo method which is 

an implementation of the propagation of distributions. The appropriate use of the Monte Carlo method 

would be expected to provide valid results in cases in which the applicability of the GUM uncertainty 

framework is questionable. 

 

A good practice guide on the sources and magnitude of uncertainty arising in the practical measurement 

of environmental noise was published in 2007 (based on GUM (1995) (Graven & Kerry 2007); this 

guide offers a simple approach to defining the magnitudes of the final test uncertainty, or for 

identifying the probable sources of uncertainty for users. The guide provides for the adoption of good 

practice to reduce uncertainty in measurement results, and includes the spreadsheet of uncertainty 

budget for measuring different conditions of environmental noise. Another similar method, adopted by 

Stephanie (Stephanie 1999), proved a successfully straightforward method for handling uncertainties in 

situations where there is a reasonable degree of control on the measurement parameters. 

 

Lundeby et al. (Lundeby et al 1995) studied the influences of several sources of error on room 

acoustical measurements. The main findings are summarized as follows: (a) The algorithms for the 

determination of room acoustical parameters introduced systematic differences caused by differences in: 

time-windowing and filtering; reverse-time integration and noise compensation; (b) The influence of 

the loudspeaker directivity on the room acoustical parameters was significant at 1 KHz and 4 KHz. It 

was recommended that the results be averaged at least 3 times with the sources turned, if the individual 

results differed by more than 5% or 0.5 dB; (c) Reverse-time integration can be performed 

automatically if the truncation point of the impulse response lies at least 10 dB below the interval limit 

of the evaluation range of T (45 dB for T30). With noise compensation, this margin could be reduced to 

about 5 dB or less (less than 40 dB for T30); (d) The overall standard deviation of the room acoustical 

parameters measured in the auditorium was about 5 to 10% for T30. 
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Lang (Lang 1997) studied a „round robin‟ test on sound insulation measurements between rooms, and 

the sound transmission measurement of a window. The research compared the data of 12 participants 

for airborne and impact sound insulation measurements between rooms and 8 participants for airborne 

sound insulation measurement of a window, each with 5 repeat tests, with the repeatability and 

reproducibility calculated for the values versus frequency as well as for single number quantities. The 

findings were relatively smaller than the recommended values given in EN 20140-2. However, the rates 

for repeatability and the reproducibility for Ctr (with a spread of 5 dB) were higher in number than 

those for C (with a spread of 4 dB) when incorporated with DnT,w (with a spread of 3 dB) to evaluate the 

airborne sound insulation. A series of studies on the „round robin‟ sound insulation testing (Fothergill 

1980; Fausti et al 1999;Taibo et al 1983) demonstrated not only the variability of testing, but also the 

variation and wide standard deviations which can occur at low frequencies.  

 

Kropp et al. (Kropp et al 1994) found that the same dimension and size of source and receiving room 

could result in strong modal coupling effects. Osipov et al. (Osipov et al 1997) also demonstrated that 

the reduction in modal density in smaller rooms caused pronounced dips in the measured sound 

insulation at low frequencies. 

 

Weise (Weise 2003) investigated measurement uncertainties for sound pressure levels in rooms or 

buildings. The basic ideas of the GUM (Standard ISO/IEC Guide 98 1995) were outlined and then 

applied to a variety of modelled sound fields. The results obtained with the linearised model were 

compared to exact results; the relative uncertainties could be very large. 

 

In conclusion, in order to investigate the uncertainty of measurement for field measurement of impact 

sound, this section has provided the research background for Chapter 5. GUM is the guide for 

developing the uncertainty budget of impact sound insulation in general. Other researchers have 

described the uncertainty of measurement and either, studied the theory of measurement accuracy, or, 
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verified test accuracy in the laboratory conditions; their work is significant for the study in Chapter 5 

which further researches the uncertainty of measurement in field conditions.  

 

1.8 Review of Simplifying Sound Insulation Measurements in 

Buildings 

Since the ISO standards 140 series presume ideal acoustical behaviour with diffused fields in 

measurement situations, in most practical cases, this is less possible to achieve at the measured 

frequencies as required by the ISO standards set. Moreover, the standards prescribe the principles of the 

sound insulation measurements, but often provide little detailed information on how to establish a 

suitable measurement set-up in rooms which may differ from the simple box-shaped rooms of normal 

living room size. Generally speaking, in field conditions, an atypical room can be very difficult to 

choose an optimal measurement set-up for without time-consuming deliberation (or for some atypical 

rooms, it is not always possible to find the optimal measurement set-up even after consideration). 

Therefore little research has been done on the simplified test methods used for sound insulation 

between rooms in field conditions; these have been developed for building inspectors, or persons 

undertaking a similar role, to adopt a relatively quick and simple test with acceptable accuracy.  

 

Liang et al. (Liang et al 1993) studied a simplified method for the field measurement of airborne sound 

and impact sound insulation in buildings; this has inspired the study presented in Chapter 4 for finding 

a simplified method of modifying measurement equipment. Liang proposed a short test method, in 

which a standard impact noise source was employed as a simplified source and one third octave b and 

sound level measurement was simplified by A-weighting. In this method, the sound source consisted of 

the ISO standardized tapping machine and a sound Radiation Box. Measurements were reduced to 5 

octave bands from 63 Hz to 4 KHz. The A-weighted sound pressure levels in the limited frequency 

ranges were measured in the source room and receiving room. The single number quantit ies of building 
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performance were obtained directly from a regression formula by substitution of a weighted sound 

level difference for sound pressure level measured, for airborne or impact sound insulation, 

respectively. 

 

Olessen (Olessen 1994) researched the measurements of the acoustical properties of buildings and 

provided additional guidelines for the ISO Standard 140 series and the Nordtest Methods. In order to 

decrease time-consuming considerations where possible, the guidelines made suggestions for the 

measurement set-up for small rooms with volumes of 8 to 15 m3, atypical rooms, and damped rooms 

with high absorption (furnished living rooms, offices, corridors and industrial halls, etc). The guidelines 

were prepared and were based, partly on theoretical consideration and experimental results, and partly 

on experience gained from conducting a large number of field measurements.  

 

Kylliainen (Kylliainen 2004) studied standard deviations in the field measurements of impact sound 

insulation. His finding confirmed that standard deviations of measured impact sound pressure levels 

and reverberation times increased with reducing frequency bands; with regard to the high frequency 

range, those standard deviations in field measurement do not depend only on the properties of the 

sound field, but also on structural factors. The results show that the limit below which the 90% of 

measured standard deviations of impact sound pressure levels at the frequency bands of 50, 63 and 80 

Hz lie is 4.5 dB; this is from around 0 to 1 dB higher than 90% limit for standard deviations at 

frequency bands of 100, 125 and 160 Hz. Traditionally, measurements below 100 Hz have been 

considered to be too uncertain. Hence, if measurements below 100 Hz can be considered as 

questionable because of increasing standard deviation, higher frequency bands from 100 Hz to 160 Hz 

could also be put in question in field measurement. Or, if measurements at the frequency range from 

100 Hz to 160 Hz are considered to be accurate enough, there is no reasonable cause for putting the 

three lower frequency bands into question. 
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Pavlovic et al. (Pavlovic et al 2008) studied an alternative impulse sound source for the experimental 

estimation of the impulse responses of rooms without using an omni-directional loudspeaker system. In 

his study, the construction and characteristics of a wooden clapper were introduced and compa red with 

other impulse sources. It was concluded that the impulse produced by the clapper was longer than that 

produced by explosive sources or balloon bursts, and also had a better uniformity of sound radiation 

compared to a gun and/or a balloon burst. Additionally, if the clapper was operated by a trained person, 

the results of its impulse repeatability were better than those of balloons and firecrackers. The impulse 

sound level(s) produced by the wooden clapper fulfilled requirements for a minimal dynamic range 

from 125 Hz to 8 KHz when these tests were made in low ambient noise environments. Otherwise the 

minimal dynamic range was valid from 250 Hz onwards.  

 

In conclusion, there are a variety of possible methods for further applying the modification of the field 

measurement of impact sound for the inspection of buildings. The study provided in Chapter 4 relates 

to the modification of the equipment in impact sound measurement system inspired by Liang et al. 

(Liang et al 1993), and the research in Chapter 5, inspired by Olessen (Olessen 1994), set out to discuss 

the uncertainty of measurement in impact sound insulation measurement.  

 

1.9 Conclusion 

This chapter includes standards for sound insulation measurement and studies of relevant research. A 

comprehensive literature review on impact sound measurement and measurement accuracy is provided; 

this is in addition to a study of the simplified methods of sound insulation measurement in field 

conditions in accordance with ISO Standards and related Standards. There has been little previous 

research on simplified methods in actual buildings; this is predominantly the significance of this thesis, 

which develops approaches to make the field measurement of impact insulation simpler, at less cost 

and with comparable accuracy to relevant ISO standards. 
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Chapter 2 

 

Rating Standards, National Building Codes and Regulations 

 

2.1 Introduction 

This chapter provides an overview of various sound classification standards, building codes and 

regulations for airborne and impact sound insulation in buildings in Europe, Australia and New Zealand, 

as well as in the USA. A comparison of the relevant building codes and regulations and their 

relationship with ISO rating standards is also discussed. Consequently a universal concept for sound 

insulation classification is proposed. 

 

This thesis is concerned with simplified methods for the field measurement of sound insulation in 

residential buildings; hence the classifications and building codes discussed in this section are 

meaningful to the whole research. Because the rating systems for sound isolation are the final 

processing procedures for evaluating the sound performance of building components after field 

measurements have been conducted in buildings; the codes also apply as unique objective assessments 

for judging the sound quality of dwellings. Furthermore, in order to simplify measurement methods 

from a subjective point of view, the examination of building codes allows for the identification of 

appropriate rating systems for different building types and potentially improves current regulations 

related to modern home environments. Occupants enjoy entertainment systems such as home theatres 

and high fidelity systems which emit large low frequency sound in the home; this brings sound levels 

into buildings that are beyond the traditional frequency range defined in ISO standards (1968). 

Excessive noise is widely recognized as being detrimental to human health (Fields 1993; Broadbent 
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1972; Michaud 2005). Accordingly, the building codes should comply with the ISO Standard 1996-

1(2003) and the WHO regulation (2001) which have provisions that safeguard people from illness or 

loss of amenity as a result of noise intrusion or lack of acoustic privacy. Finally, such an investigation 

leads to the proposal of a future trend for the universal concept for sound insulation classification.  

 

A building code or regulation is defined as a legal document used by a local, state, or national, 

government body to control building practice, through a set of statements of “acceptable” minimum 

requirements of building performance. Since the acceptable requirements are typically based on socio-

political and /or community considerations, these requirements naturally differ from country to country 

and from locality to locality (Walker 1997). On the other hand, building standards are essentially 

technical documents that generally standardise building quality or performance, and sometimes; size, 

procedure, or some other activity in relation to building and construction. Consequently, there are 

different levels and types of building standards for individual countries and organizations (Blair 1998). 

Some countries have strict requirements, while others have regulations that are less strict. However, 

since the first building code was published in 1932, there have been a wide range of descriptors (that 

differ from the descriptors of other countries worldwide, such as in Europe, the USA, Australia and 

New Zealand) that have been adopted to express sound insulation of building performance over the last 

80 years. There seems to have been a growing trend in recent years towards increasing requirements on 

building elements in traditional frequency ranges (from 100 Hz to 3150 Hz), and additionally, an 

introduction of the Spectrum Adaptation Terms (C, Ctr & CI) at expanded frequencies for the 

evaluation of airborne and impact sound insulation in dwellings for individual country codes, as set out 

in the ISO standards 717-1 (1977) and 717-2 (1996). Another interesting trend in different metrics of 

spectrum adaptation terms is to harmonise the chaos in building codes worldwide. The pioneer example 

is from Europe, a requirement for uniform building regulations has been proposed in 24 countries by 

the European Acoustics Association (EAA) Technical Committee (TC) Room Building Acoustics 

(RBA), and, since 2004, this process has been progressing promisingly. This is a good start for 

spreading a concept of a uniform building code worldwide. 
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2.2 Overview of the reference curves for sound insulation 

The first official version of airborne sound insulation standard around the world, NEN 1070 (1960), 

was published after ten years‟ research on building practices in Holland. This included the minimum 

requirements of sound performance with the frequency range from 100 Hz to 3150 Hz for building 

elements, measurement methods in the field, and also guidelines regarding detailed information on 

building quality houses. The reference curves specified in Standard NEN 1070, for accessing airborne 

sound insulation, were the same as those defined in Standard DIN 4109 (1962) in Germany. This 

reference curve from Standard DIN 4109, originally proposed by Sollkurven, was derived from the 

experimental estimation of impact sound insulation measurements; this was measured on a solid 

concrete load-bearing floor of 150 mm thickness covering a wooden floor on battens. Cremer et al. 

(Cremer et al 1960) also demonstrated that this type of floor seemed to provide a reasonable protection 

against impact noise. Though the procedure to derive a single number rating of airborne sound was 

different to that of impact sound, the applicability of that curve for airborne sound was researched in 

“A study of my neighbours‟ rradio” (Gerretsen 2003) with a positive conclusion. Besides the reference 

curve adopted in Germany and Holland in 1960, the British Grade Curves were also inferred from 

empirical data from field measurements of sound insulation in blocks of dwellings investigated during 

the same time period in the UK (BSCP 1960; Gray 1958). 

 

Though the reference curves for airborne and impact sound developed separately, as discussed above, 

in European countries, the international references curve for impact sound was first introduced and 

specified in ISO/R 717 (1968). The ISO reference curve was suggested by Gosele (Gosele 1965) and 

Fasold (Fasold 1965) after extensive investigations. The Fasold reference curve was inferred from the 

measured results of impact sound insulation in laboratory situations. The laboratory measurements of 

impact noise insulation were carried out on a concrete slab with 120 mm thickness, using various 

impact excitations including the footsteps of men women and children, as well as noises resulting from 

the movement of furniture and floor cleaning. The assumption was tha t a difference of the impact noise 



 

62 

 

level between the ISO machine and the various noises (footsteps, furniture, etc) remained constant on 

each floor and its floor covering. Although the hypothesis is less plausible in reality, the characteristics 

of the non- linear behaviour of some floors and of most floor coverings exist in practical situations. 

Olynyk and Northwood (Olynyk & Northwood 1965 1968) also confirmed the correlation between the 

sound levels of a noise that had been adjusted to mask the impact noise of women‟s high-heeled 

footsteps and the levels produced by the ISO machine, both in the laboratory and on site. The masked 

noise was a random spectral noise with a Noise Criterion 40 curve shape. Furthermore, Watter et al. 

(Watter et al 1967) were in agreement with Olynyk‟s theory on the investigation of the masking effect, 

and also discovered a difference between the impact noise level and background noise.  Meanwhile, the 

measurement standards of sound insulation in buildings and of building elements were published in the 

ISO/R 140, parts 1 to 7, as technical guidelines in the laboratory and field conditions.  

 

The standard development of impact sound insulation has carried on since 1970. The revised ISO 717 

and 140 standards were published in 1978, though the reference curves remained the same as those in 

the original standard (ISO/R 717 1968). Since that time, a large amount of research has been carried out 

to investigate subjective perceptions of impact sound insulation, either by modifying the impact sound 

generators (e.g. the inventions of the Japanese ball and the bang machine), or by suggesting different 

reference curves (e.g. A-weighting curve, C-weighting curve, Rrose and Rroute in France), or by 

modifying the measurement procedure. After significant field measurements had been made in 

common types of constructions on site, studies showed that impact sounds of building components 

were judged differently by individuals. The researchers refocused on developing a new rating system 

based on subjective perceptions of impact sound, and also on improving the theory of sound 

transmission in buildings, especially flanking transmission and transmission at junctions (Gerretsen 

2003). Another concern regarding the current ISO standards is that the sound insulation requirements 

defined in most countries‟ building codes and ISO standards are expressed in terms of the level of 

transmission of sound through specific building elements, rather than the level of sound actually 
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received in the spaces people occupy; the latter represents better the sound environment for occupancy 

in buildings. 

 

Although, over the last 50 years, there has been debate on the appropriate reference curves for the 

rating systems of airborne and impact sound insulation between dwellings, and also research in related 

areas; changes to living environments during this time need to be taken into consideration. Over the last 

twenty years acoustic environments in houses and apartments have become more complicated than the 

reference curves have suggested and because of the ISO rating standards that were taken into account 

in 1968. These added complications are due to ambient noise, such as the noise generated by traffic, 

and noises from inside a building, such as, noise generated by building occupants, appliances and 

stereo systems (in Tab.I-1). Besides the ambient and inside noises that trigger noise complaints that are 

discussed in the Introduction to this study, another probable source of noise complaint is poor sound 

insulation inside some modern structures. In the case of state-of-the-art technical installations (that 

were non-existent in the 1970s), the air-conditioning and integrated electronic systems inside building 

structures are applied to produce smart or intelligent buildings, whose benefits are comfort and 

convenience for inhabitants. However, from an isolation of structure perspective, the sound insulation 

of the buildings becomes weak if the open positions of the building elements are not properly sound-

treated. The other case of noise generalized as the inside noise from the entertainment systems, has 

arisen from the fact that, since the 1990s, building occupants have been enjoying home theatres and 

high fidelity systems containing large low frequency sound in buildings. These systems bring low 

frequency noise into buildings (below 50 Hz) that are beyond the traditional frequency range defined in 

ISO standards 717-1(introduced C and Ctr since 1977) and 717-2 (introduced CI,100-2500 since 1996). 

 

Therefore occupants are obviously less satisfied by the simple raising of the single-number value 

(IIC/FIIC or Ln,w /L‘n,w) in the building codes without the ISO frequency ranges expended. Moreover, as 

most entertainment systems contain considerable low frequency noise below 50 Hz, the requirements 

for the majority of occupants would still not be fulfilled by even stricter codes offering greater single-
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number ratings in an extended frequency range. In conclusion, the rating for impact sound should be 

proposed to rise up the bigger single-number value with spectrum adaptation term down to below 50 

Hz than those values in current Standards and Building Codes. (e.g. CI,50-2500  expands down to 50 Hz). 

 

2.3 Rating Standards in ISO and Building Codes in Europe  

The International Standards for Evaluation of Airborne and Impact Sound Insulation are defined in ISO 

717-1 and ISO 717-2, respectively. The C-corrections, since 1977 the Spectrum Adaptation Terms, 

have been adopted to consider different spectra of noise sources: C and Ctr correspond to pink noise 

(mid and high frequency) and road traffic (low frequency) noise, respectively, for airborne sound 

insulation. Additionally, CI (CI,100-2500 or CI,50-2500) represents the sum of single Weighted Normalized 

Impact Sound Pressure Level (Ln,w) and Spectrum Adaptation Terms (C) from Airborne Sound and a 

value of fifteen for impact sound insulation. The sum of the adaptation term CI and the Ln,w rating is 

equal to the unweighted energy sum of the tapping machine levels minus 15 dB. The Spectrum 

Adaptation Terms of sound insulation can be calculated for the traditional frequency range or, if needed, 

for an enlarged frequency range down to 50 Hz or up to 5 KHz. 

 

The ISO Spectrum Adaptation Terms partly take account of the maximum unfavourable deviation from 

the ISO reference curve of 8 dB rule, and this is influenced by the French concepts Rrose and Rroute for the 

evaluation of traffic noise insulation; traffic noise, at low frequency ranges, was found to be the cause 

of the majority of noise complaints. 

 

The ISO Spectrum Adaption Terms accommodate sounds with spectra that are different from speech 

and enlarge the traditional frequency range to correspond with the majority of subjective perceptions of 

human beings. These descriptors have also improved the ISO rating standards using the original ISO 

1960‟s reference curves; this has led to the upgrading the standards, whilst not requiring any substantial 

alterations to be made. The rest of the rating systems which are currently used worldwide in individual 
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countries (e.g. European countries) for sound insulation can be easily converted to the traditional 

platform for comparison.  

 

The European rating standards are the same as defined in the ISO standards 717-1 and 2, with the 

traditional frequency range of 100 Hz to 3150 Hz, though the regulatory requirements concerning 

acoustic performance of buildings differ widely in performance desc riptors and limit values. The 

diversity of indicators, steps between classes and grades of quietness achieved, etc, found in the nine 

existing national schemes and proposals in three more countries create an obstacle to the exchange of 

experience, development and trade (TUD COST Action TU0901 2009). Furthermore, in countries with 

light-weight building practices, like Sweden and Norway, the need to include low frequency noise 

below 100 Hz has become obvious in recent years due to ambient and inside noise, as well as to the 

structural noise discussed in Section 2.2. The survey (Rasmussen 2004) was carried out to investigate 

the sound insulation descriptors between dwellings in the following 24 countries: Austria, Belgium, 

The Czech Republic, Denmark, Estonia, Finland, France, Germany, Hungary, Iceland, Italy, Latvia, 

Lithuania, Netherlands, Norway, Poland, Portugal, Slovakia, Slovenia, Spain, Sweden, Switzerland and 

the United Kingdom (the European Committee for Standardization members) and Russia.  

 

Table 2-1 shows the building code and classification schemes for Europe; the table is a summary of the 

main requirements of airborne sound insulation between dwellings in 24 countries in Europe. The table 

represents six single-number descriptors and three types of sound adaptation terms for airborne sound 

insulation applied in 24 countries. The most common descriptor is the apparent weighted sound 

reduction index R‘W that is used in 14 countries, the same one as has been applied in the ISO Standard 

717-1. The second most popular descriptor is the weighted standardized level difference DnT,w used in 8 

countries, while the weighted normalized level difference Dn,w is only used in Portugal. Either the DnT,w 

or the R‘W   are accepted in Lithuania. Six European countries including; France, Poland, Spain, Sweden, 

Switzerland and the United Kingdom have stricter building codes with extended frequency 

requirements for multi-storey housing. Those countries also accommodate C- corrections, as defined in 
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the ISO 717-1. Sweden has the strictest sound adaptation terms for low frequency with C 50-3150 due to 

the majority of its buildings having a light-weight structure. On the other hand, Spain is more focused 

on high frequencies using C100-5000. Among the remainder of the four countries, the UK is concerned 

most about the traffic noise and therefore uses Ctr, the other three countries are simply satisfied with C-

corrections. Two countries, Russia and the Netherlands, use special descriptors: The Russian descriptor 

is termed Lb and that of the Netherlands is termed Ilu;k.  However, with a formula conversion (Notes: j & 

k), these are similar level requirements for the airborne sound insulation in multi-dwellings as in the 

rest of the 22 countries. Norway has the highest single-number value R‘W of 55 dB, while the UK has 

the lowest single-number value (DnT,w + Ctr) of 45 dB on multi-storey housing in the 24 countries. In 

the other category of terraced housing, Austria has the top rating values DnT,w of 60 dB, while the UK 

keeps the same value of 45 dB and is in the lowest position in regard to insulation in regard to terraced 

housing as there is considerable multi-storey housing in the UK. The unclear condition of single 

number value‟s requirement happens in Russia, whose number maybe the same value of 50 dB as in the 

multi-storey housing.  
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Countrya,b Concept C 
Multi-storey Housing Terraced Housing 

Req.(dB) Req.(dB) 

Austria DnT,w ≥ 55 ≥ 60 

Belgium d DnT,w ≥ 54 ≥ 58 

Czech Rep. R'w ≥ 52 ≥ 57 

Denmark e R'w  ≥ 52 f ≥ 55 

Estonia R'w ≥ 55 ≥ 55 

Finland R'w ≥ 55 ≥ 55 

France DnT,w + C ≥ 53 ≥ 53 

Germany e R'w  ≥ 53 f ≥ 57 

Hungary R'w ≥ 52 ≥ 57 

Iceland R'w 
g   ≥ 52 h ≥ 55 

Italy R'w ≥ 50 ≥ 50 

Latvia R'w ≥ 54 ≥ 54 

Lithuania DnT,w or R'W ≥ 55 ≥ 55 

The Netherlands Ilu;k 
i               ≥ 0            ≥ 0 

Norway R'w 
J  ≥ 55 j   ≥ 55 j 

Poland R'w + C  ≥ 50 f  ≥ 52 

Portugal Dn,w ≥ 50 ≥ 50 

Russia lb 
k ≥ 50 / 

Slovakia R'w ≥ 52 ≥ 52 

Slovenia R'w ≥ 52 ≥ 52 

Spain d DnT,w + C100-5000 ≥ 50 ≥ 50 

Sweden R'w + C50-3150 ≥ 53 ≥ 53 

Switzerland DnT,w + C ≥ 52 ≥ 55 

United Kingdom DnT,w + Ctr ≥ 45 ≥ 45 

Table 2-1 Airborne Sound Insulation between dwellings  

 Main requirements in 24 European countries 

Notes: 

a    Data collected 2002-2006. 

b    Overview information only. Detailed requirements found in the building codes.  
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c    There exists no generally applicable conversion between the different concepts, as the 

relations depend on the characteristics of the rooms and the constructions. Exact 

conversion can only be made in every specific case.  

d      Belgium, Spain: Proposed new requirements.  

f      Horizontal requirement for vertical is 1 dB higher.  

g      In addition to the rating procedure described in ISO 717, the Icelandic building 

regulations prescribe 8 dB maximum unfavourable deviation.  

h      55 dB recommended. 

i       Ilu;k≈ R'w-55 dB. 

j       R'w + C50-3150  is also recommended in the same criteria. 

k      lb= R'w -2 dB. 

/     There are no specified requirements for Russia. In all probability, the requirements for 

multi-storey housing are used. 

Table 2-2 shows building code and classification schemes for impact sound in Europe. The table is a 

summary of the main requirements of impact sound insulation between dwellings in 24 countries.  In 

the table, six single-number descriptors and three types of sound adaptation terms for impact sound 

insulation applied in 24 countries are shown. The most common descriptor is weighted normalized 

impact sound pressure level L'n,w that is used in 16 countries, the same term as applied in ISO Standard 

717-2. The second most popular descriptor is the weighted standardized impact sound pressure level 

L'nT,w, this is used in 6 countries. Russia and The Netherlands use special descriptors, Iy and Ico for 

impact sound insulation, respectively. But after the conversion of the formulas (Notes: j & k), there are 

similar level requirements for impact sound insulation in multi-dwellings in the rest of the 22 countries. 

Two countries, Sweden and Switzerland, accommodate CI as defined in ISO 717-2. Sweden has the 

strictest sound adaptation term in low frequency with CI,50-2500 due to the majority of buildings having a 

light-weight structure, while Switzerland simply applies CI to improve the low frequency requirement. 

Russia has the highest single-number value Iy of 50 dB (equal to L'nT,w 43 dB), while Netherlands has 

the lowest single-number value Ico of 0 dB (equal to L'nT,w 70 dB for bare concrete floors and L'nT,w 59 
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dB for wooden and floating floors) in multi-storey housing around the 24 countries. In the other 

category of terraced housing, Russia probably has the top rating values Iy of 50 dB (equal to L'nT,w 43 

dB) as its unclear condition of single number value‟s requirement. In other instances, the UK keeps the 

L'nT,w value of 45 dB as the strictest code for impact sound insulation on terraced housing. The 

Netherlands keeps the same lowest position in regard to terraced housing as it does in the instance of 

multi-storey housing, whose value is Ico of 0 dB (equal to L'nT,w 70 dB for bare concrete floors and L'nT,w 

59 dB for wooden and floating floors) among the 24 countries.  

Country a, b Concept C 
 Multi-storey Housing Terraced Housing 

Req.(dB) Req.(dB) 

Austria L'nT,w ≥ 55 ≥ 60 

Belgium d L'nT,w ≥ 54 ≥ 58 

Czech Rep. L'n,w ≥ 52 ≥ 57 

Denmark e L'n,w   ≥ 52 f ≥ 55 

Estonia L'n,w ≥ 55 ≥ 55 

Finland L'n,w
 g ≥ 55 ≥ 55 

France L'nT,w ≥ 53 ≥ 53 

Germany e L'n,w   ≥ 53 f ≥ 57 

Hungary L'n,w ≥ 52 ≥ 57 

Iceland L'n,w h   ≥ 52 h ≥ 55 

Italy L'n,w ≥ 50 ≥ 50 

Latvia L'n,w ≥ 54 ≥ 54 

Lithuania L'n,w ≥ 55  ≥ 55 

The Netherlands Ico
 j ≥ 0 ≥ 0 

Norway L'n,w
 g    ≥ 55 j    ≥ 55 j 

Poland L'n,w    ≥ 50 f   ≥ 52 

Portugal L'n,w ≥ 50  ≥ 50 

Russia Iy k ≥ 50 / 

Slovakia L'n,w ≥52  ≥ 52 

Slovenia L'n,w ≥ 52  ≥ 52 

Spain d L'nT,w ≥ 50  ≥ 50 

Sweden L'n,w + CI,50-2500 ≥ 53  ≥ 53 

Switzerland L'nT,w + CI ≥ 52  ≥ 55 

United Kingdom L'nT,w ≥ 45 ≥ 45 

Table 2-2: Impact Sound Insulation between dwellings 

 Main requirements in 24 European countries  
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Notes: 

a     Data collected 2002-2006. 

b     Overview information only. Detailed requirements found in the building codes.  

c     There exists no generally applicable conversion between the different concepts, as the 

relations depend on the characteristics of the rooms and the constructions. Exact 

conversion can only be made in every specific case.  

d      Belgium, Spain: Proposed new requirements.  

e      From any “non bedrooms” outside the dwelling to a bedroom ≤ 54 dB is required.  

f       Revision of requirements expected in 2007. 

g      It is recommended that the same criteria is fulfilled by L'n,w + CI,50-2500. 

h      In addition to the rating procedure described in ISO 717, the Icelandic building 

regulations prescribe 8 dB maximum unfavourable deviation. 

i       53 dB recommended. 

j         Ico=59- (L'nT,w + C) dB ≈70- L'nT,w for bare concrete floors or Ico=59- L'nT,w  dB for other 

floors like wooden floors, floating floors, and floors with soft coverings.  

k        Iy = L'nT,w +7 dB. 

/      There are no specified requirements for Russia. In all probability, the requirements for 

multi-storey housing are used. 

m     The same criteria shall also be fulfilled by L'n,w.  

 

As there are various types of airborne noise sources for C-correction, Table 2-3 is a chart showing 

relevant spectrum adaptation terms in 24 European countries (the same as in the ISO standard 717-1). 

Spectrum Adaptation Term C represents the A-weighted pink noise, while Ctr represents the A-

weighted urban traffic noise which becomes a concern at low frequencies.  
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Relevant spectrum adaptation terms for different types of noise sources 

Type of noise source Relevant spectrum adaptation term 

Living activities (talking, music, radio, TV) 

C (spectrum 1: A-weighted pink 

noise) 

Children playing 

Railway traffic at medium and high speed (1) 

Highway road traffic > 80 km/h 

Jet aircraft propeller driven 

Factories emitting mainly medium and high 

frequency noise 

Urban road traffic  

Ctr (spectrum 2: A-weighted urban 
traffic noise) 

Railway traffic at low speeds (1) 

Aircraft propeller driven 

Jet Aircraft large distance 

Disco music 

Factories emitting mainly low and medium 

frequency noise 

(1) In several European countries calculation models for highway road noise and railway 
noise exist to define octave band levels; these could be used for comparison with spectra 1 

and 2. 

Table 2-3: Spectrum Adaptation Terms from various airborne noise in 24 countries  

in Europe and in ISO 717-1 

 

2.4 Building Codes in New Zealand and Australia 

The Building Code of Australia (BCA) is produced and maintained by the Australian Building Codes 

Board (ABCB) on behalf of the Australian Government and each State and Territory Government. It is 

a performance based code, which sets out the level of sound performance that a building is to achieve. 

Sound transmission and insulation provisions in BCA refer to the sound insulation requirements for 

dwellings.  

 

In 2004, amendments to the BCA increased the minimum sound insulation requirements to reflect 

community expectations. These amendments increased airborne sound insulation requirements for the 
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walls and floors separating dwellings and sole occupancy units, and introduced impact isolation 

requirements for those dwellings and units. The 2004 Code introduced on-site testing as an option for 

verifying the performance of walls and floors. The new provision was not compulsory as compliance 

could be achieved by using “deemed-to-satisfy” wall and floor constructions described in the BCA. 

Compliance can also be achieved by using constructions that have been laboratory tested, or by 

employing a suitably qualified acoustic consultant to determine compliance of constructions that are 

not “Deemed-to-Satisfy”. In order to achieve the required sound isolation with consideration for 

measurement procedures, flanking, and weaknesses caused by wall penetrations in constructions, a 

limit for building elements is 5 dB higher in single number rating in laboratory conditions than those 

obtained in on-site testing.  

 

The BCA 2004 allowed a number of options to demonstrate compliance with the sound insulation 

Performance Requirements, including: a prescriptive approach using deemed-to-satisfy provisions; a 

performance approach employing verification methods); and also a performance approach by checking 

for compliance). To achieve the first option, developers could use wall or floor systems that had been 

verified by laboratory testing as achieving more than the required levels, or alternatively, the wall or 

floor systems described in detail in the BCA that met the legal levels. Developers were offered more 

freedom by the second option, a performance approach employing verification methods. They could 

check the building components using the verification methods, or comply with the deemed-to-satisfy 

provisions, or develop an alternative solution using one of the Assessment Methods outlined in the 

BCA (i.e. expert judgment, comparison to Deemed-to-Satisfy, etc). Under the third option, developers 

could use a performance approach where compliance was checked using one or the other of the 

following or any combination of them: documentary evidence, as described in A2.2 of the BCA; expert 

judgments; and comparison to deemed-to-satisfy provision. For example, documentary evidence would 

be the use of a wall or floor system that had a Certificate of Accreditation or Certificate of Conformity 

(issued by the ABCB) issued by a state or territory accreditation authority and stating that the 
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properties and performance of a building material, or method of construction or design, that fulfilled 

the specific requirements of the BCA. 

Like the BCA, the New Zealand Building Code (NZBC) is performance-based, setting out objectives to 

be achieved. The Code does not prescribe construction methods, but gives guidance on how a building 

and its components must perform, as opposed to how the building must be designed and constructed.  

The NZBC is divided into clauses, and each clause begins with an objective. A specific performance 

criterion for each clause then describes the extent to which buildings must meet those objectives. 

Building Code Clause G6 Airborne and Impact Sound provides for the control of noise transmitted 

from wall or floor systems inside buildings. Its objective is to safeguard people from illness or loss of 

amenity as a result of undue noise being transmitted between abutting occupancies. The Approved 

Document provides acoustical limits on the noise received within the house, such as noises from 

creaking floors and people‟s activities, by requiring the minimum sound levels for walls, floors and 

ceilings in dwellings. 

The NZBC G6 has traditionally been applicable to sound insulation ratings of party walls and floors 

based on laboratory tests: this has a similar structure of simulation procedure to verify building quality 

for sound and fire insulation that was installed before NZBC 2004. Because of the unique required 

laboratory test for fire insulation and also that the NZBC has intended to keep similar structure for 

verifying building performance in the building code, it is, therefore, less possible to thoroughly modify 

the NZBC G6 in the laboratory measurement processing into on-site test. The Department of Building 

and Housing (DBH), an official government regulation organization, and local city councils, introduced 

an effective measure for soundproofing inspection of newly-finished buildings in 2005. The extended 

method of making field measurements on constructions has strong confidence in sound quality in 

buildings to meet this National Building Code: the code requires a rating of 50 dB both for STC/IIC on 

partition walls and floors in the field. The inspecting method detects unforeseen faults, such as 

http://www.consumerbuild.org.nz/publish/bact/buildingact-nzbuildingcode.php
http://www.consumerbuild.org.nz/publish/bact/buildingact-nzbuildingcode.php
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problems arising from building materials or methods, hence gives relative satisfaction of sound 

insulation for occupants who live in the finished building. 

 

The purpose of the amendments to the NZBC G6 is to harmonise the rating of sound insulation into the 

ISO Standards, and also to extend the sound insulation requirements in the whole building to cope with 

the type of noise complaints discussed in Introduction section. The proposed amendments to the NZBC 

Clauses include a number of key changes (NZBC 2004), but the publication date for these has not yet 

been released: 

1. Noise transmission is controlled through the building as a whole and is no longer restricted to 

building elements such as wall or floor-ceiling systems. 

2. Additional noise sources are taken into consideration, for example, noise from building services, 

building features and systems, creaking of floors, and transient noise such as closing the doors.  

3. The International Organization for Standardization (ISO) measures replace the current Sound 

Transmission Class (STC) described in NZBC G6. The airborne sound insulation, expressed as 

DnT,w+ Ctr, from any other occupancy to the occupied spaces of a household unit, shall be not 

less than 55 dB. Similarly, the airborne sound insulation, expressed as DnT,w+C, from internal 

common spaces to any habitable space or space for personal hygiene of a household unit, shall 

be not less than 55 dB. There are two reasons for making the change from STC to the new 

measures (DnT,w+Ctr or DnT,w+C): one is a sound insulation rating for a building element (wall 

systems) only, whereas the other rates the actual spaces that people occupy. Two spectrum 

adaption terms are introduced in the new measure for improving airborne sound isolation. Ctr is 

denoted as the low frequency spectrum adaption term, standing for noise sources containing 

additional low frequency content (below 100 Hz), such as bass music or traffic noise. The pink 

noise spectrum adaptation term C is appropriate for typical speech and music (mid-frequency 

noise) without any strong bass content.  
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4. The proposed impact sound requirements are wider in scope; these apply to floors, stairs and 

balconies. The impact sound insulation of floors, stairs and balconies shall be such that the 

impact sound level, L‘nT,w+CI received in a household unit from elsewhere in the building is not 

greater than 55 dB; this replaces the existing requirement that the Impact Insulation Class (IIC) 

of floors shall be no less than 55 dB. The impact sound level comprises the Weighted 

Standardized Impact Sound Level (L‘nT,w) plus the Impact Spectrum Adaptation Term (CI) and 

despite its complexity simply gives the unweighted sound level for a typical room. CI has been 

introduced to the new measure for impact sound insulation as it is better correlated to the 

problem of low frequency footfall noise, and also to high frequency impact sound, such as, 

chairs scraping on tiled surfaces.  

5. On-site acoustics testing will be required as part of the Acceptable Solution. With the 

improvements: the sound frequency range is extended, the insulation values (both in airborne 

and impact sound) are now expressed in quantities used by the International Standardization 

Organization (ISO 717-1&2). The new approach considers the total sound transmission from 

one inhabited space to another, rather than to just the passage of sound through a building 

element. This, therefore, specifically includes any flanking transmission and consequently gives 

greater protection to the occupier.  

Besides the NZBC G6, There are two measurement standards for airborne and impact sound insulation 

in Australia and New Zealand, respectively. The AS/NZS ISO 140-4 (2006) is a measurement standard 

for airborne sound insulation applied to Australia and New Zealand, originating from the Australian 

Standard 2253 (1979). The AS/NZS ISO 140-4 is a slightly revised version of the ISO 140-4 issued in 

2006 for conducting airborne sound insulation measurement in buildings. The AS/NZS ISO 140-7 is 

merely a modified version of the ISO 140-7 of 2006 as the first measurement standard for inspecting 

impact sound insulation of building elements in fields in Australia and New Zealand.  
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2.5 Building Codes in the USA 

2.5.1 Airborne Sound Insulation Measurement and the Rating System 

In 2009, the ASTM E336 was updated to provide guidelines for making airborne sound insulation tests 

in the field. The ASTM E1007 (2004) remains as the technical guideline for making impact sound 

insulation measurement on site in the USA. 

  

From the perspective of practical experience and controlled studies, the differences between the ASTM 

E336 (2009) and the ISO 140-4 (1998) are as follows: 

1.   It has been shown that the ASTM test method is applicable to smaller spaces normally used for      

work or living, such as rooms in multi- family dwellings, hotel guest rooms, meeting rooms, and 

offices with volumes less than 150 m3. 

2.  The measures appropriate for such spaces are; Noise Reduction (NR), Normalized Noise 

Reduction (NNR), and Apparent Transmission Loss (ATL). The corresponding single number 

ratings are Noise Isolation Class (NIC), Normalized Noise Isolation Class (NNIC) and Apparent 

Sound Transmission Class (ASTC). The ATL and Apparent Sound Transmission Class (ASTC) 

may be measured between larger spaces that meet a limitation on absorption in the spaces to 

provide uniform sound distribution. 

3.   In spaces that are very large (volume of 150 m3 or greater), sound pressure levels during testing 

can vary markedly across large rooms so that the degree of isolation can vary strongly with 

distance from the common (separating) partition. This procedure evaluates the isolation 

observed near the partition. The appropriate measure is NR, and the appropriate single number 

rating is NIC. 

4.  The ASTC metric includes the effect of direct and flanking transmission, the ASTC will be less 

than, or equal to, the Field Sound Transmission Class (FSTC). The difference depends on the 

magnitude of the flanking transmission. With the exception of the ATL and ASTC under 
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specified conditions, these procedures are only applicable when both room volumes are less 

than 150 m3. 

 

The single-number ratings standards ASTM E413 (2004) correlate in a general way with subjective 

impressions of sound transmission for speech, radio, television and similar source s of noise in offices 

and buildings, with one third octave bands frequency ranges of 100 Hz to 3150 Hz for the classification 

of airborne sound insulation. In terms of flanking transmission or construction errors in field conditions, 

the rating for a partition built and tested in buildings may be lower than that obtained for a partition 

tested in a laboratory. This ASTM Standard is similar to the rating procedure described in the ISO 717.  

 

2.5.2 Impact Sound Insulation Measurements and the Rating System 

Classification 

ASTM 1007 (2004) presents a test method for the field measurement of impact sound transmission 

through floor-ceiling assemblies and associated support structures using the standard tapping machine. 

The method could be conducted on all types of floor-ceiling assemblies, including those with floating-

floor or suspended ceiling elements, or both, and floor-ceiling assemblies surfaced with any type of 

floor-surfacing or floor-covering material. 

 

The single-figure classification rating, “Field Impact Insulation Class” (FIIC), is obtained by matching 

a standard reference contour to the plotted normalized one-third octave band sound pressure levels at 

each frequency from 100 Hz to 3150 Hz that has been obtained in accordance with this test method. It 

does not deal with low frequency sounds below 100 Hz, such as footsteps, or the moving of furniture, 

or children jumping and running, that are typically generated below lightweight joist floors. The FIIC 

result is obtained on site; higher values denote better sound performance. L‘nT,w defined in ISO 717-2 

measures the level of impact sound transmitted between rooms, and lower values denote better 
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performance. The sum of FIIC and L‘nT,w is 110 dB, which, for comparison, easily converts from the 

FIIC in USA standards, to L‘nT,w in ISO 717-2. 

 

2.6 Proposal for a Universal Concept for Sound Insulation 

Classification 

Drawing from the different building codes worldwide, reviewed in Section 2.3 to Section 2.5, Figure 

2.1 summarizes three assessment methods of sound insulation that are used in different countries. Most 

European countries adopt the performance based method (No.2 in Fig. 2-1) by testing in the field, while 

Australia and New Zealand use a performance based assessment by mixing compliance method (No.1 

in Fig. 2-1) and also laboratory simulations (No.3 in Fig. 2-1). 

 

Figure 2-1:   Diagram of Building Codes‘ Structure 

 

Compared with the verification methods of building codes for sound insulation, the rating building 

codes are far more complicated, as described in Sections 2.3 to 2.5. Yet it is important to continue 

searching for a universal system for the rating of the sound performance of airborne and impact sound 

in buildings. Initially, it would be convenient if it were possible to obtain the results from a building 
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construction from various countries and to make a quick comparison of the sound insulation obtained 

using the different constructions, and also to specify the requirement for sound insulation for research 

and sharing experience in instances where the same descriptor is applied worldwide. Secondly, building 

elements can be tested in any laboratory conditions and could be readily adapted for dwellings in any 

country. Thirdly, a universal concept would mean less repeatable training in the construction industry; 

generally speaking, it is easy to educate people working in related areas. Last, but not least, the 

uniformity of the descriptors would make it easier for occupants and people without a professional 

background in the industry to understand the quality of their buildings and building production. 

 

To this end, the European COST Action TU0901 (2009-2013) is already pioneering for the integration 

and unification of sound insulation aspects in sustainable urban housing construction. The significant 

implication of this action has been to change the descriptors for regulatory requirements in countries, 

whilst maintaining a good correlation through a process of subjective evaluation for the sound 

insulation in both light and heavy-weight buildings throughout Europe. The European research team, 

COST, has suggested that the following course of action should be considered in the development of a 

universal concept for sound insulation classification:  

1. Collection of information regarding the reasons and special rules that apply in individual 

countries, in order to modify them for adapting a “uniform” application of the ISO 717 

descriptors in the future. 

2. Revision of the ISO 717 to reduce the variety of spectrum adaptation terms. 

3. Improvement of measurement methods, especially in the low-frequency range 50-100 Hz. 

4. Consideration of the possibility of deriving new evaluation methods with a better correlation to 

subjective evaluation by implementing methods from psychoacoustics; for example, loudness 

level. 

Another initiative is the International Working Group 4 (WG4) formed within the TC- RBA; this group 

is charged with reviewing Sound Insulation Requirements and Sound Classification for the unification                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
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of concepts. This group aims to share experiences and promote research on the legal requirements for 

airborne and impact sound insulation within countries and justification, the use of spectrum adaptation 

terms according to the ISO 717 and, in particular, the use of an extended frequency range down to 50 

Hz, the sound classification of buildings and their influence on building practice. Its role is to find 

consensus on a single concept for airborne sound insulation and a single concept for impact sound in 

order to replace the large number of different concepts being used around the world.  

Beside COST Action and WG4, a similar direction of sound insulation in building in New Zealand 

Building Code G6 has been moving to DnT,w for airborne sound and L‘nT,w for impact sound, plus a 

sound adaption term at low frequency at 50 Hz.  In New Zealand, this direction in the NZBC G6 (2004) 

matches a similar trend that is occurring in Europe (Rasmussen 2010) with a minor difference in the 

use of the sound adaption term C50-3150 for airborne sound and CI,50-2500 for impact sound.  

In summary, the metrics and descriptors from Europe, Australia, New Zealand and the US are diverse, 

yet there is a hope that, in the near future, suitable, well-defined and reproducible descriptors for sound 

insulation between dwellings will be implemented internationally.  

 

2.7 Conclusion   

This chapter is a comparative study of selected western building codes in relation to ISO rating 

standards. Firstly, a review of the reference curves for sound insulation quickly reveals that the rating 

of sound insulation has not changed over the last two decades to cope with changes in the building 

environment and the increasingly complicated sources of noises. Secondly, over ninety years of 

separate development of building codes, a complexity and diversity of descriptors for rating sound 

insulation between dwellings has developed within Europe, and between Europe, the USA, Australia 

and New Zealand. The comparison of these indicators for rating sound insulation begins to set up the 

comparative platform and for their correlation and for further research on universal ratings. Also the 

comparison study helps, to some degree, to explain the reason for an increase in noise complaints in the 
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last two decades. Standards, codes and regulations have failed to keep pace with changes in domestic 

and commercial sound environments. Finally, since 2004, there has been a strong demand for unified 

concepts of sound insulation in buildings. A variety of organizations and individual countries have been 

working together to develop this promising system. There is reason to hope that, in the near future, 

suitable, well-defined and reproducible descriptors for sound insulation between dwellings will be 

implemented internationally.  
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Chapter 3 

 

Using Correction Factors Applied to Airborne Insulation for 

Predicting Impact Insulation 

 

3.1 Introduction  

The purpose of this chapter is to suggest a simplified approach to eliminate impact insulation 

measurement by decreasing reliance on the ISO standardized tapping machine equipment (in impact 

sound level test). An empirical method is considered, where the impact insulation is inferred from the 

field measurement of airborne sound insulation using Correction Factor(s) (CF) according to a model:  

                                            (3-1) 

Where 

L‘n,pre       is the predicted normalized impact sound pressure level of floors in buildings;  

         fs            is one third octave band of centre frequency; 

        R‘           is apparent sound reduction index for floors in buildings;  

        CF          is empirical correction factor(s).  

Or CF in laboratory conditions: 

                                             (3-2) 

Where 

Ln,pre       is the predicted normalized impact sound pressure level of floors in laboratories;  

   R           is sound reduction index for floors in laboratories. 
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The original concept of the practicality of the CF model was established in the laboratory and was 

based on the reciprocity theory of Heckl and Rathe (in Section 3.2). Their theory was first published in 

the early 1960s (Heckl & Rathe 1963). The theory proposes the use of the relationship between the 

sound reduction index (R from a airborne sound insulation test) and the normalized impact sound 

pressure level (Ln from a impact sound insulation test on the same sample), while showing that, apart 

from a correction for the frequency (fs) of the band, the sum of the airborne and impact insulation for a 

hard impedance floor is a constant ( ). The “constant” idea inspired the 

author to convert the Correction Factors into predicting the impact insulation of floors. The 

terminology, Correction Factors (CF), CF = ( ) - (Ln + R), has been defined as the 

difference between the impact insulation of the floor system from the laboratory measurement of Ln and 

R, which, in this research, requires the measurement to be adjusted for d iverse types of floor surface. 

On the other hand, similar in buildings in field conditions, CF‘ = ( ) - (L‘n + R‘), can 

be extended to be defined as the difference between impact insulation of the floor system from the in 

field measurement of L‘n and R‘. 

 

As shown in the literature review in Chapter 1, few simplified methods have been published by official 

Organizations, such as the ISO, for taking field measurements of impact sound insulation for verifying 

inter-tenancy floor/ceiling systems between buildings. Additionally, little research has been undertaken 

on the associated comprehensive guidelines for measurement setups in complicated field conditions. 

This does not mean there is no room for improvement in the current measurement standards. Obvious 

drawbacks in the current standards were revealed by consultants and researchers for full scale ISO tests 

for impact sound insulation in field conditions. First, the measurement of impact sound insulation 

according to 140-7 Standard is time-consuming and laborious. A whole set of comprehensive impact 

sound measurements in accordance with ISO standards takes at least 1.5 hours for a floor/ceiling 

structure sample (e.g. in the lounge, bedroom, kitchen and bathroom) of a detached house or apartment 

building. Such a lengthy testing time may increase during checks for corrections to the measurement of 
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background noise in the field, e.g. an additional test is required where the airborne noise produced by 

the tapping machine and transmitted to the receiving room does not influence the impact sound 

pressure level in the receiving room. In most situations, floors with hard surfaces, such as wooden or 

vinyl tiles in the kitchen and bathroom, are the primary source of noise complaints due to the poor 

insulation of prevalent treatments in such areas. Since the measurement of impact sound includes 

impact sound pressure level (L‘n), reverberation time (T20/T30) and background noise (Lb) measurement, 

the measurement time is significant when checking, for example, a 10-storey apartment. Secondly, 

more operators are needed for this measurement, according to ISO 140-7. The measuring process 

requires the involvement of at least two technicians to operate the full ISO test. The operators are 

required to shift the standardized tapping machine to at least four positions for each floor/ceiling 

system in the source room. This means 16 positions for 4 floor samples (including the lounge, bedroom, 

kitchen and bathroom) in a single dwelling, let alone all dwellings and significant positions in a high-

rise building. Last, but not least, any unforeseen problems in buildings could increase the testing time 

(outlined in Section 5.6), such as high ambient noise during the measurement period or in the checking 

buildings which may be faulty. In conclusion, as previously stated, the field measurement of impact 

sound is time-consuming and laborious and thus, is very expensive.  

 

However, some researchers (Dodd et al 2009 2007; Tachibana et al 1998; Hanson 2006) argue that 

field measurement is the optimum way and the ultimate approach for the inspection of buildings for the 

maximum protection of occupants, despite it being a disadvantageous and expensive operation for the 

ISO field tests discussed above. Over the last twenty years‟ development, studies conducted by the ISO 

have given rise to progress in the practical measurement of impact sound in dwellings; although this is 

slower than both the general public and the industry expectation. Two research groups from the ISO 

include the EAA TC-RBA Workgroup 4 (WG4), a group researching single number ratings of the 

acoustic performance of building and building products, and Workgroup 8 (WG8), a group studying the 

field measurement of RT from the ISO standards. Over the past two decades, the WG4 and the WG8 

have been investigating ways in which to improve the uncertainty and accuracy in field measurement. 
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A survey method, ISO 10052 (Standard ISO 10052 2004), was also introduced to the building industry 

in 2004 for the testing of the acoustical properties of reverberation time in buildings. The 2004 survey 

method promotes the technical term “Reverberation Index”; this is defined by the type of structure, 

room volume and furnishing conditions. It corrects A or C-weighted airborne sound pressure levels for 

replacing RT standard measurement in the Standard ISO 354. In many cases on site, the RT test for 

obtaining sound absorption is critical and conservative due to it being hard to achieve an ideally diffuse 

field, particularly in obtaining a diffuse field at lower frequencies (below 100 Hz) in the small rooms 

below Schroeder‟s cut-off frequency (Kutruff 1962), which typically occurs in small kitchens and 

bathrooms in dwellings. In some cases, it may also be difficult to obtain a reasonable RT at high 

frequency sound levels in open plan areas in which kitchen, dining and lounge are combined; this is 

due to the air absorption at higher frequencies (above 4 kHz); in addition, the absorption levels of other 

coupling rooms in an open plan house also contribute to this difficulty. Consequently, in theory, the 

achievement of a reasonable RT for impact sound insulation is not easy; in the instance of some 

existing buildings, consideration is even given to the conducting of a full ISO scale on-site 

measurement. Therefore it will be a challenge for the simplified methods developed in this research.  

 

Apart from the discussion of the expense, in practice, of the field measurement testing of impact sound 

insulation, and the sound level measurement accuracy of those tests, in theory, another long-term 

criticism in regard to rating standards is that the impact sound insulation descriptor, Ln,w/L‘n,w 

metrically defined in ISO 717-2, does not correlate well, or is often uncorrelated, or even reversed, to 

subjective impressions (Mariner 1967). Work on modifying the standard tapping machine was carried 

out by (Schultz 1979; Warnock 1981; Scholl 2001), and these results show a better correlation to 

subjective perceptions using a modified standard tapping machine. Researchers in Japan have 

investigated innovative impactor devices, such as the tire machine (JIS A 1418-2 2000) and rubber ball 

(JIS A 1418-1 2000) which better simulate impact sound sources such as walking, jumping and running, 

children and the movement furniture than do the impact noises generalized by the ISO tapping machine 

(Tachibana et al 1998). Moreover, a large amount of research has been carried out on both the 

http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&possible1=Warnock%2C+A.+C.+C.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true


 

86 

 

modifying of  measurement procedures (Bodlund 1985), and proposals for other rating systems of 

impact sound insulation that correlate better with the perceptions of the majority (LoVerde et al 2007). 

In regard to the latter, LoVerde proposed a two-domain system for impact sound insulation, in which 

one domain describes low-frequency performance (below 100 Hz) and the other one describes 

mid/high-frequency performance. LoVerde also investigated whether the use of a two-domain system 

resulted in improved methods of evaluation and rank-ordering of floor/ceiling assemblies (LoVerde et 

al 2007). In conclusion, ISO rating standards do not match well with the majority of subjective 

perceptions; they also increase the complexity of accessing impact sound. The current proposal of two-

domain system has been modified the current ISO rating descriptors, and obtained a better correlation 

with the perceptions of the majority for impact sound insulation at the low frequency.  

 

Since there are difficulties in the measurement of impact sound using the current full ISO standard and 

the controversial ISO rating standard for the measurement of impact sound, the aim of this chapter is to 

establish new structures for simplifying the measurement methods. The structure enables the field 

measurement of impact sound in buildings to be more accessible and efficient, as well as less costly. 

The Correction Factors method, the original contribution to knowledge in this study, is a unique 

approach to obtaining the impact sound insulation measurement of building elements (floor/ceiling 

systems); the approach may obviate the necessity of using the ISO standard tapping machine as one of 

the impact sound generators. 

 

The benefit of the CF method is to directly save half the measurement time for verifying each 

floor/ceiling construction. This means not only saving a great deal of effort, including measurement 

expenditure, for the city council and for the developer‟s financial budget, but also saving time for 

operators in making impact sound insulation tests in field situations. As a result, the same measurement 

period means that more field tests can be conducted on more floor samples, thus producing a better 

measurement confidence for newly-built dwellings. The other obvious benefit of the CF method is to 

avoid transporting the heavy ISO tapping machine (e.g., B&K model 3207 weighing 12 kg) and the 
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accessories for impact sound insulation testing in the field. Consequently, the two benefits of this 

simplified approach will not only encourage a novel approach to field measurement to verify acoustical 

quantities, but, in practice will also afford a unique method for conducting field tests in a simple 

manner. 

 

The CF method is proposed and developed based on the relationship between R and Ln on the same 

floor. The original idea of the relationship between airborne and impact sound was successfully 

examined in the laboratory of the Acoustic Research Centre, New Zealand, and thus the CF on the 

heavy impedance floor with the different floor finishes can be derived according to  the formula 

(Equ.3-2). In addition to this, the CF on the different structures with diverse floor surfaces has been 

extended and can be obtained from laboratory data measured in the National Research Council (NRC) 

of Canada. After the CF collection had been obtained under the controlled conditions of ARC and NRC, 

the extended idea of the CF method underwent a further examination for field measurements. The CF‟s 

database in the field includes the CF‟ inferred with the use of Insul (a computer simulation method) for 

heavyweight constructions with common floor coverings for New Zealand and Australia. The database 

in the field also contains the CF‟ derived from over 2000 field tests for a full range of CF(s) for 

different heavy-weight floor constructions with a large range of different floor coverings. In the 

analysis of two sets of measured data obtained from the laboratories and from field measurement, the 

new structure of the CF technique of simulation method shows a number of uniquely promising 

attributes for predicting the impact sound insulation of building elements. Using the simplified method 

suggested above, the impact isolation of constructions is able to be predicted quickly from the field 

tests for airborne sound on the floor systems and the CF‟s database (by selecting parameters, e.g., a 

system‟s subfloor and floor coverings, in the CF‟s database). The database of Correction Factors was 

coded based on web 2.0 technology. The friendly interface of the simulation software promotes the CF 

model and encourages researchers, consultants and customers who need to verify the impact sound 

insulation of building elements in dwellings. 

 



 

88 

 

The assumption of the CF method is that there is no interaction between the impact sources (the ISO 

tapping machine), floor coverings and load bearing floors (Scholl 1999 2000) (Brunskog 2000 2002 

2003). Moreover, the method includes the hypothesis from Heckl and Rathe‟s theory, which assumes 

hard floors, and the larger input impedance of the hard floors compared to the mass impedance of the 

hammer hitting on hard surface (Heckl & Rathe 1963). In the case of lightweight floor constructions 

discussed in the research, the hypothesis is that the dominant effect may be satisfactorily incorporated 

in the hard floor model as a resilient surface covering. Another limitation, for the CF method of 

deducing impact ratings from airborne measurements, is based on the same transmission paths of sound 

travelling on the same sample (a wall or floor) in both airborne and impact sound measurement. In 

other words, the theory will fail if the transmission paths are different for the airborne and impact-

initiated sound, i.e. the airborne sound mainly travels through side walls while the impact sound travels 

through a floor if the floors were floating floors. In this case, the values measured for R will be lower 

than is applicable for the hard floor relationship. 

 

Additional limitations originating from field data obtained which may affect the reliability of the CF 

method are as follows: (a) As the large amount of field data such as over 2,000 items from the US 

Consulting Company, data may be accumulated over many years and tested by a variety of operators 

for different types of housing. No records can be obtained of measurement setups, size of samples or 

rooms, site conditions, such as where severely flanking transmission is involved, and the degree of skill 

of the operator (uncertainty of field tests discussed in Section 5.7); (b) If the cases of field data coming 

from faulty buildings that mean floor samples in situations of  poor sound insulation, or where floors 

have not been built properly (e.g. a gap or a hole in a floor causes sound to travel from different paths), 

as included in the limitations discussed in the previous paragraph. In consequence the above data 

factors are probably inherent in the data analysis for developing the CF method (the author did try to 

avoid this type of data); thus variations in CF(s) are able to be predicted; (c) Due to cost, time, and the 

necessity for cooperation with manufacturers, companies and industries, it is less feasible to make a 

comparison of field measurements with laboratory-tested floors in order to verify the reliability of the 
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CF method on the various floor types at this stage. Fortunately, the reliability of the CF has been 

verified on concrete floors, as described in Section 3.9. This is sufficient for the use of the CF method 

in high-rise buildings. Because the concept of high-rise buildings, such as those prevalent in Asian 

countries such as in Japan, Korea and China is spreading in popularity for high population density cities 

in western countries, such as New York, Sydney and Auckland, in addition to other cities. This trend is 

increasing in order to accommodate the increasing number of migratory people (e.g. more high-rise 

buildings have been built in the CBD of Auckland, New Zealand over the last 10 years). Such buildings 

typically have 120 - 240 mm concrete floors and floor coverings that are required by interior designers. 

Consequently the verification of the reliability of CF(s) is meaningful for developing the CF method, 

although it would be an added advantage to be able to integrate and include the remaining floor types, 

such as timber and steel floor structures. However, the floors built by the Canadian NRC are quite 

different from floors built in the USA (tested by a US Company). Also the timber or steel floors in the 

ARC database (measured by the ARC of New Zealand) are not the same or similar floor structures 

(measured by NZ companies in the field) collected by the author from NZ consulting companies. 

Therefore, the reliability of the CF methods is not available in regard to timber and steel floors due to 

lack of data on such floors in laboratory and field conditions. In short, though the CF method is 

promising for simplifying field measurement, limitations are required for awareness and caution when 

predicting the impact isolation of floors.  

 

3.2 Relationship between R and Ln 

In many of the practical applications of building acoustics, it is not only the transmission loss for 

airborne sound that defines the conditions; it is also the impact noise insulation of the structure. Heckl 

and Rathe (Heckl & Rathe 1963) derived a simple equation (Equ.3-11) that relates the sound radiation 

from a point-driven structure when it is excited by a reverberant sound field (Fig.3-1). Smith (Smith 

1962) Lyon and Maidanik (Lyon & Maidanik 1962) have shown that such relationship exists and 

applies to the vibrations of ribbed panels. Similar ideas were also presented in a paper by Lyamshev 
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(Lyamshev 1961). The formula given by these researchers was derived by expanding the vibrations of a 

structure in normal modes and using the modal density of the structure. Consequently, Heckl and Rathe 

proposed a derivation that does not depend on a modal expansion as this is hard to obtain for floors 

with a complicated structure.  

The relation between airborne and impact sound insulation on the same floor-sample can be derived 

using the principle of reciprocity. Heckl et al. (Heckl et al 1963) assumed a closed reverberant space of 

arbitrary shape (see Fig.3-1). One part of its surface consists of a floor surface with supporting walls 

that may contribute to the radiation of sound, known as structure A. The second part of the surface is 

represented by a limp wall B. The total sound absorption of all surfaces is the room constant R.   

 

Figure 3-1: A Model for the reciprocity argument   (Source from Heckl 1963 ) 

 

A force Fi is to apply to structure A, provided that the whole system is linear. Therefore structure A has 

a velocity of VA‘, while structure B has a velocity of VB and receives a force of Fi‘. On the basis of the 

A 

 

Fi 

Ft 

B 
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reciprocity theorem, a relationship can be made between the point of application of a force and the 

point of measurement of a velocity, with a formula of relationship given as follows: 

                                                                      (3-3) 

                                                        (3-41) 

The proportionality constants between force and pressure, and the one between velocity and pressure, 

 are related by  

                                                                       (3-5) 

                                                                       (3-6) 

Where the sound reduction index is  

                                                                   (3-7) 

And so 

                                                                      (3-8) 

Heckl and Rathe gave the expression for the normalized impact-noise level  

              (3-9) 

The desired relation between impact noise level Ln, and the sound induction index R by combining 

Equations (3-3), (3-7) and (3-9) 

                                                         (3-10) 

Where 

Ln     is the normalized impact sound pressure level in the receiving room; 
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R      is the sound reduction index in the receiving room; 

K      is the wave number in air; 

R0     is the normalized room absorption of 10 m2; 

P0     is reference sound pressure level of 2 * 10-5; 

Ft    is an impact sound source of constant force (the magnitude and the spectral distribution 

of this force is the ISO tapping machine). 

When the impact force is generated by the ISO tapping machine, provided that the floor surface is hard 

and its input impedance is large compared to the mass impedance of the hammer, with a room 

absorption area of 10 m2 applying, the Equation (3-10) can take the simple form,  

                                                          (3-11) 

Where (for one octave band measurements) 

fm      is the one octave band centre frequency in cycles per second (CPS), Hz.  

Consequently, a similar analysis allows the result for the one third octave bands to be derived, yielding 

Equation 3-11. The sum of the apparent sound reduction index of a floor R and its normalized impact 

sound level Ln will be a constant for a particular frequency band, irrespective of the type of floor, 

provided it has a hard surface. 

                                                      (3-12) 

Where (for one third octave band measurements)  

Ln   is the normalized impact sound pressure level in the receiving room; 

R   is the sound reduction index in the receiving room; 

fs    is the one-third octave band frequency range from 100 Hz to 3150 Hz. 

 

Heckl and Rathe (Heckl & Rathe 1963) also investigated experimental data to verify the floor model 

under three conditions: (a) Floors with hard surfaces; (b) With resilient layers, and; (c) With flanking 
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paths. Firstly, the comparison results in (a) Condition show a good agreement on four hollow-pot 

structural floors (Heckl 1963), where hard surfaces were defined as concrete (density of 2300 kg/m3, 

Young‟s modulus of 26 * 109 N/m2), gypsum (density of 1200 kg/m3, Young‟s modulus of 7 * 109 

N/m2), etc. The hard surfaces, such as wooden fibre plate can be considered hard only up to 

approximately 0.60 * 109 N/m2 applied pressure. Similarly, thermoplastic tiles of less than 2.54 mm 

thickness generally behave like hard surfaces up to 1.20 * 109 N/m2. Another study (Rindel 2002) 

investigated the resonance frequency function of the Young‟s modulus and thickness of the floor 

covering (Fig.3-2) and proposed a scale for resonance frequency of floor covering (Fig.3-3). In the case 

of the CF research, any materials behaving as hard surfaces (over 0.60 * 109 N/m2) can be treated in the 

hard surfaces category; hard services include floor types other than the wood and thermoplastic tiles 

mentioned previously.  

    

Figure 3-2 & 3: Resonance frequency of floor covering (source from Rindel 2002) 

Secondly, the comparison results for floors with resilient layers showed that a reduction of the impact 

noise level due to a proportional reduction in floors exists even with minor flanking transmission 

through sidewalls. This has encouraged the author to develop the CF model to apply when predicting 

the impact sound insulation in laboratory and field conditions. Thirdly, the results with flanking paths 

compared with the theoretical behaviour showed some interesting results. In most floating floor 

constructions, the transmission loss (Gosele 1956) is mainly defined by the flanking transmission 
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through the side walls. In this case, the impact sound insulation was improved considerably by the 

floating floor; the transmission loss was probably not affected at all as its value is dominated by 

substantial flanking transmission over sidewalls. The difference can be used to judge the severity of the 

flanking transmission. The theoretical behaviour did not hold in one extreme case where there was a 

hole in the floor. To become a precise expression, the impact sound (floor) and the airborne sound (the 

hole in the floor) must travel along different paths, and the latter path is predominantly governed by the 

airborne sound insulation of the hole. 

 

3.3 Scope of Application of Correction Factors  

An analysis of measured data (Heckle 1963) has shown that it should be possible to use airborne sound 

measurement to predict the floor performance of impact insulation from field measurements, without 

actually making impact insulation measurements with the ISO standard tapping machine. However, this 

requires correction factors for the type of floor finish. To extend this theoretical idea to a practical 

application, the Correction Factors have been obtained for a wide range of floor finishes and 

constructions both in the laboratory and field conditions (Li & Dodd 2008).  

 

Regarding the interaction among impact source, floor covering and load bearing floor, as in Standard 

ISO 140-6 and 140-7, the ISO standardized tapping machine is used as the impact sound source which 

drops 500g steel hammers onto the floor structure at a rate of ten times per second; the impact noise 

level thus produced in the room below is believed to be representative of the impact noise produced by 

“real life” sources such as people walking, jumping, or moving furniture over the floor. When a walker 

is replaced by the tapping machine it is assumed that the classification of the acoustical performance of 

different floors is unchanged and also that the difference of impact input by the sources is a constant 

typical of those sources, yet is independent of the floor being tested. Thus, it is assumed that the impact 

noise of the standard hammer machine could easily be converted into walking noise just by adding a 

known correction to the measured impact sound pressure levels (hammers). However, this approach 
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does not work as expected. Scholl (Scholl 1999 2001) investigated the interaction between impact 

source, floor coverings and load bearing floor. He pointed out that both the impact source and the 

receiving structure have mechanical impedance, and the actual exciting force acting on a structure 

depends on the ratio of impedance of the source and structure, as well as the “strength” of the source. 

He concluded that the standard tapping machine and the floor to be tested create a very individual 

combination. In general, it is impossible to predict a human impact noise from the tapping of the 

hammers. A conversion from the hammers to footsteps is also not a constant for all floors but depends 

on the dynamic properties of both source and floor. Furthermore, the hammers cannot be regarded as a 

source of constant impact sound when hitting onto differing floor structures. In short, non- linearity has 

to be expected, due to the rounded shape of the hammers, especially for floors with carpets under heavy 

static loads or impacts, or in the case of rigid surfaces.  

 

Brunskog (Brunskog 2000) also studied a floor-model for predicting impact noise; this consisted of 

three parts, the excitation, the system and the response. He presented a comprehensive survey of the 

literature on prediction model approaches, followed by proposed prediction models for impact sound 

insulation on timber floor structures. In 2003 he developed a system and prediction model which 

compared actual measurements with predictions derived from the model, and also included excitation 

by the force spectrum produced by the impact of a hammer on a lightweight floor (Brunskog 2003). A 

similar finding for the complex interaction of an impact source generator, discussed by Scholl (Scholl 

1999 2001), can be drawn from Brunskog‟s series of papers.  

 

In the case of lightweight timber-joist floor constructions in the U.S (also common in New Zealand and 

Australia) described in Section 3.8, the complexity of the non-homogeneous construction makes it 

difficult to predict what the interaction between floor structure and hammers and their relative 

impedances will be. Hence it is unlikely that, if Equation (3-12) were modified to incorporate such 

changes to the excitation force, it would result in a simple relationship between the sound reduction 

index (R) and normalized impact sound pressure level (Ln). 
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The hypothesis was that the dominant effect for useful lightweight floors (i.e. floors which have a 

subjectively tolerable performance e.g. Ln,w  50) might be satisfactorily incorporated in the hard floor 

model as a resilient surface covering. This would imply that Ln values can be acceptably predicted by 

means of applying Correction Factors to Equation (3-12), i.e. the CF would be simply added to the 

predicted „hard floor‟ Impact Sound Pressure Level. These Correction Factors would be empirically 

determined from floors with different types of internal construction and surface treatments.  

 

Figure 3-4 shows the results of measurements in the suppressed flanking transmission facility in the 

ARC, on the concrete slab separating the upper (the Chamber A) and lower reverberation chambers 

(the Chamber B). At lower frequencies the sum of sound reduction index (R) and normalized impact 

sound pressure level (Ln) fits the model of Equation (3-14) within repeatability values for the chambers. 

A departure from the model is evident towards the high frequency range which is the effect of 

resilience in the floor surface effectively low-pass filtering the impacts of the ISO tapping machine.  

 

The derivation of Equation (3-14) is based upon the force from the tapping machine applied to the floor. 

In the case of a hard floor which has input impedance largely compared with the impedance of the 

hammers, determined by Cremer et al. (Cremer et al 1988), who demonstrated that the force value of 

the root mean square, Frms, is only a function of the centre frequency of the measured band. For a one 

third octave band of centre frequency fs the force is  

                                                                       (3-13) 

Where 

Frms    is the force value of the root mean square; 

fs            is one third octave band of centre frequency range from 100 Hz to 3500 Hz. 
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Figure 3-4: Sum of R and Ln on the 140 mm concrete slab compared with the prediction  

from equation (3-12) at ARC 

 

If the ISO tapping machine is to impact on the hard floor with some resilience which modifies the 

applied force to a value, Frms, it can be shown that the sum of R and Ln becomes 

                                               (3-14) 

 

Therefore the derivation of Equation (3-14), the CF formula, for correcting the resilience on the hard 

floor, can be shown  

 

                                      (3-15) 

Or 

                                                         (3-16) 
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3.4 Verification for the Hypothesis by Tests on a Bare Concrete 

Floor in the Laboratory  

The measurements were made on the moveable concrete slab between the Chamber A and B at ARC 

(test facility see appendix A). Figure 3-5 shows Correction Factors, defined in Equation (3-16), and 

along Standard Deviations (SD in Fig.3-5) obtained from 9 laboratory measurements. In the case of the 

bare concrete slab in the chambers, the CF was expected to be 0 dB, according to the prediction model 

presented in Equation (3-16). This means there is no difference between the predicted and measured 

sound levels since the heavyweight floor should fit in with the argument for a model for reciprocity as 

described in Section 3.2. However, an interesting phenomenon occurred in regard to those 

measurements over the measured frequencies. Figure 3-5 presents the range of potential differences 

between predicted level (Ln,pre) and measured normalized impact pressure level (Ln) values. The values 

of CF are larger in the mid-frequency range (e.g.1250 Hz) than those values starting from 100 Hz. In 

contrast, the repeatability of CF remains smaller from 1250 Hz compared with those of CF(s) starting 

from 100 Hz. It was assumed that the painted surface (a hard-wearing paint applied for easy cleaning of 

the floor surface) on the concrete slab played the part of a thin resilient floor covering, which 

contributed to CF values at the mid-frequency range. It can be expected that when reduced to a single 

figure rating (IIC or Ln,w) the differences will be less for accessing the impact sound insulation.  
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 Correction Factors with Standard Deviation at the Painted

Concrete Slab at ARC
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Figure 3-5: CF () and standard deviations (I) for 140-150 mm painted concrete slab 

 (from 9 tests) 

 

3.5 CF determined by the ARC Laboratory  

In order to obtain the empirical CF in the laboratory, the tests of airborne and impact sounds were made 

on a 140 mm concrete floor (without ceiling) with a variety of floor coverings.  

 

Regarding the area for the various floor coverings for the hard- impedance floor; this is an area of 3.2 m 

* 3.2 m (Appendix A) in the ARC laboratory. The special design of the area between Reverberation 

Chamber A and B is described as follows: the centre section in Chamber A is horizontal because a floor 

jack is installed there. The floor jack may be raised hydraulically to the ceiling of Chamber B, the 

centre of which consists of a floor plug between the two chambers. This plug may be disconnected 

from the Chamber A and lowered down into the Chamber B, leaving a 3.2 m * 3.2 m opening between 

the two chambers. This allows for the testing of the elements of the impact insulation of floor and roof. 

The reason for the special design is to minimize cost. If full-size specimens are used as a base floor, the 
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measuring of the reduction in impact sound tests would be costly and protracted. Thus, most 

measurements are made using small specimens such as 1.2 m * 1.2 m, 1.2 m * 2.4 m and 3.6 m * 2.7 m 

on the subfloor of the laboratory. The researchers are obviously aware of the difference in results 

between a specimen topping that does not entirely covering the base floor, and a floor topping 

completely covering it. The ASTM E492 also forbids the reporting of data from such tests although 

these are valid for complete floor coverings. However, one study (Warnock & Birta IR802 2000) 

showed that the agreement between 3 cases of small specimens and a full-size one has been shown to 

be quite good. There seems to be a pattern that using a small specimen underrates the improvement of 

the topping at low frequencies and overrates it at high frequencies but this is by no means a very clear 

trend. The data does support that measurements using small specimens are commonly adoptive and 

satisfactory for experimental or development work. Therefore, in the case of the Chamber A at ARC, 

the floors are covered with 3.2 m * 3.2 m as a floor topping area (or without topping in the case of the 

painted concrete) on a 140 mm concrete slab during impact insulation measurement. 

 

Figure 3-6 shows the Correction Factors for typical treatments on a hard- impedance construction at the 

laboratory at ARC. The softest floor covering material in the group, cork tiles, has the largest CF (the 

upper curve with pink in Fig.3-6) in mid-frequency ranges; while the hardest surfaces, such as painted 

concrete, have the least values of CF (the lower curve in green in Fig.3-6) in the measured frequency 

range. An interesting phenomenon of the CF is the negative numbers at some of frequencies (the 

discussion pertaining to this is found at the end of Section 3.4). The ceramic tiles (yellow curve) and 

porcelain tiles (blue curve) on the concrete floor have relatively smaller CF values in this group. The 

range of CF of all surfaces below 250 Hz has just a 5 dB difference, but the CF values of all floor 

covering go up with the increases in frequency. The greatest CF value is around 45 dB at 3150 Hz from 

a flooring surface of corks tiles in Reverberation Chamber A at ARC. 
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Comparison of Correction Factors of Porcelain Tiles, Cork Tiles,

Ceramic Tiles,  and Printed Concrete (140mm) at ARC
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Figure 3-6: CF for a concrete slab floor, and 3 types of tiles surface 

 

3.6 CF determined by NRC Laboratory  

In order to acquire more CF data, the author used test results published by The National Research 

Council (NRC) Acoustics Laboratory. The NRC studied the measurement phase of a study of airborne 

and impact sound transmission through typical floor constructions used in Canadian housing (Warnock 

IR811 2000). The study included 205 floor/ceiling structures with a diversity of floor surfaces. The 

structures included wood joists (solid wood, I-joist and wood truss-joists) and steel joists. The floor 

surfaces included Oriented StrandBoard (surface weight of 8.8 - 10.3 kg/m2, Young‟s modulus of 2.1* 

109 N/m2), plywood (surface weight of 7.1 kg/m2, Young‟s modulus of 2.4*109 N/m2), vinyl, 

lightweight concrete (density of 2448 kg/m3, Young‟s modulus of 7.6*109 N/m2) and gypsum concrete 

(density of 1832 kg/m3, young‟s modulus of 26*109 N/m2). One example of the floor/ceiling 

construction is as follows: a 15 mm thick OSB subfloor; 38 x 235 mm wood joists, 406 mm on centres; 

150 mm thick glass fibre batts in the joist cavities; 13 mm deep resilient metal channels screwed 610 

mm off centre, perpendicular to the joists; 2 layers of gypsum board 15.9 mm thick, applied to the 

resilient metal channels. 



 

102 

 

In regard to the specimen‟s building situation, the floor opening measures 3.8 m*4.7 m. Gaps between 

the upper and lower chambers and the edges of the movable frame are sealed with inflatable gaskets. 

To reduce transmission around or through the frame, shields are placed over the exposed parts of the 

frame in the upper room after the frame and specimens have been installed between the rooms. In 

addition to inflatable gaskets, backer rod and tape are used to further seal the gap between the lower 

room lip and the test frame.  

 

Figure 3-7 shows CF for typical types of floor coverings on a timber-joist floor at NRC. The various 

floor coverings include; oriented standard board, plywood, vinyl, lightweight concrete and gypsum 

concrete. The Correction Factors are from 0 dB to 40 dB in the measured frequencies. The trend at 

NRC is similar as the one at ARC. The range of the CFs for all surfaces below 250 Hz shows only 5 dB 

difference, but the CF values of all floor coverings go up with the increases in frequency.  The softest 

materials of OSB and plywood, closer in characteristic of thickness to Young‟s modules, have the 

biggest CF (the upper curve with pink and blue in Fig.3-7) in the mid-frequency ranges; while the 

hardest surface, gypsum concrete (purple curve in Fig.3-7) or, lightweight, concrete (cyan curve in 

Fig.3-7), has the smallest values of  CF in the measured frequency range. The latter (cyan curve) has 

the range of negative values at the measured frequencies as the same phenomenon of the CF at ARC. 

The vinyl on the concrete floor has relatively smaller CF values in this group. The greatest CF value is 

around 40 dB at 3150 Hz; this is from the flooring surface of corks tiles in the laboratory at NRC.  

 

From another report (Warnock IR802 2000) from the NRC, the report was the result of an investigation 

of the impact sound measurements on floors covered with resilient materials. The results support the 

premise that the improvement spectrum is independent of the thickness of the concrete slab on which it 

is measured. Thus, the ISO procedure can be used successfully to rank the floor coverings of resilient 

material and for lightweight floating floors. Conversely, in regard to resilient materials on joist floors, it 

would be convenient if the improvement obtained for a topping on a bare concrete slab could be 

applied to joist assemblies with a wooden sub-floor or to wooden sub-floors with a concrete base. 
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Unfortunately, OSB is more resilient than concrete, so the force pulse generated by the hammer lasts 

longer, has lower amplitude, and generates less high frequency energy. Resilient layers only add 

slightly to the high-frequency attenuation. Thus, the reduction in impact sound pressure level at high 

frequencies for toppings placed on top of the OSB is much less than that for concrete. Gypsum concrete 

is harder than OSB but not as hard as concrete; it is friable and during testing the surface becomes quite 

damaged by the repeated hammer blows. It is probable that the powder in the indentations softens the 

hammer impacts and so reduces the high frequency content. Thus, the improvements at high 

frequencies are not as great as for the concrete slab. The friability of the gypsum concrete would have 

significant uncertainty at impact levels along high frequencies if it is without a topping. Obviously 

friable materials should not be used as reference surfaces with the standard tapping machine. If there 

were ways in which to eliminate the powdering of the gypsum concrete without changing its other 

properties, it is probable that the improvement curve obtained would better match that obtained on the 

concrete slabs at high frequencies.   

Comparison of Correction Factors of different surfaces at NRC
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Figure 3-7: CF derived from NRC data for a range of surface coverings on different joist floors/ceiling 

assemblies. OSB= Oriented standard board; LW concrete= Lightweight concrete topping; Gypsum 

concrete=Gypsum concrete topping.    (From 205 lab tests) 
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Both in the case of some floor coverings, such as the lightweight and gypsum concrete on timber-joist 

floor/ceiling assemblies (purple and cyan curve in Fig.3-7) and on painted concrete slab floor (cyan 

curve in Fig.3-6), some CF are so interesting as to be negative at low and mid frequencies. Over an 

approximate number of 300 laboratory tests, were carried out, some of them made on a ribbed floor 

structure. The implication is that the hard floor model under-predicts the Ln values. In the case of ribbed 

(T section) floor slabs without a ceiling, the radiating area is larger than the plan area of the floor and 

may account for this difference. Alternatively, it is expected that a resilient surface changes the force 

waveform to increase the energy at lower frequencies by the amount it reduces the energy at the high 

frequencies.  

 

Another issue regarding the hard-impedance floor relationship is that the hypothesis does not apply if 

the transmission paths are different for the airborne and the impact sound. More specifically, the CF is 

not collected into the database if severe flanking occurs during sound insulation tests. For example, if 

the floor were a floating floor, in this case the values measured for R would be lower than is applicable 

for a hard floor relationship. This will result in an under-prediction of the impact insulation of floors. It 

will, however, provide a conservative estimate for sound performance which would be bound to be a 

lower than for actual sound performance in this situation. 

 

3.7 CF Determined by Computer Simulation 

Insul is a computer program for predicting the sound insulation of building elements including walls, 

floors, ceilings and windows in buildings. The latest version of Insul 6.3 includes the prediction of rain 

noise, extension to triple glazing and calculation of outdoor to indoor noise transmission. Regarding the 

airborne sound insulation, this simulation software can make estimates of the Transmission Loss (TL) 

in one-third octave bands and a single number rating of airborne sound insulation, Weighted Sound 

Reduction Index (Rw) defined in ISO 717-1. 
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Regarding the impact sound insulation in Insul, the assumption is based on Cremer's theory of point 

force excitation (Cremer 1988). This means the evaluating of vertical impact noise radiation for 

massive, rigid homogeneous constructions. The limitation of Insul is that it does not calculate impact 

noise radiation in either horizontal, or diagonal, directions in heavy weight constructions. The software 

also does not apply prediction to lightweight floor constructions such as timber-joist structures. Similar 

to other prediction tools, simulation cannot substitute for replacing actual tests. Comparisons with field 

tests show that Insul predictions are generally within 3-5 IIC points for most constructions in New 

Zealand and Australia (Insul Manual 2009). One study (Ballagh 2004) investigated the accuracy of 

Insul prediction methods for sound transmission loss of walls and floors by comparing experimental 

tests with theoretical models on single homogeneous and double panel walls. It concluded that Insul 

can be predicted with acceptable engineering accuracy from 50 Hz to 5 KHz on masonry and 

lightweight cavity constructions.  

 

Regarding the database in Insul, some data in Insul contains laboratory measurements obtained at ARC, 

University of Auckland, and the rest of the data was collected during field tests on constructions in 

New Zealand and Australia. Consequently, because the database combines two types of data from the 

laboratory and the field, it will be slightly less accurate when compared with ARC laboratory data 

(presented in Fig.3-6); however, it is sufficiently trustworthy for use in making a prediction. To sum up, 

Insul is qualified to apply to the acquisition of further CF(s) using Equation (3-16). 

 

Figure 3-8 shows one case of CF(s) obtained from a range of carpets and underlay on a 150 mm 

concrete floor. The predicted data was calculated from airborne and impact sound tests on the bare 

concrete slab (without a ceiling construction) from the Insul program. The CF(s) for different 

thicknesses of carpet with (or without) different types of pad derived from the underlay are from 10 dB 

to 70 dB, with rising frequency ranges from 100 Hz to 3150 Hz, while the interesting CF identified 

from a curve of carpet tiles turns to negative value at lower frequency on the same floor (below 160 

Hz). These curves of the CF using carpet with/without pad indicate one trend, as expected: the heavier 
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the carpet (66 oz carpet with 50 oz hair pad), the larger correction factors required (the curve with pink 

colour presented in Fig.3-8); the higher the frequency, the larger the correction factors required. Also, 

the CF of the carpet tiles in Figure 3-8 is higher than for one of cork tiles in Figure 3-6 on the similar 

concrete floor. This may be caused by the soft material of the carpet tiles and the thicker concrete slab 

in the prediction case using Insul prediction software. The implication of the negative CF shown in blue 

curve with the frequencies below 160 Hz might be the same as the explanation for the negative CF 

value in NRC data in Figure 3-7. This may be due to a similar fact that a resilient surface changes the 

force waveform to increase the energy at lower frequencies by the amount it reduces the energy at the 

high frequencies.  

Average Correction Factors of Carpets with pads on 150mm concrete slab

from  INSUL prediction
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Figure 3-8: CF of a series of carpet and pad on 150 mm concrete slab 

derived from Insul computer simulation 

The CF data predicted by Insul has not only been improved by the enlargement of its manufacturers‟ 

database, but also by the convenience greater provided by the upgrading of its database by increasing 
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the specifications for new products (e.g. floor coverings) or for modifying the thickness of floors, even 

though the software is only applicable for heavy-floor constructions at this stage. 

 

3.8 CF Determined from Field Measurements 

After satisfactorily verifying the CF method in laboratory conditions and the computer simulation 

method in Sections 3.4 to 3.7, the CF method is extended to include data collected from approximately 

2,000 constructions in field conditions using the formula (3-16). The field data comes from commercial 

and residential buildings in the US (Floors are allowed for, from timber-joist floors to steel-joist floors 

as well as concrete slab floors. This means the larger coverage of base assemblies. The range of bases 

can be compared with those from the laboratories and the computer simulation of Insul. Moreover, in 

addition to those base- floor systems, the range of floor treatments is similar to those coverings 

investigated in Sections 3.4 to 3.7, from soft surfaces such as, carpet and underlay, to hard surfaces 

such as engineered wood. When comparing results of impact sound insulation in the laboratory and the 

field, it must be noted that the effect of flanking transmission exiting on site may cause the results to 

differ. However, in general, in the case of laboratory results, it would be expected that such differences 

would not exceed 3 dB when compared to those in the field without severity of flanking (Li et al 2008). 

In conclusion, the empirical CF is inferred from a large amount of field data based on US constructions 

that are incorporated to complete the CF collection. 

 

In regard to the differences between the rating systems of USA and the ISO, as discussed in Section 2.5, 

the field data from US buildings has been converted into the results for rating descriptors applied in 

ISO metric measurement. For example, the single-figure rating FIIC in ASTM 1007 has been converted 

to L‘n,w in ISO 717-2. Concerning the difference in measurement standards in the US standards and 

those of the ISO, because the US measurements have been conducted in US buildings with room 

volumes below 150 m3 in general, the ASTM testing method is almost the same as the one from the 

ISO (Section 2.5).  
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3.8.1 CF Determined from Wood-Joist Floors 

Figure 3-9 shows CF values with a measured frequency range for different kinds of carpets and 

underlay (110 field measurements) on wood-joist floors. 11 curves of the CF show very similar trends 

with increasing frequencies as expected and shown in Figure 3-9, although the floor surfaces have 

differing thicknesses of the carpet and underlay according to the requirements of the individual 

manufacturers. A typical floor construction is a combination of various manufacturers‟ carpet and 

underlay as a floor finish, various thicknesses of gypsum concrete, diverse acoustical mats (e.g. quiet 

qurl) and OSB as a subfloor, multiform wooden joists (TJL open web trusses), batts insulation and a 

ceiling consisting of multiple- layer of gypsum board on resilient channels.  

 

The Correction Factors for those underlay ranges from 7 dB to 70 dB, with frequencies rising from 100 

Hz to 4 KHz. The 11 curves shown in Figure 3-9 are verified by the 110 field tests which illustrate the 

same trend predicted by the Insul computer simulation, as shown in Figure 3-8. It has consistently been 

proven, not only in the laboratory but also on site, that the thicker the carpet, the higher the correction 

factors will be.  

 

The CF(s) over the measured frequency range from 100 Hz to 4 KHz have a 20 dB value of tolerance 

range, as shown in Figure 3-9, which partly depend on the thickness of carpet and underlay. 

Consequently, the accuracy of prediction for impact sound rating could be improved by using the actual 

dimensions of floor coverings when applying a CF prediction for the impact sound insulation of floors. 
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Correction Factors for Carpets and Pads  on Wood-Joist Floor
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Figure 3-9: CF for Carpets and Pads on wood-joist floor 

Figure 3-10 presents the CF for vinyl tiles on a wood-joist floor through 70 field measurements, and 

also those for engineered wood from the 18 tests in field conditions. The, mainly wooden, floor 

construction is a combination of vinyl tile or engineered wood as a surface, gypsum concrete and 

plywood as the subfloor, wood-joist construction (460 mm open web trusses), batts insulation, and 

generally one or two layers of gypsum board on resilient channels as a ceiling panel (Veneklasen 

Associates). 

 

The CF(s) for these floor surfaces range from -10 dB to 50 dB over the frequency range of 100 Hz to 4 

KHz. This shows that the higher the frequency level, the bigger the CF needed for inferring from field 

results. An interesting phenomenon is that CF improvement is not simply related to hardness of surface 

materials, but also to the resilient layers behind them. For example, the CF of vinyl tile with 25 mm 

Gypcrete (blue curve) (CF=32.89 dB at 1 KHz) on wood-joist floor expressed the highest number, 

while those of engineered wood (green curve) (CF=26.2 dB at 1 KHz) on the same resilient layers 
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showed similar results. The same surface, vinyl, with diversity of resilient layers (the top curve versus 

the second bottom curve) showed the greatest range of variation from 29 dB at 1 KHz. An assumption 

of variation in the CF with vinyl as a floor covering can be made from six curves (dark blue curve, pink 

curve, yellow curve, green curve and purple curve) in Figure 3-10, a range of the CF variations from 

630 Hz to 4 KHz is within 30 dB, while that of the CF discrepancy from 100 Hz to 630 Hz is below 20 

dB on the same material surface (varying slightly between manufacturers) of similar construction.  

Correction Factors for Vinyl Tile & Engineered Wood on Wood-Joist Floor
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Figure 3-10: CF for Vinyl Tiles and Engineered Wood on wood-joist floor 

The CF for the special surface gypsum concrete is illustrated in Figure 3-11. However, the gypsum 

concrete would not provide a finished floor surface as it is hard enough to endure the impact of the 

tapping machine. The study (Warnock IR802 2000) examined the supposition that gypsum concrete 

was could be easily damaged from the repeated hammer blows. As gypsum concrete is harder than 

OSB but not as hard as a concrete surface, the benefit of having CF(s) is for use as a part of the 

reference floor for checking ceiling construction or for selection of various materials for subfloor 
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surfaces. The CF(s) for different thicknesses of gypsum concrete in this group were obtained from 220 

field measurements (Veneklasen Association). 

 

As is similar to the trends for the previous CF curves that are shown in Figures 3-9 and 3-10, Figure 3-

11 consistently shows that, the thicker the Gypcrete surface, the higher the CF value, which rises with 

increases in frequency. There are relatively narrow variations in CF(s) over the whole frequency range 

when compared to the variations in CF, shown in Figures 3-9 and 3-10. Taking one example of the top 

curve (38mm FFGC, dark green curve) and the bottom curve (25 mm USG Gypcrete, blue curve) for 

comparison, these have a minimum difference of 7 dB at 400 Hz and a maximum difference of 18 dB 

at 4 KHz. 

 

The Gypcrete surface, as one type of floor covering presented in Figure 3-11, has less elasticity in 

regard to CF(s) when compared to carpet and pad (shown in Figure 3-9) and vinyl tile and engineered 

wood (in Figure 3-10), because the range of CF values for Gypcrete are smaller, such as within 10 dB 

below 500 Hz. The CF of Gypcrete has relatively small values compared with the rest of the floor 

coverings, such as; carpet and pad, vinyl tile and engineered wood, over the measured frequency ranges 

of similar timber-joist construction because of the characteristics of its surface density.  
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Correction Factors for Gypcretes on Wood-joist Floor
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   Figure 3-11: CF for Gypsum Concrete Wood on wood-joist floor 

The CFs for different floor surfaces, including cork, maple wood, particle board, linoleum, plywood 

and wood surfaces are given in Figure 3-12. The internal floor construction is similar to that used to 

obtain the Correction Factors shown in Figures 3-9, 3-10 and 3-11, as above, expect for wooden 

decking. The measurements for the floor coverings in Figure 3-12 are not as adequate as the floor 

surface presented in Figure 3-11, above; this is due to the fact that the surface treatments in this group 

are probably not common surface materials for floor structures in the USA, but it will certainly be 

valuable in the future to have the CF(s) for a comprehensive library. 
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Correction Factors for different floor surfaces on Wood-joist Floor
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Figure 3-12: CF for different floor surfaces on wood-joist floor 

The results of CF(s) presented in Figures from 3-7 to 3-12 closely follow the trend of the CF(s) 

obtained in laboratories, thus it may be implied that this kind of wood-joist floor construction used in 

the USA has similar characteristics to the base assembly, like the features of the hard structure 

determined in the theory of Heckl and Rathe. Although the CF system is promising when verified to fit 

into this type of wood-joist floor to predict the impact sound rating of constructions by the field 

measurement of airborne sound; in this particular case, the CF system could possibly apply to wood-

joist constructions if they are heavy enough to successfully fulfil the hypothesis of the CF method 

outlined in Section 3.1; attention needs to be paid to negative CF values.  

 

3.8.2 CF Determined for Steel-Joist Floors 

Figures 3-13 and 3-14 present the results for different types of floor finish on steel-joist sub-floors. 

Typically these floor constructions are steel- framed (Dietrich steel joists), with or without a wire hung 

ceiling construction. 
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The thicker the ceramic tile, the bigger the CF values in this group. This follows exactly the trend 

which has been verified in the timber-joist floors identified in Section 3.8.1. The CF curve of 10 mm 

ceramic tile floor coverings (green curve in Figure 3-13) shows a consistent 8 dB gap above the one for 

8 mm tiles (red curve in Figure 3-13) of the same material on the steel-joist floor.  

 

In regard to the CF curves for the same materials, 38 mm Gypcrete on two thickness of concrete (110 

mm and 200 mm) are similar at mid-frequency range from 1 KHz to 2 KHz, while the CF curve of the 

heavy 200 mm concrete slab (yellow curve in Fig.3-13) is above the CF curve of 110 mm concrete 

(green curve in Fig.3-13) within the frequencies from 200 Hz to 2 KHz. Additionally, the CF curve 

(pink curve in Fig.3-13) of 25 mm Gypcrete on 180 mm concrete with steel- frame assembly has the 

greatest number of CF(s) over the measured frequency ranges when compared to two CF curves of the 

38 mm Gypcrete on concrete with the 200 mm (yellow curve in Fig.3-13) and 110mm (green curve in 

Fig.3-13) thickness. As a result, the increasing thickness of the Gypcrete surface contributes to higher 

CF values; however, in this case the conclusion might not be drawn concerning the quantity of  

thickness of concrete topping would influence the CF curve due to lack of sufficient data.  

Correction Factor for Carpets and Pads & Ceramic Tiles & Gypcretes
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Figure 3-13: CF for Carpets and Pads & Ceramic Tiles & Gypcrete on steel- joist floor 
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Figure 3-14 shows the CF(s) for engineered wood on top of 200 mm concrete with steel- joist frame. 

The construction includes the floating engineered wood sitting on 6 mm cork, AcousticMat2, 

Enkasonic, shaw premium and 3 mm quiet walk. The 9 curves of CF in Figure 3-14 for floor coverings 

such as the engineered wood exhibit a similar trend to the floor coverings, as shown in Figures from   

3-9 to 3-13. However, an interesting phenomenon in the variation in CF(s) is that the CF(s) become 

greater at low frequencies and become smaller as frequency levels rise; this is opposite to the trend 

presented in Figure 3-9. Figure 3-14 looks obviously different from the combined shape consisting of 9 

curves when compared to the shape of the curves in Figure 3-9. Another phenomenon requiring 

attention relates to the 200 mm concrete layer on a steel- joist floor structure, as the concrete is so thick 

as to be taken as the first priority element in the construction, rather than as a steel-joist floor. This 

implication is that the CF(s) in this group are likely to be close to those values of concrete floors in 

Section 3.8.3.  

Correction Factors for Engineered Wood (on 200mm Concrete) on Steel-joist Floor
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Figure 3-14: CF for Engineered Wood (on 200 mm Concrete) on steel- joist floor 
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3.8.3 CF Determined for Concrete Floors 

Figure 3-13 presents the CF for engineered wood as well as for carpets and pads on a hard impedance 

floor, concrete slab. Typically, there are two thicknesses of slab, 110 mm or 200 mm in buildings in the 

USA. Following the theory for the CF, it could be predicted that the thicker the concrete slab, the larger 

the CF on the same floor finish. This has been verified, not only by the theory presented in Section 3.2, 

but also in the laboratory data investigated in Sections 3.5 to 3.7 and in the field measurements studied 

in Sections 3.8.1 to 3.8.2. 

 

The top curve (red curve) in Figure 3-15, CF for carpet with pads on 200 mm concrete, illustrates the 

biggest CF values over the measured frequency range compared to the rest of the five curves of the 

similar construction with different floor surfaces, such as engineered wood and carpet with pads. The 

highest CF over 70 dB was achieved at high frequencies above 3500 Hz. The series of CF curves for 

carpet with pad also showed a similar trend to the CF curve of the same material derived from Insul 

predictions and presented in Figure 3-8. Another finding in this group is that the CF values for 

homogeneous concrete slabs show more consistency across the whole frequency range from 100 Hz to 

4 KHz when compared with those values for timber-joist flooring, presented in Figures from 3-9 to 3-

12. This implies that there is a great variation of interaction between force and load bearing systems, 

and this implication has been verified theoretically by a series of studies (Scholl 1999 2001).  
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Correction Factors for Engineered Wood & Carpets and Pads on  Concrete
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Figure 3-15: CF for Engineered Wood and Carpets & Pads on concrete floor 

 

Figure 3-16 illustrates the CFs for the upper top surface of gypsum concrete, wear top, and laminated 

floor on a 200 mm concrete floor, heavyweight floor constructions. Although a small number of 

measurements were made on the floor treatments mentioned, in order to compare the numbers of other 

floor surfaces on concrete floors, in future, further data will be needed to add to this collection. 

Additionally, in regard to the trustworthiness of these CF values, another advantage is that those CF(s) 

from small tests are generalized on heavyweight constructions that are similar to those inferred from 

the CF theory described in Section 3.2. 
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Correction Factors for different floor surfaces on Concrete floor
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Figure 3-16: CF for different floor surfaces on concrete floors with different thicknesses 

 

3.9 Reliability of CF 

To verify the reliability of Correction Factors, sources are studied to apply on the identical floor-ceiling 

assemblies discussed in this section.   

 

According to ISO Standard 140-8 (1997), the test floor on which the test coverings are to be installed 

shall consist of a reinforced concrete slab of thickness 100 - 160 mm, preferably 140 mm for the 

construction of new laboratories. The test floor should be homogeneous and of uniform thickness. 

Therefore, in Chamber A at ARC, the concrete slab with 140 mm thickness fulfils the requirements for 

ISO 140-8. In the case of the two reference floors, concrete slabs of 100 mm and 150 mm, respectively, 

in the Chambers at NRC (Warnock IR811 2000), these were moveable in order that the facilities in the 

NRC could be examined. This situation is similar in the case of the moveable floor (3.2 m * 3.2 m) 
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between the Chambers A and C at ARC; If those moveable floors have not been slipped back into place 

properly (e.g. any small gap, or dust on the edges), this will significantly influence the airborne sound 

test although it does not have very much effect on the impact sound insulation. Prior to the structure 

between the Chambers A and C being re-finished, the author discovered the resonance phenomenon 

occurring below 100 Hz for sound insulation on the concrete slab. Figure 3-17 presents the resonance 

phenomenon below 80 Hz occurring in the sound insulation tests. Tests 1~3 were made on the 140 mm 

concrete slab between the Chambers A and C at ARC. As mentioned, an interesting phenomenon 

occurs below 80 Hz; the sum of R + Ln is bigger than the theory model of 38.6 + 30lgf at 50 Hz and 63 

Hz. This means that the relationship between airborne and impact sound (R + Ln) does not equate well 

to the relationship developed by Heckl and Rathe at low frequency in the laboratory. According to the 

resonance frequency formula (Rindel 2002) 

                                                             (3-17) 

                                                             (3-18) 

Where 

fc             is a critical frequency for a plate; 

c              is a speed of sound in air; 

           is a density of the plates; 

h              is a thickness of the plates; 

              is the resulting Poisson's ratio; 

fmn            is normal modes in plates; 

Lx or Ly    is plate dimensions; 

m or n      is natural numbers, from 1, 2, 3...n. 
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According to Equations 3-17 and 3-18, the resonance frequencies of the concrete slab system (3.2 * 3.2 

* 0.14 m) are as follows: f1,1 is 42 Hz, f1,2 & f2,1 is 104 Hz and f2,2 is 169 Hz. Additionally, the 

reverberation chamber should be designed, built and verified before its official use; in general it should 

be regularly maintained. If this pattern followed, it might be less possible for any fault to occur in the 

Reverberation Chambers. However, possible reasons for faults to occur are as follows: (a) Seasonal 

cracking around the edges of the moveable floor; (b) Presence of dust or scraps around the edges of the 

moveable floor causing a sound leak; (c) The floor is not closed firmly or properly (a rare situation); (d) 

The airborne test starts immediately after the floor is closed (still air around the edges to cause an 

inconspicuous sound leak); (4) Other possible reasons such as analysis of floor resonance and its effect 

on impact sound transmission are needed to further study. Meanwhile, a series of tests was conducted 

on the refurbished floor after maintenance of the Chambers was carried out. The results presented in 

Figure 3-4 have a better agreement than the results in Figure 3-17. Therefore, in order to achieve better 

agreement between the theory model and the laboratory tests, the disadvantageous factors discussed 

above need to be avoided. In the case of a study of the CF method at this stage, the CF has only been 

designed to consider a range from 100 Hz to 3150 Hz as per the current requirement for ISO Standards. 

In addition, the author was unable to obtain information about maintenance at NRC and about the 

reproducibility tests for the reference floors; thus the CF(s) inferred from ARC are used as the main 

source for verifying the reliability of the CF from 100 Hz to 3150 Hz in the laboratory and field 

conditions.  
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Figure 3-17: Comparison of the relationship of airborne and impact sound between ARC lab test and 

CF theory model on the concrete slab (resonance below 169 Hz) 

 

3.9.1  In the Laboratory 

In order to verify the reliability of the CF in controlled conditions, one construction was selected and its 

sound insulation tests were obtained from the published document. The construction is as follows: 50 

mm concrete topping (Density of 1293 kg/m3) as a surface, 356 mm joist construction, 50 mm concrete 

slab (Density of 2298 kg/m3). 
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Figure 3-18: Comparison between Ln, pre and Ln on concrete floor 
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Figure 3-18 presents the difference between the predicted normalized sound pressure level and the 

actual Ln in the laboratory conditions. The CF used is inferred from the 140 mm painted concrete slab 

(values presented in Tab. 3-1, averaged by 9 reproducibility tests at ARC). Generally speaking, the 

agreement is closed over the measurement frequencies. For example, the agreement is good at specific 

frequencies such as 160 Hz, 200 Hz and 315 Hz, while larger deviations start to occur from 1250 Hz 

onwards. The possible reasons are as follows: (a) Two floor constructions have different components 

and thicknesses in two laboratories; (b) A similar CF is used at ARC to predict Ln in the different floors; 

(c) The closest agreement is obtained by comparing the results with those in the field (Figs. 3-19, 3-20 

and 3-21).   

 

3.9.2  In NZ Buildings 

In order to verify the reliability of the CF in an actual building in New Zealand, one construction with 

two surface conditions was selected. The data came directly from a NZ acoustical consultant company. 

The construction is as follows: 135 mm concrete flooring as a surface, 50 mm polyester, 75 mm precast 

concrete slab, and 170 mm ceiling (steel suspended ceiling frame on wire hung on 13 mm Gibraltar 

board). 
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Freq. Hz L'n, dB R', dB 
CF for concrete 

slab 
L'n, pre, dB Difference, dB 

100 61.7 36.20 -0.50 62.90 1.20 

125 56 41.30 1.73 58.48 2.48 

160 56.9 49.10 -0.94 56.57 -0.33 

200 55.9 50.90 0.46 56.27 0.37 

250 54.8 56.60 -1.21 55.14 0.34 

315 57.6 58.10 1.26 54.19 -3.41 

400 55.7 62.40 -1.19 55.46 -0.24 

500 55.7 61.90 -1.53 59.20 3.50 

630 55.4 63.90 -1.41 60.09 4.69 

800 56.1 63.50 -0.73 62.92 6.82 

1000 59.6 63.90 -1.20 65.90 6.30 

1250 58.5 65.10 0.39 66.02 7.52 

1600 56 64.50 2.82 67.40 11.40 

2000 59.5 65.10 5.64 66.89 7.39 

2500 58.2 66.70 7.85 65.99 7.79 

3150 60.6 70.10 11.34 62.11 1.51 

Table 3-1: Comparison between L‘n, pre and L‘n on concrete floor 
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Figure 3-19: Comparison between Ln, pre and Ln on concrete floor in NZ buildings 
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Figure 3-19 presents the difference between the predicted normalized sound pressure level and the 

actual Ln in the laboratory conditions. The CF used is inferred from 140 mm painted concrete slab 

(values presented in Tab. 3-1, averaged by 9 reproducibility tests at ARC). The agreement is good at 

specific frequencies such as 160 Hz, 200 Hz and 315 Hz, while larger differences occurring at the mid-

high frequencies. The possible reasons are as follows: (a) The floor/ceiling construction has better 

sound insulation compared with that of the bare concrete slab; (b) A similar CF is used to predict the 

normalized impact sound pressure level; (c) The benefit of this prediction is to obtain a conservative 

result with a similar laboratory CF, even after considering the flanking transmission that can occur in 

the field.   

 

The other surface condition is to use cork tile as the floor covering on the same construction.  

 

Freq. Hz L'n, dB R', dB CF for cork tile L'n, pre, dB Difference, dB 

100 57.7 36.2 3 59.65 1.95 

125 52.8 41.3 4 56.10 3.30 

160 54 49.1 2 53.75 -0.25 

200 54.2 50.9 2 54.50 0.30 

250 52.6 56.6 -1 54.85 2.25 

315 54.6 58.1 1 54.70 0.10 

400 56.5 62.4 4 50.40 -6.10 

500 57.6 61.9 7 50.80 -6.80 

630 54.4 63.9 10 49.15 -5.25 

800 55.2 63.5 10 52.30 -2.90 

1000 56 63.9 14 50.60 -5.40 

1250 51.1 65.1 21 45.90 -5.20 

1600 41.8 64.5 29 41.70 -0.10 

2000 38.1 65.1 34 38.45 0.35 

2500 33.7 66.7 40 34.10 0.40 

3150 31 70.1 45 28.20 -2.80 

Table 3-2: Comparison between L‘n, pre and L‘n on concrete floor using cork tile 

as a surface in NZ buildings 
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Figure 3-20: Comparison between L‘n, pre and L‘n on the concrete floor using cork tile 

as a surface in NZ buildings 

 

Figure 3-20 presents the difference between the predicted normalized sound pressure level and the 

actual Ln in the laboratory conditions. The CF used is inferred from cork tile on 140 mm painted 

concrete slab (values presented in Tab. 3-2). The agreement shown was good at specific frequencies 

such as 1 600 Hz, 2500 Hz and 3150 Hz, while larger differences occurred in the middle frequencies. 

The possible reasons are as follow: (a) That two different types of cork tile were used, the first in the 

actual building and the other, in the laboratory. The thicknesses of cork tile were not recorded in the 

site measurement. All those factors influenced the force waveform hit by the tapping machine; (b) The 

sub-floor is different from that in the building and the laboratory. There is an identical floor in the 

laboratory, whereas, there is a complex floor/ceiling assembly on site; (c) The difference may be 

caused by the more complicated measurement conditions on site; (d) The assumption of the CF is to 

ignore the interaction between the hammer, the sub floor, and the floor covering. In this particular case, 

it does seem as though the interaction does play a part and contributes to the difference.  
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3.9.3 In Buildings in the USA  

In order to verify the reliability of the CF in actual buildings in the United States, one similar 

construction was selected for a comparison. The data comes directly from the US acoustical consult 

company. The construction is as follows: 102 mm concrete with beams at 914 mm in the centre and a 

depth of 2,744 mm below the concrete slab. 
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Figure 3-21: Comparison between L‘n, pre and L‘n on concrete floor in US building 

 

Figure 3-21 presents the difference between the predicted normalized sound pressure level and the 

actual Ln in laboratory conditions. The CF used is inferred from 140 mm painted concrete slab (values 

presented in Tab. 3-1, averaged by 9 reproducibility tests at ARC). The agreement is good at specific 

frequencies such as 160 Hz, while the predicted values are larger than the actual measurement values 

among the measured frequencies. Luckily, in this case, these conservative values of the predicted 

impact sound would be likely to give better protection for occupants in buildings. However, there are   

possible reasons for the difference that it is necessary to study: (a) The concrete floors in the ARC 

laboratory and in the US building differ from each other. In Chamber A at ARC, there is a uniform 

identical concrete slab that has been painted with special paint, whereas a large hollow thickness of 
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floor was built on the site in the US building; (b) A similar CF (not the same CF from the CF database) 

from the laboratory is to apply for the prediction in the field; (c) The difference is caused by more 

complicated measurement conditions on site, e.g. the flanking transmission in the field; (d) The 

assumption of the CF is to ignore the interaction between the hammer, the base floor and the floor 

coverings. But in this case, it seems as though the interaction did play a part and thus contributed to the 

difference. 

 

The three comparisons have verified the reliability of the CF method in one laboratory condition and in 

two field conditions, the conclusion can be drawn that the CF method can be applied to predict 

identical floors both in the laboratory and in an actual building, though some limitations need to be 

considered when being applied in actual buildings.  

 

3.10 Conclusion 

The concept of Correction Factors is an innovative idea to simplify the field measurement of impact 

sound insulation of floor/ceiling structures. The innovative technique is simply combined with practical 

airborne sound tests in dwellings and empirical CF data from experimental tests. This prediction 

method for impact isolation has been successfully applied to some constructions in laboratory and field 

conditions, although some limitations exist while applying this method. As discussed in the 

Introduction, the simplified method of field measurement would be an economically viable method to 

make field measurements of sound insulation of building elements in finished buildings ; this meets a 

legal requirement from an objective point of view, thus providing the maximum protection for 

occupants from a subjective point of view. 

 

To encourage users including students, engineers, consultants, building designers, researchers and 

others in the building industry to use the simulation method, all of the empirical Correction Factors 
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from Section 3.4 to 3.8 have been coded into computer programme using Hypertext Pre-processors, a 

widely-used general-purpose scripting language. The author has coded the software under the 

supervision of Mr. Richard Chen. The programme can be accessed free of charge from the following 

website: www.donimage.com/ming. The flow for applying the CF method is as follows: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                               Figure 3-22: Flow of CF application 

INPUT DATA 

Field results of airborne sound 

FIELD TEST STAGE 

Airborne sound test 

(1/2 gear weight & 1/2 test time &1 operator) 

 

COMPUTER SIMULATION STAGE 

 

SELECTED FACTORS 

Corresponding to construction and floor finishes 

PREDITED RESULTS 

Predicted impact sound insulation with measurement accuracy 

file:///E:/Documents%20and%20Settings/Administrator/Application%20Data/www.donimage.com/ming
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Users can obtain the predicted normalized impact sound pressure level with one-third octave band 

frequency ranges from 50 Hz to 5 KHz by inputting the results of the airborne sound insulation of a 

floor (Fig.3-26). They can then choose options for the base assemblies (Fig.3-24) and floor coverings 

(Fig.3-25) from drop-down menus in the software. As a result, the predicted results, according to 

Equation (3-1), are represented by a table of normalized impact sound pressure level with frequency 

ranges (Fig.3-25), or alternatively, by a curve of those sound levels versus measured frequency range 

with standard deviation (Fig.3-26).  

The overview of the screen in Figure 3-23 presents the basic functions of this software. The friendly 

interface includes two options (one for setting sub-floors; the other for choosing floor coverings) and 

one input of test data with frequencies from 50 Hz to 5 KHz in the screen. 
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Figure 3-23: Screen of input data of sound reduction index with frequency range from 50 Hz to 5 KHz 

As the second step, the drop-down menu for set sub-floor, shown on the screen in Figure 3-24, provides 

27 options which are clarified by situations either in laboratory or field conditions for the base 
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assemblies of floor structures. The users are able to choose the situations that may be suitable for their 

measurements. 

 

Figure 3-24: Screen of options for diverse structure floors from drop-down menu 
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The screen in Figure 3-25, presents the corresponding six options for floor coverings with the 

appropriate floor structure of 200 mm PT concrete (field test) from a drop-down menu for covering 

 

Figure 3-25: Screen of options for corresponding floor coverings from drop-down menu 

After the first step of setting the floor of 200 mm PT concrete (field test), shown in Figure 3-24 and the 

second step with floating engineered wood as the covering, as shown in Figure 3-19, the last step, 
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shown in Figure 3-26, inputs the test data for sound reduction index (R) dependent frequency from 100 

Hz to 4 KHz obtained from airborne sound insulation measurement in field conditions.  

 

Figure 3-26: Screen for inputting data of sound reduction index 

Figures 3-27 and 3-28 show the final presentation of results for predicting the impact sound insulation 

of constructions with the help of CF software. The two screens illustrate the predicted results in two 

formats. The first format is shown in Figure 3-27; this is the table containing the results of predicted 

sound pressure levels over the measured frequency ranges, the other format, shown in Figure 3-28, is a 
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curve which presents results with a statistical tolerates range (standard deviation) over the one third 

octave band ranges. Figure 3-28 contains three curves: the middle curve is the predicted sound levels 

versus calculated frequency ranges, while the upper and bottom ones are the standard deviation of those 

predicted sound pressure levels with their frequency ranges of interest.  

 

Figure 3-27: Screen of results of predicted normalized sound pressure level 

 with predicted frequency ranges 
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Figure 3-28: Screen of a predicted normalized sound pressure level curve (the middle one) with 

standard deviation (the upper and the bottom one) within frequency ranges of 100 Hz to 4 KHz 

 

3.11 Further Work and Prospects 

Future work that is of the highest priority is to develop the full range of an empirical collection for a 

range of prevalent types of floor structures with the various different treatments used in buildings. This 

means that more tests need to be conducted and the results compared with constructions in the 

laboratory and in the field, especially the recorded flanking transmissions and details of the field 

conditions for investigating the ways where flanking transmission influences the CF. Then the CF 

concept can be applied to the case of horizontally transmitted sound with statistical analysis; it is also 

necessary to study whether a comparison of measured values with predictions using relevant CF(s) may 
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be useful in the diagnosis of errors in buildings. This would therefore be beneficial for the conducting 

of a screening technique to verify sound performance in buildings if required. Moreover, the computer 

application of CF(s) could be extended to be coded for mobile phone users. Easily accessible 

applications will encourage worldwide users to continue to contribute to the further improvement and 

optimisation of the method and software. Furthermore, another possible line of research is to study the 

relationship between the single number rating in ISO 717-2 and the CF(s) in impact sound insulation, 

and find out how L‘n,w+ CI‟, the descriptor of impact sound insulation, would vary with the CF(s), 

depending on the frequency range of interest. The final prospective area for further study would be to 

investigate the interaction of the ISO standardized tapping machine among floor coverings and load 

bearing floors in heavyweight-building constructions, with results being obtained from both laboratory 

and field conditions, and also to study how significant the interaction is likely to influence the CF 

results and factors related in experimental tests.  
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Chapter 4 

 

Measuring Sound Absorption Area using the Radiation Box 

Gear 

 

4.1 Introduction 

The objective of this chapter is to introduce the other modified equipment method for impact sound 

measurement resulting in a simplified test procedure, as is similar to the purpose of the research in 

Chapter 3. Chapter 4 describes the modification of the airborne sound source in sound absorption area 

measurement (conventionally obtained RT for calculating sound absorption area according to ISO 354) 

that is one of essential components of impact sound insulation. The modified equipment establishes an 

economical measurement system for conducting complete impact isolation measurement. 

 

The pilot equipment, Radiation Box Gear (RBG), is suggested as the replacement for the loudspeaker 

and power amplifier in RT measurement/for ISO reference sound source for sound absorption test, 

which is regarded as being an essential part of the measuring system used in impact sound insulation 

test system (see Introduction). If the method succeeds in the laboratory and the field, and is also 

accepted by researchers and consultants, the RBG could be used to directly measure the total sound 

absorption of a receiving room in accordance with the ISO 3741 series, whilst avoiding the 

disadvantages of measuring RT using a loudspeaker and amplifier in compliance with ISO 354.           

In regard to its design and process development, The Radiation Box has a normal four-stage cycle:      

(1) The designed prototype is to be built with suitable materials following the optimisation of its 

theoretical model; (2) Prototype is to gain its technical capability in controlled conditions; (3) Final 

prototype is to be released after product has been maximally optimised in the laboratory; (4) Final 



 

138 

 

prototype is to be verified in field conditions. It is well known that the whole cycle is required to 

circulate several times in order to optimise the product to achieve the best design. In the case of the 

RBG in this thesis; this was finished in stage 3 when the RBG had been verified for its effectiveness in 

laboratory conditions. The measurements for verification in controlled conditions include the sound 

power level and its repeatability measurements; these results are compared with ISO equipment, the 

reference sound source, which is also applied to sound absorption measurement accord ing to the ISO 

Standard 3741(Standard ISO 3741 1999). In comparison with the traditional RT measurement (level 

method), in accordance with ISO Standard 354 (Standard ISO 354 2003), the sound absorption method 

(absorption method) has the advantage of allowing for fast measurement of sound absorption using the 

airborne sound source in the receiving room, for the assessment of impact sound insulation of 

floor/ceiling structures in buildings. In order to develop a comparatively new airborne sound such as 

the ISO reference sound source, the tests conducted during stage 4 are to conduct comparative testing 

on the same sample of building elements in both laboratory and field conditions; this involves the 

making of a comparative repeatability test for measuring a sound absorption area by using the RBG on 

a floor/ceiling structure to be built both on site (in an actual building) and in a laboratory. 

Unfortunately, there is a lack of funding and facilities (for the same construction built and tested in the 

same time period) to verify the concept of the RBG method during stage 4 (in the field) of the process.  

 

The advantage of this modified equipment method is to  be able to either replace RT measurement using 

the loudspeaker equipment as the airborne sound source, or to substitute the sound absorption 

measurement with the ISO reference sound source in dwellings. The author believes that it would be 

better to directly measure the sound absorption area (using the sound absorption method) rather than to 

derive the sound absorption area from RT (using sound level method in accordance with ISO 354) of 

the receiving room in buildings. The benefits of the RBG are as follows: First, avoidance of the 

necessity for the transporting of the heavy loudspeaker and power amplifier that are required to 

measure RT down to low frequencies (e.g. below 100 Hz). The total weight of the loudspeaker and 

amplifier used in the ARC is around 33 kg for making RT tests in buildings in accordance with ISO 
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354; whereas, at this stage of development, the weight of the prototype RB is around 10 kg, for the 

measuring of sound absorption in accordance with ISO 3741. Secondly, the results of total sound 

absorption can be directly applied to calculate the impact sound insulation according to the Formula    

(I-1); therefore, the method is both simple and effective. Thirdly, the sound absorption method requires 

only two, 30-second, tests to be undertaken in the receiving room; this saves more time and effort in 

comparison with the traditional sound level method. This means that during the same measurement 

period as required in the RT test, the use of the absorption method enables more tests to be carried out 

if necessary in order to further improve the measurement accuracy on site. According to the ISO 354 

standard, in the case of the level method, the measurement at 2 loudspeaker positions with 3 

microphone positions is required. For each of the loudspeaker positions, 2 noise decays are recorded for 

each of the 3 microphone positions. In short, one RT requires 12 measurements. In contrast, the 

absorption method requires a measurement of 30 seconds at 2 reference source positions with one Leq 

measurement, and only requires 2 measurements to be taken. Consequently, the absorption method is 

more efficient than the level method. Last, but not least, if accepted, the newly proposed equipment 

would be less costly than, either, the ISO reference sound source, or, the required loudspeaker systems. 

In conclusion, compared to the use of conventional RT measurement using loudspeakers as the airborne 

source according to ISO standard 354 in field conditions, the modified equipment method is more 

efficient and cost effective for the completion of the impact isolation test. 

 

Although the subject of how to obtain accurate sound absorption measurements in buildings has been 

debated over the last 20 years, most field measurements are derived from RT results by using the sound 

level method (with loudspeaker and amplifier as the airborne sound source), while few field 

measurements directly measure the sound absorption area in buildings (using the ISO reference sound 

source). For most consultant companies, the reason for rarely using the absorption method is possibly 

due to the extra expense of the ISO reference source required. If these companies already have 

loudspeaker systems which enable a full ISO RT test to be conducted, it seems less necessary for them 

to purchase extra similarly functioning equipment such as the ISO reference sound source. However, 
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from the author‟s point of view, in some instances, the latter method appears promising in order to 

avoid the difficulties of measuring RT; thus, the RGB method (with known SWL of sound equipment) 

is proposed and is being studied to simplify the measurement system. The scope of applying the RGB 

is as follows. As the sound absorption method is more suitable for exciting an evenly distributed sound 

field in bedroom-size volumes in residential buildings, the method may not be suitable for areas of 

greater volume in commercial buildings with high absorption, such as concert halls or movie theatres. 

Therefore, the RBG method may not be suitable for use in measuring sound absorption in commercial 

buildings with relatively greater volumes. The other limitation is that the RBG technique might be 

carried out in low ambient noise environments so as not to disturb neighbours; this is the same 

limitation as applies to the loudspeaker method. The ultimate purpose of the RBG is to use it as the new 

airborne sound excitation to undertake level difference and room absorption tests by replacing the 

loudspeaker systems, the ISO reference sound source in the sound insulation measurement in buildings. 

In comparison with the 33 kg weight of the loudspeaker system and its market price, the Radiation Box 

is lighter in weight at 10 kg and this will significantly lessen the cost of equipment. However, to date, 

tests have not carried out on the performance of the current prototype Radiation Box in the field, due to 

the fact that the laboratory stage of RB product design is still in progress. The RB also needs to be able 

to produce greater power to accurately measure the sound level difference between test rooms. In order 

to validate the RBG as a new airborne sound source in the field, a comparison repeatability test for the 

RT (level difference in the near future) between the field and the laboratory is required. Fortunately, for 

the RB product, even at its current stage of development, another application can be extended to make 

level differences tests on wall systems which have relatively poor insulation. The application involves 

the determination of faulty wall systems by screening the adjacent rooms for a short period time. In 

conclusion, the RBG technique is most suitable for use by acoustic consultants who screen the impact 

sound insulation of building elements (monitor building performance before a buildings is fully 

finished), or detect faulty wall systems during the construction stages for high-rise buildings; the 

requirement for such consultants is only to measure the impact sound insulation of floor in finished 
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buildings (this conclusion was drawn after the author had interviewed consultants at over 4 consulting 

companies in New Zealand). 

 

The RBG method has been examined for use in controlled laboratory conditions, and further research 

would focus on applying the Radiation Box Gear to the implementation of sound insulation 

measurement in finished buildings in the field. Although some problems arise; such as, the presence of 

non-diffuse sound fields or, high absorption levels in some rooms (if applied in certain buildings); these 

may influence the measurement accuracy of sound absorption, these are similar to the problems 

encountered in measuring RT using a loudspeaker source as an airborne sound source in the field. 

Further research should be carried out on the investigation of the comparison of sound absorption and 

sound level methods to determine whether or not the RBG method can successfully used in field 

conditions. 

 

4.2 Invention of the Radiation Box 

As discussed in Chapters 1 and 2, a certain amount of research work, on the standardization of sound 

insulation measurements as a feasible quick field check in buildings, has previously been undertaken by 

international and national standard organizations. In one case, a quasi-simplified method for field 

measurement of airborne and impact sound insulation, using an airborne sound source consisting of the 

ISO standard tapping machine and the sound Radiation Box (Liang et al 1992) was suggested. The 

method evolved as the GBJ standard 75-84 (Standard China GBJ 75-84 1985) in the sound insulation 

of building elements in residential buildings in China. In the GBJ standard 75-84, field measurement of 

sound insulation is significantly reduced to 5 octave band sound levels and the single number rating for 

sound insulation is derived from the ISO reference curve by the conventional ISO method. Extensive 

field measurements for inspecting sound insulation were carried out using the simplified method, in 

accordance with GBJ 75-84, in apartments and high-rise buildings in six cities in China. The evaluation 

of sound insulation was given as single number R‘w for airborne, and L‘nT,w ,for impact, sound insulation, 
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as required by the ISO rating standard 717 series, although the simplified test procedures (GBJ 75-84) 

were quite different from the ISO measuring standards in the 140 series. The measured results of R‘ for 

airborne, or L‘nT, for impact, sound are inferred from the A-weighted sound levels examined in the 

source and receiving room; the rating numbers of R‘w and L‘nT,w, are achieved from a regression 

formula by the substitution of A-weighted sound pressure level difference or measured sound pressure 

level, for airborne or impact sound insulation, respectively. Due to the nature of the simplified test 

procedure, that has only 5 octave band frequencies in octave band, as described in the reported study, it 

is almost impossible to follow the direction of the research. However, to the contrary, the Radiation 

Box Gear as an airborne sound substitute for the loudspeaker system or the ISO reference sound source 

is so unique that it is worthy of continued application in simplifying impact sound insulation 

measurement. 

 

The author has been inspired by the idea of the Radiation Box Gear to replace airborne sound source 

and thus has combined it into the research on simplifying the impact sound insulation. As the impact 

sound test is the primary site measurement required (by NZ acoustical consulting companies) thus, 

standard tapping machine is traditionally indispensable and require being transported into buildings. In 

many instances, in the floor areas in lounges and kitchens, the impact sound insulation is one of the 

weakest sound isolation areas and gives rise to noise complaints; thus it is primarily these areas that 

require sound inspection. According to Equation (I-3) for accessing the impact sound insulation of floor 

systems, apart from the sound level test, either reverberation time or sound absorption tests are 

necessary in order to infer the normalized impact sound pressure level. Therefore, any modified 

equipment will have a great advantage in replacing the current airborne sound source if it can be 

combined well with the tapping machine to act as an airborne sound source. This means that if 

modified equipment system, consisting of the Radiation Box (10 kg) with ISO tapping machine, is 

powerful enough to measure the sound absorption area in an impact sound test, the loudspeaker and 

power amplifier (33 kg) will not needed to be carried into the field area that is to be tested.  
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To design a reasonable Radiation Box, four development stages are needed, as presented in the 

Introduction of this Chapter. Stage 1 is to design a theoretical model and then to build a practical 

prototype meeting basic requirements. After a pilot discussion on the size of the RB among the research 

team at ARC, a finite element 3-dimensional model of the Radiation Box was established, following 

which its natural frequencies and mode shapes were verified by Dr. Martin Kean using the computer 

program Finite Element Analysis 8.0 (FEA). After the optimization of its shape and size in the FEA 

program, the Radiation Box showed satisfactory performance at stage 1. Another consideration was the 

acoustical characteristics of surface materials. The research team selected materials which are able to 

boost the flat sound power in measured frequency ranges with a good repeatability. Another aspect to 

take into account is a weight requirement that would allow easy transportation into the field area; 

nonetheless, the equipment needed to have the repeatability capability of a strong top surface to cope 

with the action of the tapping machine (5 hammers). Eventually, the prototype Radiation Box was 

made from 6 mm Medium-Density Fibreboard (MDF) to form its four sides and base; the top impact 

surface was made from a 16mm High-Density Fibreboard (HDF) “Armour” board, which would be 

impervious to repeated and lengthy periods of action from the tapping machine‟s five hammers. This 

gives a highly repeatable sound source when used in sound insulation measurement carried out in the 

laboratory and it reproduces sound reduction indices which are indistinguishable from the 

measurements produced than using a loudspeaker as the source.  

 

Figure 4-1 shows the rectangle shape of the Radiation Box which consists of HDF board as the impact 

surface with its dimensions of 700 mm length and 400 mm width and 16 mm thickness, and the MDF 

board forming the rest of the four sides and base surface with their dimensions of 700 mm length and 

400 mm width and 5 mm thickness. The cavity inside the RB is filled up with sound control infill, 

Pink® Batts® R1.8 fibre glass wool, a commonly used GIB wall system insulation (GIB Noiseline® 

2012) in New Zealand. The studies of (Warnock IR802 & IR811 2000) verified that the addition of 

sound absorbing materials, such as glass wool, in the cavity of a wall or floor would significantly 
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increase sound insulation. As the Radiation Box is intended to boost the sound power level at low, 

rather than high, frequencies, therefore its cavity is filled with fibre glass wool. 

 

Figure 4-2 shows the base surface of the Radiation Box with four resilient mounting feet as the 

supportive stands to isolate vibration from the floor surface in the source room. 

 

 

 

Figure 4-1: The Radiation Box, top surface of Armour HDF    Figure 4-2: The resilient mounting feet 

(photos taken by the author in the laboratory) 

 

Despite the lack of both research funding and the facility to fully fulfil the design cycle of the RBG at 

this stage, the model presented in Figure 4-1 (Stage 2) is to examine in the laboratory (Stage 3) in order 

to verify the concept of the research. Moreover, the laboratory tests are guiding the direction of the 

research to further develop the RBG to become a lightweight, board band amplifier for the ISO tapping 

machine. If the research idea does not work well in controlled conditions; this indicates that it definitely 

would not be able work in complex field conditions. That also indicates that it is not worthwhile testing 

the idea in the field, although the RB is designed as equipment to apply the field measurement.  
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4.3 SWL of the Radiation Box Gear   

The purpose of this section is to determine the Sound Power Level of the equipment, the new airborne 

source consisting of the Radiation Box and the ISO tapping machine. By constructing a simple 

“Radiation Box” with vibration isolating feet for it to impact upon; the tapping machine can be 

converted into a steady and broad-band airborne sound source. If this source produces steady, broad-

band noise, successfully meeting the acoustical requirements for machinery and equipment in 

accordance with ISO 3740 (Standard ISO 3740 2000), the new combined source could possibly replace 

the current airborne sound source, a loudspeaker and an amplifying system (or the ISO reference sound 

source), to create a simplified method for field conditions. It is necessary for the test to first be 

undertaken in the laboratory before extending it for application in complicated field conditions.  

 

The ISO 3740 standard provides guidance on the selection of standards which are appropriate to 

determine the sound power level of an airborne sound source in chambers. In the case of the equipment 

of the Radiation Box Gear, 3 reasons for the conclusive choice of the ISO standard 3741 are as follows: 

(a) The ISO 3741 is the most suitable standard to be used for fulfilling all requirements in a particular 

situation after detailed consideration of the guidelines provided in ISO 3740; (b) The choice of the 

precision method ISO 3741 for the Radiation Box Gear also meets the requirements outlined in ISO 

3740 Annex C, e.g. the factors in Annex C require that the volume of the source size of the noise 

source should be less than 2% of the test room size for ISO 3741; (c) The standard also includes the 

grade of accuracy required.  

 

In this case, the precision method was chosen to determine the sound power level of the new equipment 

in the accredited Reverberation Chamber A, in the Acoustic Research Centre, New Zealand, in 

accordance with ISO standard 3741 (Standard ISO 3741 1999). In order to apply this method according 

to Annex A in ISO Standard 3740, the test environment shall be a reverberation room with a specified 

shape and a volume less than 300 m3 and be greater than, or equal to, 200 m3 for the lowest one-third-
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octave band of interest of 100 Hz. The laboratory Chamber A, with a volume of 202 m3 and room 

surface area of 208 m2 fulfils this requirement of applicability (Appendix A provides a description of 

the chamber facility at the Acoustic Research Centre). Additionally, the results of sound power level of 

this equipment should fulfil the requirement for measurement uncertainty in Annex A. The standard 

deviation of reproducibility is equal to, or less than, 3.0 dB from 100 Hz to 160 Hz, 2.0 dB from 200 

Hz to 315 Hz, 1.5 dB from 400 Hz to 5 KHz and 3 dB from 6300 Hz to 10 KHz, in one-third-octave 

bands, for sources which emit noise with a relatively “flat” spectrum.  

 

The combination of the equipment gear, which consists of the ISO standardized tapping machine 

hitting on the top of the Radiation Box, is positioned at the centre of the reverberation chamber A as the 

airborne sound source to replace the loudspeaker system as the primary examination tool in controlled 

conditions. ISO standard 354 suggests the positions of loudspeakers should be in corner positions to 

boost the maximum sound power output in order to excite an airborne sound field for RT measurement. 

However, in the case of the Radiation Box Gear for substitution of the loudspeakers, a series of random 

positions including; the centre position, the close to corner positions and at the four corners of the 

chamber have been tested in order to enable the study of the maximum airborne sound power output in 

Chamber A. The result obtained from the position at the centre of the reverberation chamber has been 

verified to be the best option for the Radiation Box Gear.  

 

The entire testing system and all the measured data processing are carried out in accordance with the 

ISO standard 3741. According to ISO 3741 (1999), the sound power level of the Radiation Box is 

determined by using the equivalent sound absorption area of the room.  

 

    (4-1) 

 

Where 
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     Lw     is the sound power level of the sound source under test, dB; 

          is the average sound pressure level in the room, dB; 

     A   is the equivalent absorption area of the room, m2 ; , Trev is the 

reverberation time for a given frequency band, seconds;  

     A0      is 10 m2; 

     S       is the total surface area of the reverberation room, m2; 

     V       is the volume of the room, m3; 

     f        is the midband of frequency of measurement, Hz; 

     c       is the speed of sound at temperature ;  

            is the temperature, ℃; 

           is the atmospheric pressure, Pa; 

          =1013*105 Pa. 

 

A checklist of instruments applied in the determination of noise source power using sound pressure 

level(s) method in Reverberation Chamber A includes: (a) B&K Model 3207 ISO standardized tapping 

machine (Fig.I-1); (b)The prototype of the Radiation Box (Fig. 4-1); (c) Two loudspeakers with 

amplifiers hung on the walls in Chamber A (Appendix A); (d) A rotating diffuser mounted on the 

ceiling to achieve the diffused sound field, and also fixed diffusers hung on the walls to improve the 

diffused sound field in the low frequencies (Appendix A); (e) B&K ½” microphone (type 

4190/2143842), and preamplifier (type 2619/945932); (f) B&K rotating boom (type 3923/936486); (g) 

01 dB Metravib dBBati Building Acoustics computer software (01 dB manual). 

 

The results of the RBG‟S SWL are presented in Table 4-1 and in Figure 4-3. Figure 4-3 presents the 

comparison of six sound power level measurements for the Radiation Box Gear in Chamber A. The 



 

148 

 

SWL results of those measurements show great agreement below 3150 Hz, only the slight difference of 

1.0 dB at 4 KHz and 2.0 dB at 5 KHz, respectively. In Figure 4-3, the SWL of the Radiation Box Gear 

has a relatively “flat” spectrum in the frequencies range of 125 Hz to 3150 Hz over the one-third-octave 

band frequency range of interest. Though the peak sound power level of 95.70 dB is at 1 250 Hz, while 

the minimum value of 82.0 dB is at 5 KHz, generally speaking, the sound spectrum of this new 

airborne source is quite straight over the measured frequency bands with a width of one-third-octave 

from 50 Hz to 5 KHz. The standard deviations with frequency ranges from 50 Hz to 4 KHz for six 

measurements show small values below 1.0 dB, with the exception of one case at 5 KHz which rises to 

1.37 dB. The tolerance of sound spectrum for the Radiation Box Gear also presents a good range of 

numbers expressed as a 95% confidence interval in Table 4-1.  In conclusion, the repeatability of the 

RBG records reasonably small values (around 0.5 dB) over the frequency range from 100 Hz to 3150 

Hz, in accordance with ISO 3741. 
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Figure 4-3: Comparisons of six sound power level measurements of the Radiation Box 

 in  Reverberation Chamber A 
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4.4 Comparison of SWL between the RBG and ISO Reference Source 

The purpose of this section is to compare the new source to the ISO reference sound source for sound 

absorption measurement in the laboratory. If the RBG has a sound spectrum that is sufficiently more 

powerful than that of the ISO, this means that the current heavy airborne sound source accepted by ISO, 

the loudspeaker and amplifier (RT measurement equipment), or the ISO reference sound source (sound 

absorption equipment), may not be required for one part of the impact sound insulation measurement.  

 

Taking one case of ISO reference sound source as an example, B&K 4204; this is a calibrated source of 

sound power with well defined operating characteristics and a predictable performance. It fulfills the 

requirements of the ISO standards 3741 series, and can also be used in the field of building acoustics to 

determine the sound absorption and sound insulation of a room from 100 Hz to 20 KHz (B&K 

reference sound source manual) in buildings.  

 

Figure 4-4: B&K Reference Sound Source - Type 4204 

 (source from B&K Company website 2007) 

 

The measurement setups for this comparison are similar to the test which determined the sound power 

level of the noise source in Section 4.3 in Chamber A. Two measurements of sound power level were 

carried out in accordance with ISO standard 3741, except for the difference in sound sources including 

the Radiation Box Gear and the ISO reference sound source (B&K 4204). 
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Figure 4-5: Sound Power Level of the Radiation Box Gear (blue curve) compared with the B&K 

Reference Sound Source (pink curve) (Type 4204) 

 

From the SWL comparison between the Radiation Box Gear and the ISO reference source shown in 

Figure 4-5, some conclusions can be drawn as follows: 

 Generally speaking, the sound power level of the Radiation Box is relatively flat from measured 

one-third octave band frequency ranges from 50 Hz to 10 KHz and is possibly qualified for 

using as an airborne sound source complying with requirements for developing new equipment 

in the related standards, although the sound spectrum is not as flat as that of the ISO reference 

source with measured frequencies. 

 The sound power spectrum curve of the Radiation Box is above the curve of the reference 

sound source over the whole measured frequencies. The great benefit of this would be to 

provide a more powerful sound source for making sound absorption test in the field situation, 

which would be an obvious improvement for efficiently testing room characteristics in 

buildings. The sound power level from the new sound equipment averages approximately 15.0 

dB higher over the whole assessed frequency range, with the maximum difference of SWL 
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between the new equipment and ISO sound source around 22.1 dB at 125 Hz and the minimum 

discrepancy about  2.5 dB at 50 Hz. 

 The interesting dip of around 2.0 dB at 250 Hz needs further attention for the future 

development of the design of the Radiation Box. 

 The RBG position is the same as the ISO reference sound source in the middle of Chamber A. 

Before the comparative tests, the RBG was located in most of the possible positions in the 

chamber for investigating a suitable position to excite the sound field properly. The results 

showed no difference among those different positions. Therefore, the RBG position was kept 

the same as the one for the ISO reference source. However, if the RBG applies in field 

conditions, its positions are needed to investigate in buildings.  

 

From the discussion above, the RBG has a higher sound spectrum than that of the ISO one and fulfils 

the requirements as an airborne sound source, though its spectrum is slightly less flat than that of the 

ISO. In conclusion, the new sound equipment is capable of substituting for the ISO reference sound 

source to apply as an airborne source in the laboratory conditions.  

 

4.5 Application of the Noise Source to Test Absorption Coefficient 

The aim of this section is to continually investigate the possibilities for measuring absorption 

coefficient with the new modified sound source in the diffused sound field of the laboratory. As the 

RBG has been verified, as described in the previous section, to successfully substitute for the ISO 

reference source as the airborne source this section focuses on studying the measurement of sound 

absorption under ISO 3741 (absorption method), and comparing it with the measurement for RT 

according to ISO 354 (level method). If this technique succeeds, the use of the RBG could be extended 

to provide as an alternative airborne sound source to directly measure sound absorption (compared with 

the traditionally indirect method of RT measurement) in the controlled conditions.  
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The other purpose of the section is to study how the variation of absorption coefficients would be 

influenced by modifying a measurement system, such as the new sound source proposed. In order to 

demonstrate the application of the combining noise source, a series of tests for measuring the 

absorption coefficient in accordance with the related ISO standard for the standard sample (the same 

standard sample for verifying the qualification of the Chambers at ARC) has also been conducted in 

Reverberation Chamber A, at the Acoustics Research Centre. The three test methods are derived from 

sound absorption coefficients with different descriptors in accordance with the ISO series. The first 

simplified method, using the RBG as the airborne sound source, is used to derive the absorption 

coefficients of the standard samples by measuring sound pressure levels defined in ISO 3741 

(laboratory accuracy) in Reverberation Chamber A. The second standard method of ISO standard 354 

(laboratory accuracy) is to measure absorption coefficients by testing reverberation time with and 

without the standard samples in the same chamber. The last method of ISO 3743-1 (ISO 3743-1 1998) 

is similar to the first one, the simplified method, expect for cutting down one RBG position (meaning 

decreasing measurements), to measure absorption coefficients in the same Reverberation Chamber A 

using the engineering accuracy method. In order to study the simplification of the method to be used 

for the RBG, the use of fewer source positions and level measurements is considered. As ISO 3743-1 is 

an engineering method with grade 2 level accuracy. The test environment required is a room above 40 

m3 with hard-wall, which is similar to a typical room in a residential building. Thus, the author 

concludes that one RBG position with one Leq measurement in 30 seconds is likely to meet the 

engineering accuracy required in ISO 3743. This accuracy level of grade 2 indicates the direction of the 

simplified method for the RBG in actual buildings in stage 4. Therefore, the author has included a 

simplified method for the RBG in the comparative tests. The measurement setups for the three 

comparison tests are similar to those for the tests which determined the sound power level of the 

Radiation Box Gear in Section 4.3. 

 

 

 



 

153 

 

Methods ISO Standard Airborne Sound Source 

The standard method 3741 
ISO 3741 (absorption method) 

Lab accuracy 
The RBG 

The standard method 354 
ISO 354 (level method) 

Lab accuracy 
The loudspeaker system 

The simplified method 

3743 

ISO 3743 (absorption method by 

simplified tests) 

Engineering accuracy in grade 2 

The RBG 

Table 4-1:  Difference of three test methods 

 

The sound absorption coefficient of a specified array of test objects should be calculated using the 

formula according to ISO Standard 354 

                                    (4-2) 

 

Where 

      is the equivalent sound absorption area of the test specimen, in square meters; 

S         is the area, in square meters, covered by the test specimen; 

V         is the volume, in cubic meters, of the empty reverberation room; 

       is the propagation speed of sound in air at the temperature t2, for temperatures in the 

range of  15℃ to 30℃,   can be calculated from the formula , =(331+0.6 t2/℃) 

m/s; 

T2        is the reverberation time, in seconds, of the reverberation room after the test specimen 

has been introduced; 

       is the propagation speed of sound in air at the temperature t1, for temperatures in the 

range of 15℃ to 30℃,   can be calculated from the formula , =(331+0.6 t1/℃) 

m/s; 

T1      is the reverberation time, in seconds, of the empty reverberation room; 
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     is the power attenuation coefficient, in reciprocal meters, calculated according to ISO 

9613-1 using the climatic conditions that have been present in the empty 

reverberation room during the measurement. The value of m can be calculated from 

the attenuation coefficient, , which is used in ISO 9613-1 according to the formula, 

, where the number e is an mathematical constant, approximately equal 

to 2.71828, that is the base of the natural logarithms; 

       is the power attenuation coefficient, in reciprocal meters, calculated according to ISO 

9613-1 using the climatic conditions that have been present in the empty 

reverberation room during the measurement. The value of m can be calculated from 

the attenuation coefficient, , which is used in ISO 9613-1 according to the formula, 

, where the number e is an mathematical constant, approximately equal 

to 2.71828, that is the base of the natural logarithms; 

S        is the area, in m2, covered by the test specimen.  

 

Figure 4-5 compares the results for the three measurements in Chamber A. The sound absorption 

coefficient of the standard samples can be calculated from Equations (4-1) and (4-2) for the ISO 3741 

and 3743 methods; another one of the standard samples can be derived from Equation (4-2) for the ISO 

354 method. The ISO 354 method (red line) gives the flattest result over the whole measured frequency 

range compared with the other two measurements (blue line for ISO 3743 method and green line for 

ISO 3741 method). Similar trends are expressed in the simplified and standard methods of the RBG 

according to ISO Standards 3743 and 3741. The absorption coefficient‟s values show no difference 

from 500 Hz to 3150 Hz, and a small difference within 0.1 dB from 100 Hz to 5 KHz. 

 

From three comparison tests in a reverberation chamber, the conclusion can be drawn that the 

Radiation Box Gear is capable of producing one-third-octave band sound pressure levels in the region 

of 90 dB in the laboratory, thus it can be used to operate as a sound source to replace the ISO reference 
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source to measure room absorption, or to substitute for the loudspeaker system to measure RT on site. 

One limitation of the Radiation Box is that, as yet, it is not able to be easily transported to meet some of 

the design aims. The current RBG also seems not to produce a sufficiently steady and powerful enough 

energy in the low frequency range, down to 50 Hz which is one of the main targets for coping with the 

majority of noise complaints. Clearly, another limitation is the fixed sound power for the prototype; 

therefore this may be an inadequate source where background noise levels are high or where the 

insulation to be measured is too high up for measuring the sound pressure level difference in the field 

measurement of airborne sound, though its use can be extended to quickly inspect faulty building 

elements (wall and floor systems) where they occur. Substituting a well-known manufacturer‟s 

reference sound power source (the ISO one) with the RBG could definitely provide a less costly 

alternative.  

Comparsion of the Absorption Coefficient  under three test methods in

Reverberation Chamber
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Figure 4-6: Comparison of 3 methods for measuring absorption coefficients 

 in Reverberation Chamber A 
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From the comparison of the 3 methods illustrated in Figure 4-6, some conclusions can be drawn as 

follows: 

 Generally speaking, the three results have a similar trend over the measured frequency. 

Although below 500 Hz, the absorption coefficients from the absorption method are higher than 

those from the level method; to the contrary, above 500 Hz, the absorption coefficients from 

ISO 3741 & 3743 method are lower than those from the ISO 354 method; 

 Results showed almost no difference between the simplified and full ISO 3741 methods. 

However, the results cannot be directly used to determine the tests in the field as the 

reverberation chamber is a diffused sound field in controlled conditions. Also, generally 

speaking, the volume of the chamber (202 ± 3 m3) is far greater than that of the rooms found  

in residential buildings. Therefore, an investigation is required into the use of the simplified 

3741 method in the field; 

 The RBG position is as follows: (a) Without the sample, the RBG position is in the middle of 

Chamber A, the same as in the previous test for determining its SWL; (b) With the sample in 

Chamber A, the RBG position is 1.5 metres away from the sample and from any wall of the 

chamber, as suggested in ISO 3741; (c) For the full 3741 method, a distance of 1.7 metres 

between different positions shall be equal to, or larger than, the half wavelength of sound 

corresponding to the lowest mid-band frequency (100 Hz) of measurement.  

 

From discussion above, the RBG is possible for use as the airborne sound source to make a sound 

absorption area for impact sound measurement in the laboratory. However, if applying the RBG 

method to field conditions, further variations and unforeseen factors need to be investigated in 

complicated buildings.  
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4.6 Further Suggestions for the Radiation Box 

The ultimate idea of the RBG is to simplify the measurement equipment by replacing the loudspeaker 

system in sound insulation measurement.  The first step is to provide the possibility to substitute for the 

ISO reference sound source in the current measurement equipment for measuring sound absorption in 

the impact sound insulation measurement procedure. This RBG method for measuring sound 

absorption area has been successfully examined in the laboratory, but it is possible that this prototype is 

able to be extended to an alternative option for measuring sound absorption in buildings, although some 

limitations need to be considered when the RBG is applied in the field.  The second step of verifying in 

the field has not been made as yet. Further steps need to be taken for the optimized new equipment to 

fulfil the ultimate research idea in the chapter; therefore a less expensive lightweight RBG could 

replace a heavy and expensive loudspeaker system / ISO reference sound source to be operated in the 

field.  

 

Further research would be to consider the optimized design for the Radiation Box. To improve the 

power output of the RB at low frequencies (down to 50 Hz) for possibly measuring the accuracy sound 

absorption over larger frequencies in rooms, modification is required for the rectangle of the equipment 

to be of a vented enclosure type of design to increase the sound power spectrum at low frequencies. In 

order to make airborne sound tests for level difference between rooms, the RB needs to be further 

developed to measure higher sound level over the measuring frequency. Other potential improvements 

could be made by further modifying its shape and strengthening surface of the material that is hit by the 

ISO tapping machine, and by optimizing its vibration isolation supports to achieve better insulation 

from the supporting floor. Consideration could also be given to modifying the ergonomics of the RB to 

improve its portability to field environments.  Another topic of research is to verify reproducibility of 

the sound power level of the RBG in the laboratory, although this may not significantly influence the 

results of sound absorption measurements in the laboratory and field conditions. Moreover, the 
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optimised design of the RB includes a combination of all the above considerations with the 

achievement of better results for its physical characteristics, such as being small and lightweight.  

 

Additionally, the statistical analysis of the repeatability of this sound equipment should be measured in 

the laboratory and field conditions. Furthermore, the choice of location for new sound source in rooms 

needs further study to achieve the maximum power output in sound absorption measurement in finished 

buildings. Moreover, further research should be carried out on the investigation of a comparison of the 

sound absorption method and sound level method to determine whether the RBG can be used 

successfully in field conditions. 
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Chapter 5 

 

Measurement Uncertainty and Repeatability in Field 

Conditions  

5.1 Introduction 

The purpose of this chapter is to investigate measurement accuracy, another essential part of the 

measurement system, for impact sound in field conditions. This shows that the use of simplified 

methods in the field could probably produce results with a level of accuracy that is acceptable when 

compared to those obtained through full ISO field measurement. The chapter includes; a study of the 

measurement accuracy of the laboratory-based testing system and hand-held sound level meter 

technique on impact sound insulation, an investigation of the repeatability of impact sound pressure 

level, the Correction Factors method, and the Radiation Box.  

 

Generally speaking, uncertainty of measurement means doubt about the validity of the results of a 

measurement. This means defining a parameter associated with the result of a measurement that 

characterizes the dispersion of the values that could reasonably be attributed to the measured in The 

Guide to the Expression of Uncertainty in Measurement (GUM 1995). The parameter may be, for 

example, a standard deviation of the normalized impact sound pressure, or the half-width of an interval 

having a stated level of confidence. GUM (1995) introduced the combined standard uncertainty uc, the 

coverage factor k (k =1.96 for 95% level of confidence), expanded uncertainty U (U = kuc), and the 

overall uncertainty of the measurement that can be obtained to the same, 95% , level of confidence (i.e. 

an average ][96.1 cux  for 95% level of confidence). For example, the expressing of uncertainty of 

measurement in impact sound insulation is that Impact Sound Pressure Level (ISPL) value is 55.7±0.8 

dB at 500 Hz for the 95% confidence level in Table 5-2. The overall uncertainty can also be expressed 
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by a particular value of coverage factor (i.e. k = 2.58) given for a particular confidence level before 

adding to the final results (i.e. an average for 99% level of confidence). Most commonly, a coverage 

factor of 1.96 for a level of confidence of 95% is a fair assumption in the uncertainty of measurement 

(Stephanie 1999). Consequently, this has been applied to the field measurement of the impact sound in 

this chapter. 

 

Uncertainty of measurement generally comprises of many components. Some of these components may 

be evaluated from the statistical distribution of the results of series of measurements and can be 

characterized by experimental standard deviations (“Type A” method or “Random” method). The other 

components, which can also be characterized by standard deviations, are evaluated from assumed 

probability distributions based on experience or other information (“Type B” method or “Systematic” 

method). Values belonging to this category may be derived from: (a) Previous measurement data; (b) 

Experience with or general knowledge of the behaviour and properties of relevant materials and 

instruments; (c) Manufacturer‟s specifications; (d) Data provided in calibration and other certificates; 

and (e) Uncertainties assigned to reference data taken from handbooks. It is understood that the result 

of the measurement is the best estimate of the value of the measured uncertainty (“Type A” method), 

and that all components of uncertainty, including those arising from systematic effects, such as 

components associated with corrections and reference standards, contribute to the dispersion. In the 

case of repeatability uncertainty studied in this chapter, the “Type A” method of evaluation was 

adopted; this is similar to the practice adopted for most work in sound insulation measurements from 

experimental results in laboratory and field conditions. For example, in the work (Olesen 1992) 

(Göransson 1993) on the ISO standards for developing 140 series measurement standards in building 

acoustics, the uncertainty components such as the standard deviations of impact sound pressure levels 

and reverberation times were studied and statistical analysis used was the “Type A” method. These test 

data were mainly achieved in laboratory conditions and the amount of field measurements was limited.  
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Chapter 5 asserts that the uncertainty of measurement is of significance for the field measurement of 

the impact sound insulation. In principle, this will ensure good quality measurement and understanding 

of results. In practice, it is also a test for use in environments where the uncertainty of measurement is 

needed to determine a pass/fail result, or alternatively, to achieve a tolerance to ensure the test results 

meet an acceptable limit. The measurement result is only complete if it is accompanied by a statement 

of the uncertainty in the measurement; therefore the uncertainty of measurement is a critical component 

in the implementation of a measurement system.   

 

As the aim of the chapter is to the study the variation of factors affecting the measurement accuracy 

conditions, testing facility and experimental setup are introduced; this is in order to compare the results 

between the laboratory technique and field measurement of impact sound insulation on 26 

constructions at the Tamaki Chamber, Acoustics Research Centre, University of Auckland. Also 

presented in this chapter, are the variations between laboratory-graded measurements and the field 

hand-held equipment technique. The comparison of the normalized impact sound pressure level (Ln,/L‘n,) 

under two categories of the laboratory technique (ISO 140-6) and field measurement (ISO 140-7) is 

presented. Deviations are mainly derived from situations where most of the floor/ceiling structures 

have softer coverings, such as carpet with underlay, and the results imply a better agreement on bare 

floors. Moreover, a comparison of the weighted normalized impact sound pressure level (Ln,w /L‘n,w) has 

been conducted on the 26 floors with four floor finishes for the investigation of the difference of single 

number rating L‘n,w+ CI‘ and Ln,w+ CI for impact isolation under two measurement techniques. As 

expected, these results showed a difference between the two methods; except that an interesting 

phenomenon appeared in that there was no difference for some floors under specific floor conditions. 

Furthermore, the author agrees with LoVerde‟s proposal for two rating systems for floors (LoVerde 

2007) in which Impact Sound Pressure Level (ISPL) is the more suitable descriptor at low frequencies 

below 100 Hz compared with the one (e.g. Ln,w+ CI ) defined in ISO standard 717-2 in the same 

frequency range. To extend the idea of ISPL as the most suitable descriptor for impact sound insulation 

at low frequencies, the repeatability of ISPL is proposed in support of the LoVerde‟s proposal. 
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Repeatability in field conditions is also suggested to complement the tolerance of the new descriptor, 

ISPL, for rating the impact insulation of floors structure in accordance with LoVerde‟s proposal for two 

rating standards for building elements. The repeatabilities of Correction Factors and the Radiation Box 

are discussed for completing the measurement accuracy of the simplified method. Finally, the 

uncertainty budget is summarized into the spreadsheet for impact sound insulation in the field.  

 

The significance of the study described is obviously to provide a tolerance range for parameters in the 

impact sound insulation of field measurement in buildings. Repeatability for ISPL is supplied to 

complement a tolerance for the distinctive descriptor for the rating of the impact sound insulation. The 

Repeatability of the SWL for the Radiation Box is also provided to verify the new equipment. 

Moreover, the repeatability for the CF is given to examine the measurement accuracy in the CF method 

that has been developed. 

 

5.2 Testing Facility & Experimental Setup 

The test chamber is located inside a single-storey warehouse at 3, Hannigan Drive, St Johns, Auckland, 

New Zealand. The building has a common area shared with the wind-tunnel laboratory at Tamaki 

Campus, University of Auckland. The venue is located in the business area and thus is anticipated to 

have exposure to high percentage of environmental noise. The environmental noise consists of a 

combination of heavy traffic noise from cars, buses, container trucks, diesel trains and aircraft and 

natural sounds, such as strong winds blowing and heavy rain falling on the steel roofing system of the 

warehouse. All these factors have significant possibilities for influencing the background noise of the 

measurements taken. In order to take maximum avoidance of detrimental noise and the test sounds 

emanating from wind-tunnel tests, the 26 floor tests in the chamber were therefore generally conducted 

from 8 pm to 2 am (or at least the finished tests using the laboratory method during 6 hours‟ period). 

Due to unforeseen circumstances, on occasions the tests using the field method had to be completed 

during a day (from 9am to 5pm) during the following weekend. 
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Figure 5-1&2: Surroundings and location of the Tamaki Chamber (Source  from Google map) 

 

The Tamaki Chamber is 7.0±0.1 m in length, 3.0±0.1 m in height and 3.2±0.1 m in width, with a 

total room volume of 67.2±0.1 m3. Figure 5-3 shows a cross section of the test chamber and illustrates 

the floor/ceiling structure.  

 

  Figure 5-3: Cross section of the Tamaki Chamber 

The measurement setup in Figure 5-4 includes two options for microphone setup (either standing 

microphones or with a rotating boom for one of them) and a diffuser vane, as well as one loudspeaker 

at the corner of the receiving room for the impact sound insulation measurement.  
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Figure 5-4: Test setup in the receiving room                    Figure 5-5: One floor in the source room 

(photos taken by the author on site) 

Figure 5-5 shows the condition of the bare floor (as a reference floor) in the source room. For the 

purposes of sound impact isolation testing, four floor finishes are provided, these include; bare floor, 

carpet tile, carpet, and carpet with underlay.  

 

5.3 Experimental Technique 

The goal of this research is to make a comparison of impact sound insulation measurement for the 26 

floor models in accordance with the ISO 140-6 (Standard ISO 140-6 1998) laboratory method, while 

carrying out similar tests on the same floors corresponding to the ISO 140-7 (Standard ISO 140-7 1998) 

field method. The comparison is made by studying the variations in impact sound pressure level 

measurement for example; the operator is involved as a reflective object and is part of the absorption in 

the receiving room. Whilst this does not clearly define the reasons for the operator‟s presence in the 

room in accordance with ISO 140-7, in practice, due to cut off, the weight of the gear, and time for 

measurement setup, an acoustic consultant generally adopts hand-held equipment rather than fixed or 

moving microphones to make tests on site that have engineering accuracy. The variation also contains 

the investigation of the differences found when using two types of instrument system (01dB system and 

B&K 2260) on the 26 constructions with same flanking transmission paths.  
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26 floor constructions have been built on-site by qualified builders and measured by one technician and 

two researchers (including the author) using the method specified in the ISO 140-6 and 140-7 standards, 

and evaluated by the ISO 717-2 standard as the rating criteria for impact sound insulation of floors. 

There are four conditions to the measurement process including a bare floor (as a reference floor), 

carpet, carpet tile and carpet with underlay. The comparison of laboratory and field measurement on the 

same floor with four floor finishes was made, and the uncertainty of measurement on impact sound 

pressure level was generalized from the measured results for comparison with the recommended  values 

of repeatability from the ISO 140-2 standard.   

 

10 of the 26 floors were selected and presented as floor samples for investigating the difference 

between the two measurement systems (01dB system and B&K 2260) under two ISO methods. The 3 

examples for floor results (floor 1, floor 6 & floor 10) are presented in Section 5.4; while the rest of the 

results for the remaining 7 floors (floors 2 to 5 & floors 7 to 9) are included in Appendices C1 to C7.  

 

5.3.1 Diffusivity and Qualification in the Tamaki Chamber 

According to Annex A in ISO 354 (Standard ISO 354 2003), ideally, the diffusing elements should be 

sheets with low sound absorption and with a mass per unit area of about 5 kg/m2. An acceptable level 

of diffusivity can be achieved by using rotating vanes. Diffusers of different sizes, ranging from 

approximately 0.8 m2 to 3.0 m2 in area are recommended. From experience, it has been found that in 

rectangular rooms, the area (both sides) of a diffuser is required to achieve satisfactory diffusion of 

approximately 15% to 25% of the total surface area of the room.  

 

In the particular instance of the Tamaki Acoustics Chamber, a rotating vane of volume 5.76 m3 (1.2 m 

width, 1.2 m length and 2.0 m height) is used in a receiving room of approximately volume 67.2 m3 for 

promoting the diffusivity of the sound field under conditions of laboratory measurement corresponding 

to ISO 140-6. The rotating vane that produces the maximum diffusivity of the sound field provides an 
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ideal Sabine room during a set of reverberation time(s) and with an impact sound pressure level 

measurement using a B&K turntable (model type 3922). Owing to the difficulty of transporting large 

volume heavy weight diffusers into real buildings, it is difficult to use rotating vanes in field conditions 

to improve the diffusivity of the sound field in actual buildings. In this case, the rotating vane in the 

unfurnished receiving room acts as a stationary diffuser for replacing an absorption material such as 

furniture, during field measurement. As the receiving room shown in Figure 5-2, the Tamaki Chamber 

is an unfurnished room with six hard boundary surfaces (four concrete walls, one ceiling and one 

concrete floor), inside a relatively small room. 

 

In regard to the study of the Schroder cut-off frequency in the Tamaki Chamber, the RT test was made 

with a stationary diffuser inside the receiving room (without an operator) according to the ISO 354 

standard. To calculate the lowest frequency where diffused sound fields may occur, an RT averaged at 

three mid-range frequencies and the room volume are needed. According to the Schroder cut-off 

frequency formula (see “Schroder cut-off frequency” in the glossary), the cut-off frequency occurred at 

269 Hz in the 67.2 m3 room where the RT was averaged as 1.21 seconds (1.52s at 500 Hz, 1.17s at 1 

KHz and 0.95s at 2 KHz in Table 5-1). In regard to the operator‟s presence in the room while making 

tests in the Chamber in accordance with ISO 140-7; the absorption area for one person in the Chamber 

is 1.09 m2 (0.55 m2 at 500 Hz, 1.05 m2 at 1 KHz and 1.68 m2 at 2 KHz in Table 5-1). Consequently, one 

person can contribute about 0.47 dB (0.32 m2 at 500 Hz, 0.46 m2 at 1 KHz and 0.59 m2 at 2 KHz, as 

shown in Table 5-1) to impact sound level according to Equation (I-3). This means that the higher the 

frequency, the larger the absorption area. The other issue of reflection from the body of the user, the 

operator held the meter at arm‟s length (over 0.6 m) to minimise reflection and shielding effects. In 

conclusion, one person‟s presence in the chamber did not significantly influence the field of normalized 

impact sound pressure level in the Tamaki Chamber. 
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Frequency, Hz 125 250 500 1000 2000 4000 

a
44 person absorption area,m

2
 12.00 21.00 24.00 46.00 74.00 100.00 

1 person absorption area AP ,m
2
 0.27 0.48 0.55 1.05 1.68 2.27 

b
RT in the empty chamber, seconds 1.57 1.94 1.52 1.17 0.95 0.84 

c
Empty chamber's absorption area 

Ac, m
2
 

6.98 5.65 7.21 9.36 11.53 13.04 

1 person absorption area 

percentage in the chamber 
4% 8% 8% 11% 15% 17% 

d
1 person presence contributing to 

L‘n in the Chamber , dB 
0.17 0.35 0.32 0.46 0.59 0.70 

Table 5-1:  One person‘s absorption area and contribution in the Tamaki Chamber 

Note:  

     a  data from Table A5-7, pp.598 (L.L.Beranek 2002); 

     b  data measured in the Tamaki Chamber according to ISO 140-6; 

     c   calculated according to Equation I-2; 

     d   in Equation (I-3), . 

 

Besides consideration of the diffusivity in the chamber, the qualifications of the receiving room were 

checked with standard samples (the same as those used to qualify the chambers in The Acoustics 

Research Centre referred to in Chapter 4) in advance according to the relevant ISO standard 354. Two 

pre-check measurements were carried out before the measurement of each of the 26 floors in the 

Tamaki Chamber was undertaken. One measurement is a correction for the background noise test to 

comply with the ISO 140-7 standard; this was undertaken to ensure that the observations in the 

receiving room were not affected by extraneous sound such as noise from outside the test room. For 

using the signal levels without corrections, the background level shall be preferably more than 15 dB 

below the level of signal and background noise combined. If the difference in levels is smaller than 15 

dB but greater than 6 dB, calculate corrections to the signal level according to the equation 
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                                                   (5-1) 

Where  

L     is the adjusted signal level; 

Lsb    is the level of signal and background noise combined; 

Lb       is the background noise level.  

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

1.3 dB corresponding to a difference of 6 dB. In that case, the relevant values shall be given as 

indicated in the measurement report so that it clearly appears that the reported values are the limit of 

measurement. Two background noise measurements were made before and after the tests of RT and 

impact sound levels on each of the 26 floor samples, and the sound levels were corrected using 

Equation (5-1) if needed. 

 

The other measurement, to check that the airborne noise produced by the tapping machine and 

transmitted to the receiving room, does not influence the impact sound pressure level in the receiving 

room. The airborne sound contribution from the tapping machine can be evaluated as follows: (a) The 

sound pressure level difference (LD,spk) between source (Figure 5-5) and receiving room  (Figure 5-4) is 

determined by means of a pink noise signal from a loudspeaker placed in the source room; (b) The 

sound pressure level (Ls,tm) in the source room (Figure 5-5) from the tapping machine is measured; (c) 

The sound pressure level (LR,tm) in the receiving room (Figure 5-4) from the tapping machine is 

measured. As a result, the influence of the airborne sound from the tapping machine can be regarded 

negligible if the difference (Ls,tm - LD,spk ) is 10 dB or more below LR,tm at any frequency band of interest 

(Standard ISO 354 2003) (Standard ISO 140-6 1998) (Standard ISO 140-7 1998). This measurement 

was made before starting tests on each of the 26 floor samples. 
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The limitations of the field-grade and laboratory-grade impact sound pressure levels comparison are as 

follows: (a) The field tests carried out on 26 floors in the Tamaki Chamber were not true field 

measurements. First, the RT in the receiving room of 67.2 m3 in mid-frequency range (in Table 5-1) is 

greater than the standardized RT of 0.5 seconds independent of frequency, as suggested in ISO 140-7. 

In other words, the actual absorption area of the Chamber is smaller than the normalization of 10 m2 

defined in ISO 140-7. In the case of the Tamaki Chamber, this may not be a good enough example to 

represent a typically furnished residential room; (b) Because the operator was present in the Tamaki 

Chamber during the measurement period, this caused a variation in normalized impact sound levels 

between the laboratory and field tests; (c) No increase tests were made, as suggested in ISO 140-7 for 

improving measurement accuracy, therefore most of the test results under 269 Hz were in doubt to 

some degree among the 26 floor samples; (d) When the loudspeakers or the ISO tapping machine were 

turned off, no noise-check tests were made while the operator was walking around making impact level 

measurements in the chamber; (e) No electrical noise check tests were made in the receiving system as 

ARC does not have a dummy microphone. The dummy one required by the ISO 140-8 (ISO 140-8 

1997) standard is to replace a microphone in order to check for electrical noise. 

 

5.3.2 Instrumentation in Laboratory & Field Tests 

The instrumentation used in the Tamaki Chamber in the laboratory measurements made in accordance 

with ISO 140-6, consisted of: (a) Econ loudspeaker as a airborne sound source; (b) B&K ½” free- field 

class 1 microphone (type 4190/2143842, 6.3 Hz to 20 kHz, 200V polarization), and pre-amplifier (type 

2619/945932); (c) Rotating boom (type 3923/936486); (d) 01 dB Metravib dBBati Building Acoustics 

Software (01dB 2003); (e) B&K Model 3207 standardized tapping machine; (f) 5 m3 volume rotating 

diffuser. 

 

The equipment used in the Tamaki Chamber for taking field measurements that are in accordance with 

ISO 140-7, consisted of: (a) B&K Model 3207standardized tapping machine; (b) Handheld sound level 
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meter, B&K 2260 analyzer (type 3360/2034396); (c) B&K ½” free- field class 1 microphone (type 4189, 

20 Hz to 20 kHz, 200V polarization), and pre-amplifier (type 2671). 

 

Note that the calibration of the above equipment is conducted annually by Electroacoustic Calibration 

Services (ECS), an International Accreditation New Zealand registered laboratory. 

 

5.4 Comparisons for Laboratory & Field Testing on Floors 

5.4.1 Comparison for Floor 1 

Figure 5-6 shows the description of floor 1; this is a timber floor presenting as a reference floor for the 

rest of the 25 floors in this study. The first sample of floor 1 has a length of 7.00 m, a width of 3.20 m 

and a thickness of 0.457 m (including ceiling structure).  

 

Figure 5-6: Description of floor 1  

Figure 5-7 represents a cross section of the structure of floor 1; this consists of one layer of 15 mm 

flooring grade plywood, a 358 mm deep cavity, 23 mm clip gap and a ceiling structure including 35 

mm ceiling steel battens and two layers of 13 mm GIB Noiseline® plasterboard (GIB Noiseline® 2012). 
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                                                 Figure 5-7: Cross section of floor 1 

 

Figure 5-8 presents two comparison curves relating to the normalized impact sound pressure levels 

obtained for measured frequency between the field and laboratory on the bare floor 1, which was 

measured as the reference floor for comparing with the other three floor finishes. Almost no difference 

was found between the normalized impact sound pressure levels with a measured frequency of between 

50 Hz to 5 KHz using the laboratory technique according to ISO 140-6 standard and the field 

measurement as 5 KHz defined in ISO 140-7; although the variation of the sound pressure levels was 

from 30 dB to 70 dB among the measured frequencies, indicating the poor sound insulation provided 

by the sample floor 1. The result also probably implies that the unfavourable factors in the field were 

not influenced by the measured data from the floors with poor sound insulation.  
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Figure 5-8:  Comparison of laboratory and field measurement of bare floor 1 

       L‘n is the normalized impact sound pressure level in the field defined in ISO 140-7 

                     Ln is the normalized impact sound pressure level in the lab defined in ISO 140-6 

 

Figure 5-9 presents two comparison curves of the normalized impact sound pressure levels with 

measured frequency between the field and laboratory on carpet tile surface. The chart shows that there 

is quite an obvious difference in the normalized impact sound pressure levels and the measured 

frequency from 500 Hz to 5 KHz between the laboratory technique (ISO 140-6) and the field 

measurement (ISO 140-7). The gap between the L‘n and Ln becomes larger with the increase in 

frequency immediately following the 500 Hz. 
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Figure 5-9: Comparison of laboratory and field measurement of floor 1 (carpet tile) 

The same definition of L‘n & Ln as shown in Figure 5-8 

 

Figure 5-10 presents a comparison of the normalized impact pressure levels on floor 1 using carpet 

underlay, which is the softest of the floor treatments among the four floor finishes in both field and 

laboratory conditions. The comparison reveals that there is a steady difference in the normalized impact 

sound pressure levels from 1250 Hz to 5 KHz between the laboratory technique according to ISO 140-6 

and the field measurement defined in ISO 140-7. The two impact sound pressure levels (L‘n and Ln) 

differ by between 10 dB and 30 dB from 1250 Hz to 5 KHz.  
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Comparsion of the Field and Lab measurement of Floor 1

(Carpet with underlay)
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Figure 5-10: Comparison of laboratory and field measurement of floor 1 (carpet with underlay) 

The same definition of L‘n & Ln as shown in Figure 5-8 

 

 

5.4.2 Comparison for Floor 6 

The second model for floor 6 was built, not only to simply the modification of its length from 7.00 m to 

5.50 m (keeping the same width of 3.20 m), but also to add a 105 mm top layer on the same sub-

structure of floor 1 (in Fig. 5-7) for the purpose of improving its impact sound insulation. According to 

the cross section of floor 6, shown in Figure 5-11, the structure of floor 6 has had the addition of a 105 

mm upper structure, a combination that includes the use of 15 mm plywood (flooring grade), 85 mm 

sand/sawdust mix in its cavity, and also a 5 mm gap between the plywood and sand/sawdust mix. The 

thickness of floor 6 amounts to 0.562 m and includes the same ceiling structure as used for floor 1.  
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                                                  Figure 5-11: Cross section of floor 6 

Figure 5-12 presents two comparison curves for in-the-field and laboratory testing of bare floor 6; this 

is measured as the reference floor for floor treatment comparison with the rest of the three floor finishes. 

Almost no difference was found for the normalized impact sound pressure levels with a measured 

frequency range from 200 Hz to 3150 Hz, although there is a slightly higher increase of the L‘n in the 

lower frequencies (below 200 Hz) and the higher frequencies (above 3150 Hz) for the in-the-field 

measurement, as defined in ISO 140-7, when compared to the values of Ln measured according to ISO 

140-6. Comparing the normalized impact sound pressure levels of floor 1, as shown in Figure 5-8, and 

the values of floor 6, shown in Figure 5-12, the impact sound performance of floor 6 was considerably 
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improved following the modification of the top structure and the shortening of dimensions; such action 

may avoid the natural frequencies of the structural characteristics of floor 1.  
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Figure 5-12: Comparison of laboratory and field measurement of bare floor 6 

The same definition of L‘n & Ln shown in Figure 5-8 

Figure 5-13 presents two comparison curves for the normalized impact pressure levels of floor 6 using 

carpet tile as the floor finish for both in-the-field and laboratory testing of the carpet tile flooring. The 

curve of the sound pressure levels L‘n are slightly above the curve of the Ln in frequencies from 50 Hz 

to 5 KHz, and from above 1250 Hz, the difference between the two curves becomes larger with 

increasing frequency. The biggest difference reaches up to 10 dB from 3150 Hz to 5 KHz.  
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Figure 5-13: Comparison of laboratory and field measurement of floor 6 (carpet tile) 

The same definition of L‘n & Ln as shown in Figure 5-8 

 

Figure 5-14 presents two comparison curves for the normalized sound levels on floor 6 using carpet as 

the floor surface both in-the-field and in the laboratory. The curve of the sound pressure levels L‘n is 

slightly above the curve of the Ln over the whole measured frequency range from 50 Hz to 5  KHz, and 

the difference between the two curves becomes larger with increasing frequency from 1250 Hz. The 

greatest difference reaches up to 10 dB from 3150 Hz to 5 KHz. The trend of these curves using the 

carpet as a floor finishes is presented in Figure 5-14; it is the same as for the same floor using  carpet 

tile as the floor surface, as presented in Figure 5-13. 
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Figure 5-14: Comparison of laboratory and field measurement of floor 6 (carpet) 

The same definition of L‘n & Ln as shown in Figure 5-8 

Figure 5-15 presents a comparison of the normalized impact pressure levels on floor 6 using carpet 

with underlay as the floor treatment,  which is the softest of the floor treatments among the four floor 

finishes for in-the-field and laboratory testing. The difference for normalized impact sound pressure 

levels between 1250 Hz to 5 KHz is shown in Figure 5-15, is a similar trend to that of floor 1, as 

presented in Figure 5-10. After the modification of floor 6, the insulation of this floor improved greatly 

at higher frequencies. Figure 5-15 shows clearly that the variation in sound pressure levels (L‘n and Ln) 

varies by between 10 dB and 20 dB between 1250 Hz to 5  KHz. This difference in sound pressure 

levels has a similar trend in level difference as shown for the floor 1 in Figure 5-10. 
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Figure 5-15: Comparison of laboratory and field measurement of floor 6 (carpet with underlay) 

The same definition of L‘n & Ln as shown in Figure 5-8 

 

5.4.3 Comparison for Floor 10 

Floor 10 was chosen as one of the representative models; it has the same 5.5 m length and 3.2 m width 

of as floor 6 (Fig.5-11) but has a slightly smaller thickness of 0.472 m, in comparison with the 0.562 m 

thickness for floor 6. A further modification was made to the top layer compared to floor 1 (treated as 

the reference floor model for improving the impact sound insulation among the 26 floors); the new top 

layer of floor 10 now consists of a 29 mm USG Alpha Gypsum concrete layer (an increase in thickness 

from 10 mm to 40 mm, for the further development of the remainder of the models for the 26 floors) 

and a 12 mm polyethylene foam underlay, as presented in Figure 5-16.  
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                                         Figure 5-16: Cross section of floor 10 

Figure 5-17 presents two curves of the normalized impact pressure levels on the bare floor, which is 

measured as the reference floor for comparison with the rest of the three floor finishes, both in-the- 

field and in the laboratory. Almost no difference was found for the normalized impact sound pressure 

levels with a measured middle frequency range from 200 Hz to 2 KHz, although L‘n is slightly larger in 

the lower frequencies (below 200 Hz) and the higher frequencies (above 2 KHz) in the field 

measurement, defined in ISO 140-7, than the values for Ln measured according to ISO 140-6. An 

interesting phenomenon occurred in floors 10 and 6 that are without any floor covering. The difference 

in curves starting from the frequency 2 KHz in floor 10 (Fig.5-17) compared to the difference in the 

gap having occurred from a frequency of 3150 for floor 6 (Fig.5-12); this may be caused by the 
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modification of the top layer (consisting of the Gypsum concrete and the polyethylene foam underlay) 

on floor 10. In comparison with the normalized impact sound pressure levels for floor 1, as shown in 

Figure 5-8, and in the values for floor 10, as shown in Figure 5-17, the impact sound performance of 

floor 10 improved after the modification of the top structure and its size. 
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Figure 5-17: Comparison of laboratory and field measurement of bare floor 10 

The same definition of L‘n & Ln as shown in Figure 5-8 

 

Figure 5-18 presents two comparison curves of the normalized impact pressure levels on floor 10 with 

carpet tile as the floor covering for in-the-field and laboratory testing. The curve of the sound pressure 

levels L‘n are below the curve of the Ln in the middle frequencies from 125 Hz to 1 KHz, and, 

conversely, the L‘n curve exceeds the Ln curve in the low frequencies below 125 Hz and the high 

frequencies from 1 KHz onwards. The difference between the two curves presented in Figure 5-18 

shows a very different trend compared with the trends for floor 1 (Fig.5-9) and floor 6 (Fig.5-13) using 

the same floor finish, that of the carpet tile. The three gap trends shown in Figures 5-18, 5-9 and 5-13 
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imply that the impact sound insulation with measured frequency depends on the structure of the top 

layer and the relative size of floors, although the sub-structure for the construction is the same for all 

three floors. 
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Figure 5-18: Comparison of laboratory and field measurement of floor 10 (carpet tile) 

The same definition of L‘n & Ln as shown in Figure 5-8 

 

Figure 5-19 presents two comparison curves of the normalized sound levels on floor 10 using the carpet 

surface for both in- the-field and laboratory testing. The curve of the impact sound pressure levels L‘n 

shows a good agreement with the curve of the Ln in the measured frequencies below 800 Hz, and the 

difference between two curves becomes larger with increasing frequency from 800 Hz. The biggest 

difference is reached up to 10 dB from 3150 Hz to 5 KHz. 
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Figure 5-19: Comparison of laboratory and field measurement of floor 10 (carpet) 

The same definition of L‘n & Ln as shown in Figure 5-8 

Figure 5-20 presents a comparison of the normalized impact pressure levels on floor 10 using carpet 

with underlay as the floor treatment, the softest floor surface among the rest of three floor conditions, 

both in-the-field and in the laboratory. There is almost no difference for the normalized impact sound 

pressure levels at the frequency below 500 Hz between the laboratory technique (ISO 140-6) and the 

field measurement (ISO 140-7), but the difference between the two curves grows larger with increasing 

frequencies from 500 Hz. The greatest difference shown is 10 dB from 1250 Hz to 5 KHz. Following 

the considerable modifications that were made to floor 6 and floor 10, the insulation of the two floors 

improved greatly at the higher frequencies. Figures 5-15 and 5-20 show clearly that the two impact 

sound levels (L‘n and Ln) differed in the range of 10 dB to 20 dB between 1250 Hz to 5 KHz.  
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Comparsion of the Field and Lab measurement of Floor 10

(Carpet with underlay)

0

10

20

30

40

50

60

70
5
0

8
0

1
2
5

2
0
0

3
1
5

5
0
0

8
0
0

1
2
5
0

2
0
0
0

3
1
5
0

5
0
0
0

 Frequency, f, Hz

N
o

rm
a
li

z
e
d

 i
m

p
a
c
t 

s
o

u
n

d

p
re

s
s
u

re
 l

e
v
e
l,

 d
B

Ln' Ln

 

Figure 5-20: Comparison of laboratory and field measurement of floor 10 (carpet with underlay) 

The same definition of L‘n & Ln as shown in Figure 5-8 

 

5.5 Comparison of a Single Number Quantity for 10 Floors under 

Two Categories 

Besides investigating the differences in normalized impact sound pressure levels with measured 

frequency ranges for 26 floors with four floor surfaces, the ultimate aim of this chapter is to examine 

the difference of the single number rating (defined in ISO 717-2) that has been generalized from 

measured data of the normalized impact sound pressure level on 26 floor constructions with four floor 

surfaces under the two measurement systems. Additionally, since the same flanking transmission 

occurs on the measured floor in-the- field, the expected difference between the two measurement 

systems may be from such factors as measuring equipment and the skill of the operator etc (Section 

5.6), for the purpose of researching the variations between laboratory and field conditions. 
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Table 5-2 presents a summary comparison of the Weighted Normalized Impact Sound Pressure Level 

(L'n,w or Ln,w) plus spectrum adaptation term (CI' or CI) for 10 floor constructions (chosen from 26 floor 

constructions) with four floor finishes in two measurement systems. For the harde st surfaces, such as, 

bare floors and carpet tiles, floors 1, 4, 5, 6, 7 and 8 show almost no difference on the single rating of 

impact floor insulation using two measurement systems. In general, the difference has a larger range 

from 0 dB to 6 dB for the 10 floors with the softest surfaces such as carpet with underlay. In one case, 

the biggest difference of 6 dB between L'n,w and Ln,w occurred for floor 6 using carpet with underlay as 

the floor finish. The possible reasons for the difference are discussed in Section 5.7.  

Floor Number Floor finishes L'n,w (CI'), dB Ln,w (CI), dB Difference, dB 

floor 1 

bare floor 60 ( 0 ) 61 ( -1 )  -1 

carpet tile 57 ( 1 )  55 ( 0 ) 2 

carpet with underlay 35 ( 2 )  33 ( 4 )  2 

floor 2 

bare floor 54 ( 0 ) 57( 0 ) -3 

carpet tile 46 ( 1 )  52 ( 1 )  -6 

carpet  46 ( 1 )  48 ( 1 )  -2 

carpet with underlay 30 ( 1 )  30 ( 3 )   0 

floor 3 

bare floor 54 ( 0 ) 56 ( 0 )   -2 

carpet tile 46 ( 1 )  49 ( 0 )  -3 

carpet  41 ( 2 )  45 ( 0 )  -4 

carpet with underlay 30 ( 1 )  28 ( 1 )   2 

floor 4 

bare floor 53 ( -1 ) 52 ( -1 )   1 

carpet tile 44 ( 1 )  45 ( 0 )  -1 

carpet  41 ( 0 )  41 ( 0 )  0 

carpet with underlay 30 ( 0 ) 34 ( -6 ) -4 

floor 5 

bare floor 51( -1 ) 51( -1 ) 0 

carpet tile 44 ( 1 ) 44 ( 1 ) 0 

carpet  41( 1 ) 41 ( 0 )  0 

carpet with underlay 30 ( -3 ) 25 ( 3 )  5 

floor 6 
bare floor 56 ( 0 )  56 ( 0 )  0 

carpet tile 51 ( 1 )  49 ( 0 )  2 
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carpet  48 ( 2 )  45 ( 1 )  3 

carpet with underlay 33 ( 2 )  29 ( 3 )  4 

floor 7 

bare floor 49 ( -2 ) 48 ( -2 ) 1 

carpet tile 39 ( 1 ) 38 ( 1 ) 1 

carpet  39 ( 1 )  35 ( 1 )  4 

carpet with underlay 29 ( -5 )  23 ( 0 ) 6 

floor 8 

bare floor 57 ( 0 ) 56 ( 0 ) 1 

carpet tile 51 ( 1 ) 50 ( 1 ) 1 

carpet  49 ( 1 ) 47 ( 1 ) 2 

carpet with underlay 33 ( 0 ) 29 ( 2 ) 4 

floor 9 

bare floor 75 (-10) 72 (-10) 3 

carpet  49 ( 1 ) 47 ( 1 ) 2 

carpet with underlay 32 ( -2 ) 28 ( -1 ) 4 

floor 10 

bare floor 75 ( -10 ) 72 ( -10 ) 3 

carpet tile 52 ( 2 ) 49 ( 2 ) 3 

carpet  49 ( 1 ) 47 ( 1 ) 2 

carpet with underlay 32 ( -2 ) 28 ( -1 ) 4 

Table 5-2: Comparison of single number rating for 10 floors with 2 test methods 

 

5.6 Discussion of Errors and Uncertainties in Field Tests 

Unforeseen factors include the non-diffuse field in buildings, discussed in Sections 5.1 and 5.3.1, and 

flanking transmissions which are almost impossible to avoid with a restricted budget (a level of high 

expenditure is required to build rooms without flanking transmission, therefore, it is uncommon for 

costly constructions to be designed for residential and commercial buildings, with the exception of 

movie theatres or high-end home theatres which require this type of isolation). Minor to severe flanking 

transmissions through ceilings, walls, and floor structures to adjacent rooms in buildings downgrade 

the isolation of building performance. The two issues of non-diffuse fields (checked by the Schroeder 

cut-off frequency) and flanking transmissions in buildings are the main factors that influence 

measurement accuracy in the theory of sound vibration and transmission. Other unforeseen factors 
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which are of significance to the data measured for making a satisfactory measurement are discussed, 

many factors such as visible, or invisible, flaws (which could be summarized on a spreadsheet for 

uncertainty budget as part of future research) that can undermine measurement accuracy because real 

measurements are never made under perfect conditions. In most of the cases, errors and uncertainties 

(Stephanie 1999) can come from:  

1. The measuring instrument – sound insulation equipment instruments can suffer from errors that 

include; bias, changes due to ageing, wear (tapping machine hammers), or other kinds of drift 

(transporting equipment to sites), poor readability, noise (noise floor for electrical instruments) and 

many other problems. The routine maintenance (not only the annual calibration) of the 

measurement instruments is to ensure the maximum possible accuracy of measurement; it is 

especially necessary to check instruments regularly to fulfil the requirements of the ISO or national 

standards; this is also a priority for the preparation of successful impact sound insulation 

measurement. 

2. Sample issues – in general there is a high percentage of floor samples that have been built properly 

in the laboratory, as opposed to floors built in actual buildings in practice. Construction issues such 

as sound leaks can easily occur at the perimeter of walls and floors where caulking is absent or 

improperly installed, or where a penetration is made to add services, such as electricity or 

plumbing. To reduce sound leaks: all penetrations and fissures in a wall or floor must be 

thoroughly caulked; all windows and doors must be tightly weather stripped and the holes for 

services must be properly sealed. A technical report from the National Timer Development Council 

(FWPRDC 1999) demonstrates how sound leaks can significantly reduce the effectiveness of a 

system. The efficacy of a wall with a potential Sound Transmission Class (STC) of 60 dB, which 

has a hole of only 0.001% of the total area (10 mm * 10 mm hole in a 2.4 m * 4.2 m wall), can be 

reduced to an effective FSTC of 50 dB. As the area of the hole increases, eventually, the single 

number rating is determined entirely by the area of the hole in airborne sound insulation of walls in 

buildings. A similar phenomenon applies to floor samples as well. The higher the acoustical 

isolation that is sought, the more important it is to eliminate all sound leaks. As a result, factors 
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caused by sample issues will contribute considerably to the measurement errors in the 

measurement of field impact sound insulation. 

3. The measurement process – the measurement of impact sound insulation for field conditions may 

be difficult to make in atypical rooms in dwellings. The ISO standard presumes the ideal acoustical 

behaviour of the rooms, which, in practical measurement situations, is almost impossible to 

achieve. ISO 140-7 prescribes the principles of the measurement; however, frequently, these give 

only a small amount of detailed information on how to establish a suitable test set-up in rooms 

differing from the simple box-shaped rooms of normal living room size. This means it can often be 

difficult to choose an optimal measurement set-up in field situations. Consequently, a different 

measurement set-up would cause a spread among the measured data. Additionally, measurement 

accuracy is given to the priority of making tests in a diffused sound field of the room. According to 

the ISO 140-6 standard for dwellings, the standard reverberation time used is 0.5 seconds, 0.5 s is 

often cited as the approximate average for a medium sized, carpeted and furnished, living room. 

Therefore in field conditions, operators should be aware of the issue of the Schroeder cut-off 

frequency point of the receiving room, and also be prepared to increase the amount of testing, 

when necessary, in order to ensure measurement accuracy in buildings.  

4. Imported uncertainties – some uncertainty is introduced to measurements by imported uncertainties. 

For example, the calibration of an instrument has an uncertainty which should be built into the 

uncertainty of the measurements made on site. The calibration of impact sound measurement 

equipment, such as the ISO tapping machine and sound level meter, needs to be maintained 

regularly, as in the requirements of ISO standards and the recommendations made by 

manufacturers (Section 1.4.1), and also the operator must keep in mind the calibration (correct the 

sensitivity due to air pressure and temperature on a measurement date) of the microphone, both 

before and after (monitor its change if applied during a measurement period) measurement; this is 

necessary in order to obtain accurate results. Fortunately, uncertainty, not due to the non-

calibration of the microphone would be far worse when compared to the rest of the 5 uncertainties 

outlined in this section. 
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5. Operator skill – some measurements depend on the skill and judgement of the operator  in the field, 

such as how to design the measurement set-up in complicated dwellings. The experienced operator 

may be better at organizing measurement set-ups in complicated dwellings, recording the fine 

detail such as flanking transmission paths in buildings, and verifying the measured data during the 

test period, thereby achieving more trustworthy results than those of a technician with less 

experience. It needs to be borne in mind that gross mistakes (wrong reading of equipment) are a 

different matter and are not to be accounted for as uncertainties.  

6. The environment – factors such as temperature, air pressure, humidity and many other conditions 

can affect measuring instrument; a microphone of a sound level meter, or a floor being measured. 

Generally speaking, environmental factors (i.e. temperature and humidity) are unlikely to affect 

results obtained in laboratory conditions; however, the same does not apply to the situation on sites 

due to the fact that, on site, environmental factors can change more significantly. Therefore, these 

factors need to meet the requirements of the measured standard and should be recorded in reports.  

 

Six possible unforeseen factors on the uncertainty budget have been discussed above for the impact 

insulation measurement on site; the effort needed to avoid most of these factors is of significance for 

obtaining accuracy in the measured data. But, in general, uncertainties from each of these sources, and 

from other sources, would be individual „inputs‟ contributing to the overall uncertainty in the 

measurement (Section 5.1); some of them (e.g. flanking) are unavoidable in the measurement system. 

Therefore, for the purposes of further research, an acceptable limit of measured data is not only needed 

in the measurement system, but also, for application to the evaluation system of single-number ratings 

in buildings  

 

5.7 Discussion and Conclusion on the Results 

The following conclusions can be drawn from the comparison curves of 10 floor models (3 floor 

models from Figures 5-6 to 5-20 and the rest of 7 floors in Appendix C.1 to C.7):  
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 Generally speaking, there are similar curve trends under four floor conditions both in the 

laboratory and field measurements, and all floors have a better sound insulation at high 

frequencies and higher values of normalized sound pressure levels at low frequencies.  

 Generally speaking, the normalized sound pressure levels (L‘n) in field measurement are higher 

than those for the laboratory over the measured frequency ranges for the four conditions of bare 

floor and three types of floor covering. This increase may be due to an increase in background 

noise in the receiving room contributed by the various types of environmental noise prevalent 

during the different measurement periods for the laboratory method (in the evening) and field 

test (most of the field tests were made subsequent to the laboratory tests on the same evening; 

if unforeseen circumstances were to occur during the same evening, the remaining field tests 

would be continued and conducted in the daytime over the course of the following weekend). 

The complex environmental noises and a correction for background noise are discussed in 

Sections 5.2 and 5.3, respectively; or example, the difference presented in Figures 5-10, 5-13, 

5-14, 5-15 and 5-19. When the curves are compared, the average difference in normalized 

sound pressure level is 10 dB over the frequency ranges from 1250 Hz to 5  KHz. However, the 

normalized sound pressure levels taken in the field are abnormally low, around 20 dB from 

1250 Hz to 5 KHz. Similar findings are found for sequential floors, such as floor 2, as shown in 

Figure C-1, and floor 4, as shown in Figure C-3, etc. The other possible reason may be 

electrical noise originating from the laboratory receiving system. This is due to the fact that, as 

there was no dummy microphone in the testing area (a resistor with the same impedance as a 

microphone but which does not pick up any sound), the microphone replacement test in the 

receiving room was unable to be made as suggested in ISO 140-8 (1997). 

 For the hardest surfaces such as a bare floor, sound levels curves showed almost no difference 

over the measured frequency range. Due to these floors having a single number rating group 

from 51 dB to 75 dB for L‘n,w, and for Ln,w , this means that these are not in the group for high 

performance floors. Therefore, this implies that the impact rating for those floors, using two 

separate methods, does not have significant influence, even in environmental conditions with a 
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high level of background noise. The relatively hardest surface, such as carpet tile shows a 

similar trend to that of the bare floor.  

 Under conditions with carpet as the floor covering, there is  either, a minimal discrepancy, or no 

difference (e.g. floor 10 in Fig.5-19) at low frequencies; while the greatest difference found at 

high frequencies is probably caused by similar reasons to those discussed previously. The 

difference in sound levels is mainly around the mid and high frequencies. This is due to the fact 

that normalized sound pressure levels in those frequencies have more effect on the single 

number rating of the impact insulation from ISO 717-2; thus, as expected, the result of the 

isolation presented in the single number rating is larger. For example, the difference of 2 dB 

between two methods, in the sum of the weighted normalized impact sound pressure level and 

the spectrum adaptation terms, can be derived on floor 10 with carpet as the floor treatment, 

refer to Table 5-2 for this specified case. 

 In some floor/ceiling structures (e.g. floor 10), especially in cases involving better sound 

performance, the differences are larger between the laboratory technique and the field 

measurement. In the case of floor 10, although the bare floor has such poor insulation: 75 dB 

for L‘n,w, impact insulation can be significantly improved to 32 dB for L‘n,w  on the same floor 

by adding carpet with underlay as a floor surface. In the same case, the impact insulation of 

Ln,w  is 28 dB on the same floor conditions as in the laboratory method; there is a 4 dB 

difference between the laboratory method and the field test on floor 10. The difference trend is 

applied to those 10 floors using carpet with underlay as a floor covering and is presented in 

Table 5-2. Also those floors under these conditions have a great level of performance with L‘n,w 

or Ln,w at a range of 23 dB to 35 dB. The effects are possibly contributed to by increased 

background noise at higher frequencies in field tests, which are due to three possibilities. The 

most likely possibility is the background noise contributed by environmental noise, in the 

receiving room during the measurement period, as described in Section 5.2. Most of the larger 

differences occurred in the high performance floor system. The other possibility is the presence 

of an operator; this may be contributing to the higher frequency noise because of  the impact of 
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the operator‟s footsteps (walking in socks only) and the friction of heavy winter clothes 

(measurements performed in winter). Despite being aware of the necessity to keep as quiet as 

possible during a measurement period, in retrospect, it was inadvisable for the operator (the 

author) to walk around holding a sound level meter in the receiving room to record the 

combination of signal levels and background noise (Lsb). In the cases of the floors with very 

good insulation (e.g. L‘n,w 33 dB in floor 6 with carpet and underlay), the author‟s presence 

would have definitely contaminated background noise level. Most of those levels (L‘n) are 

around 20 dB from 1250 Hz to 5 KHz (e.g. two conditions of carpet and carpet with underlay 

on floor 6). Those L‘n are as low as 20 dB, in measurement frequency, this is approaching the 

threshold of hearing. This means that the high frequency noise levels at or below 20 dB are not 

relevant to subjective annoyances. The 20 dB of the L‘n fulfils even the requirement for 

television and recording studios in the NCB 25 Curves presented in Figure 5-21 (pp.47 

Maekawa et al 1994). From Sarradj‟s study (Sarradj 2001 2004), the walking noise made by a 

person is about 36 dB to 42 dB from 50 Hz to 5 KHz on the hard floors, presented in Figure 5-

22. This proves that the operator was in the quietest of walking modes during the measurement 

procedures. In addition, the floors with very great sound insulation (around 33-35 dB for L‘n,w) 

would definitely pass the building code requirements. In reality, such floors with extremely 

good insulation are so expensive to produce that they are rarely constructed in residential 

buildings unless the buildings have special requirements. Most of floors in residential buildings 

are intended to meet the minimum requirement of FIIC 50 (L‘n,w 60 in ISO 717-2) in the NZBC. 

The implication is that with the presence of such floors with extremely good insulation in 

residential buildings, field results will not be influenced, even by the presence of an operator. 

 In regard to the influence of a walking operator in field tests, although this is of benefit in the 

obtaining of time and space being averaged for the ISPL in a relatively brief time period, the 

walking noise made by the operator may contribute to the ISPL at the mid and high frequencies 

in cases where the samples have extremely good sound performance, as in the special case of 

such samples in the Tamaki Chamber. The presence of an operator will perhaps occur for most 
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of samples in the field measurements. However, to avoid the disadvantage of walking noise, 

the operator is able to alternatively adopt a stationary position to measure ISPL(s), though an 

increase in measurement time can be predicted if this method is introduced. The other influence 

of an operator, such as in the absorption area in the Tamaki Chamber, is just 10% of the total 

absorption area which was insignificant in the field testing of impact sound insulation.   

 Two B&K microphones are complied with the IEC 61672 class 1. From the B&K published 

document (Martin 1997), the total estimated uncertainty is ±1.4 dB at reference conditions 

(20℃,65% relative humidity,1013 mbars atmospheric pressure, with plane progressive waves 

arriving at the microphone from one direction at 94 dB). Because of the laboratory microphone, 

a similar uncertainty is applied to two types of the microphones. Two measurement equipment 

systems meet the laboratory accuracy requirements; thus, from the perspective of the 

equipment, the tests undertaken in the laboratory are not true field tests.  

 The flanking paths and any construction faults (if any are present) would produce the same 

effect as presented in both measurements and, consequently, would not influence the 

comparison results. 

 The difference of normalized ISPL is not significantly different between two methods from 50 

Hz to 1250 Hz, the deviation increases between laboratory and field-grade tests from 1250 Hz 

to 4 KHz; although the increase in deviation seems most likely to have been contributed to by 

environmental and the walking sounds. This conclusion could probably not have been drawn 

without the contribution made by the difference between two equipment systems.   

 It should be noted that the floors were only examined under the test set up described in Section 

5-2.  
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Figure 5-21:  NCB curves by Beranek in 1988           Figure 5-22: ISPL for walking person on the 

(from Maekawa 1994)                                                hard  floors (from Sarradj 2001) 

 

The conclusions can be generalized from Table 5-2: 

 The table shows the difference in single number (L‘n,w) plus spectrum adaptation term (CI‘) 

according to Standard ISO 717-2 between the laboratory technique and the field measurement 

conditions. 

 The weighted normalized impact sound pressure levels (L‘n,w) in the field have higher number 

values than those of laboratory values with four types of floor finishes, except for floor 2 

(Appendix C.1) and floor 3 (Appendix C.2). There is no difference in the single number rating 

between the two methods used for these floors: floor 2 with carpet and underlay, floor 4 

(Appendix C.3) with carpet as the floor finish, floor 5 (Appendix C.4), including three 

situations of bare floor, carpet tile and carpet, and bare floor 6 (Figure 5-12). The difference is 

a slightly larger number value of 6 dB in two extreme cases, including floor 2 with carpet tile 

and floor 7 with carpet and underlay. Another instance of a 5 dB difference occurred for floor 5 

with carpet and underlay.  

 The difference between the two methods is within the 3 dB range for most of the floors under 

four floor covering conditions in 22 cases, except for 7 cases of 4 dB difference, such as floor 7 

with carpet (Appendix C.5). 



 

195 

 

 The softer the floor covering, the bigger the discrepancy in the single number rating of the two 

methods. The floors with carpet and underlay have the smaller weighted normalized impact 

sound pressure levels than the floors without treatments, for example floor 8 (Appendix C.6).  

 Spectrum adaptation term (CI‘&CI) for impact sound has the same value in 21 of 40 

comparisons for ten floors with two measurement methods according to the ISO 140-6 and 

140-7 standards, while the largest discrepancy of 6 dB occurred for floor 4 (Appendix C.3) 

with carpet and underlay as the floor covering. 

 The largest negative value of -10 dB of the spectrum adaptation term was recorded for relatively 

heavyweight floors, such as bare floor 9 (Appendix C.7) and floor 10. This case meets with the 

CI range from -15 dB to 0 dB, which is an expression for massive floors with less effective 

covering stated in Annex A of ISO 717-2. This proves that the heavier the weight of floors, the 

smaller (better for negative) the spectrum adaptation terms and consequently, the better impact 

sound insulation of the floors.   

 An interesting phenomenon occurred in some floors under specific floor conditions; there was 

no difference between the laboratory techniques and the in-the-field conditions. The difference 

between the sums of single number quantity and spectrum adaptation term (Ln,w+ CI =L‘n,w + CI‘) 

was zero in the following cases: floor 1 with carpet and underlay (the sum of the single number 

quantity and spectrum adaptation term amounts to 37 dB), and floor 4 (Appendix C.3) with the 

floor covering of carpet tiles (the sum of the single number quantity and spectrum adaptation 

term amounts to 45 dB). The possible reason for the phenomenon could be that the impact 

sound insulation is poor for those floors. Those bare floors (or those with hard surface 

treatments) with acceptable sound insulation show no marked difference in single number 

rating between two methods, such as for bare floor 5 and floor 5 with carpet tile covering. The 

result implies that the single number rating for impact sound had not been influenced by the 

difference in the two test methods. This also implies that the results from the field tests have 

good accuracy level for those open areas, such as kitchens and bathrooms (floors with hard 

surface treatments in general), that are of a greater volume than that of the Tamaki Chamber. 
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However, the results cannot be used to determine situations with a room volume of 50 m3 (or 

smaller). 

 The trend on the same floor is as follows: the softer the floor coverings, the greater the variation 

in single number rating. A similar trend occurred on the floors with very good sound insulation 

(could be bare floors or floors with softer flooring treatments). The implication is that a field 

test has given rise to the under-prediction of impact sound insulation on the floors mentioned, 

thus the conservative results will be of benefit for occupants. It also implies that a single 

number rating for impact sound can be easily influenced by two test methods on const ructions 

with superior insulation.    

 

5.8 Repeatability of ISPL 

The purpose of this section is to investigate r for impact sound pressure level in the field measurement 

of sound insulation. Repeatability, defined in ISO 10140-2 (Standard ISO 10140-2 2010) and 1SO 140-

2 (Standard ISO 140-2 1991) and BS 2750 (British Standard 2750 1991) is the closeness of agreement 

between mutually independent test results obtained under repeatability conditions, where mutually 

independent test results are obtained for the same period on identical testing material in the same 

laboratory with the same equipment by the same operator within short intervals of time.  

 

According to ISO 140-2, the repeatability attainable under given testing conditions is related to the 

standard deviation obtained from numerous measurements under the same conditions by the equation,  

                                               (5-2) 

Where 

R     is the repeatability; 

s      is an estimator for the true vale  of the standard deviation; 



 

197 

 

n      is the number of observed values ; 

      is an estimator for the true value of the mean; . 

  

The Standard Error of the Mean (SEM) is the standard deviation of the sample mean estimate of a 

population mean. It is usually calculated by the sample estimate of the population standard deviation 

(sample standard deviation) divided by the square root of the sample size (assuming statistica l 

independence of the values in the sample) 

                                                                             (5-3) 

A confidence interval gives an estimated range of values which is likely to include an unknown 

population parameter, the estimated range being calculated from a given set of sample data. The width 

of the confidence interval of 95% provides information relating the certainty of the unknown parameter 

collected within the 95% width. In most practical research, the standard deviation for the population of 

interest is not known. In this case, the standard deviation is replaced by the estimated standard 

deviation s, also known as the standard error. Since the standard error is an estimate for the true value 

of the standard deviation, the distribution of the sample mean is no longer normal with mean and 

standard deviation. Instead, the sample mean follows the t distribution with mean and standard 

deviation. The t distribution is also described by its degrees of freedom. For a sample of size n, the t 

distribution will have n-1 degrees of freedom. The notation for a t distribution with k degrees of 

freedom is t(k). As the sample size n increases, the t distribution becomes closer to the normal 

distribution, since the standard error approaches the true standard deviation for large n (Easton & 

McColl 1997; Fisher 1956). For a population with unknown mean and unknown standard deviation, a 

confidence interval for the population mean, based on a simple random sample of size n  

                                                                    (5-4) 
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Where  

    is the upper (1-95%)/2 critical value with (n-1) degrees of freedom.  

Traditionally, the impact sound performance of floors is measured in one-third-octave bands from 100 

Hz to 3150 Hz as it is assumed that the measurement uncertainty increases at lower frequencies below 

100 Hz and upper frequencies from 3150 Hz in common dwellings in field situations. According to ISO 

Standard 140-7 Annex C, in low-frequency bands (lower than about 400 Hz in general and especially 

lower than 100 Hz), no diffuse-field conditions in the test rooms can be expected, especially when 

room volumes of only 50 m3 , or even less, are considered. The frequency range below which standard 

deviations begin to increase corresponds well to Schroeder‟s cut-off frequency (Jacobsen 2001). More 

explicitly, the general requirement that the room dimensions should be at least one wavelength cannot 

be fulfilled for the lowest frequency bands. The reason is that the small number of room modes in these 

bands is the cause of standing wave structures that are found in the whole room space. In order to 

reduce the spread (standard deviation) of the measured results, additional effort is necessary with 

regard to the sampling of the sound field (more microphone positions) in the receiving room and the 

special requirements that the rooms have to meet (i.e. at least one room dimension should be of one 

wavelength and another of at least half a wave length of the lowest band centre frequency, and there 

should be sufficient space to position the microphones according to those requirements ) Therefore, in 

small volume rooms with and unfavourable dimensions, it is not always possible to obtain reliable 

results in low frequency measurements (“small room” in glossary), and the expected uncertainty of 

ISPL definitely exists. 

 

A measurement of the field impact sound insulation, L‘n, includes the determination of the time and 

space average sound pressure level in the receiving room generated by a standardized tapping machine 

placed on the floor of the source room, and the space average reverberation time in the receiving room. 

This determination assumes a diffuse sound field in the receiving room. Apart from the room condition 

of the diffuse sound field (Section 5.3.1), the variance of the sound pressure level in the receiving room 



 

199 

 

due to different tapping machine positions depends on the size and mechanical properties of the floor, 

floor mounting and edge restraints, stiffness and internal damping of the floor. Therefore, as expected 

in this study, this complicated combination of different parameters contributes to the large variations of 

repeatability in the field. 

 

Another issue regarding the assessment of the impact sound insulation, is that in order to consider the 

contribution of low frequency sound noise, in the 1990s, the revised ISO 140-7 and 717-2 series of 

standards adopted the Spectrum Adaptation Term CI (CI，100-2500), to enlarge the measured frequency 

range down to the lower frequency of 100 Hz in general, and the lowest CI (CI，50-2500) can be measured 

down to 50 Hz, where it significantly affects the subjective evaluation of floors in impact sound 

insulation. However these ISO standards do not define the measurement uncertainty in those extra 

frequency bands, ISO Standard 140-2 only determines values of the acceptable repeatability and 

reproducibility for measured results at each centre frequency band above 100 Hz.  

 

However, the normalized impact sound pressure level (L‘n) or the impact sound pressure level, which is 

a suitable descriptor to represent the actual building performance of impact sound insulation from a 

subjective point of view, has been the subject of controversial discussion over the last twenty years. 

The official rating standard ISO 717-2 adopts the single number rating L‘n,w, converted from L‘n with 

measured frequency ranges, plus the spectrum adaptation term CI‘ to evaluate the floor preference. 

LoVerde et al. (LoVerde et al 2007) insisted on the ISPL as being the better descriptor to rate the 

impact sound insulation of floors at low frequencies, because the ISPL(s) with measured frequencies 

are much closer to subjective perceptions than the L‘n with the same frequency ranges based on 

thousands of field measurements on typical U.S. floors. The author agrees with LoVerde‟s suggestion 

of the ISPL as the new descriptor to rate the sound performance of floor/ceiling structure at low 

frequencies. Consequently, the aim is to investigate the repeatability of impact sound pressure level for 

26 floor models in measured frequency ranges in field conditions, as shown in Sections 5.8 and 5.9.  
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The repeatability of ISPL in the field (inferred from Eqn.5-2) with a measured frequency range of 50 

Hz to 5 KHz has been suggested; this contains a low and high frequency region beyond the ISO 

standard, based on 1,248 experimental results (26 floors with four floor finishes under two 

measurement systems). Those measurements have been made on the 26 structures with four surface 

conditions, including; bare floor, carpet tile, carpet, and carpet with underlay. Sample Floor 6 (Fig.5-11) 

has been selected for the analysis of two repeatabilities. One is rw (“w” abbreviated from whole) which 

is defined as the repeatability of ISPL for the whole floor. rw is inferred from impact sound 

measurements made on a floor with the four tapping machine positions with three measurements (a 

total of twelve measurements); the other is rs (“s” abbreviated from single) which is defined as the 

repeatability of ISPL on a floor of each tapping machine position. rs is generalized from impact sound 

measurements on a floor with one tapping machine position with 3 measurements. The three tests on 

individual positions on a floor meet the minimum requirement of reparability calculation according the 

ISO Standard 140-2.  

 

5.8.1 ISPL, 95% Confidence Interval and rw in whole Floor 6 

The results of 12 measurements of impact sound pressure level on floor 6 have been chosen to be 

further analyzed statistically and also to infer the recommended repeatability values for ISPL 

considered as a supplement for ISO 140-2 in this specific situation. Table 5-3 presents the ISPL with 

standard deviation and 95% confidence interval for floor 6 without floor coverings in the field. These 

ISPL(s) are measured from four tapping machine positions with three measurements over the frequency 

ranges from 50 Hz to 5 KHz. The ISPL values of twelve positions and the average value are shown in 

the enlarged frequency ranges in Table 5-3. A statistical analysis, including standard deviation (n=12), 

standard error of the mean (Eqn.5-3), 95% confidence interval (t0.025, 11=2.201 in Tab.2 in ISO 140-2; 

Eqn.5-4) and its repeatability rw (Eqn.5-2) is presented on the right hand side of Table 5-3. 
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1 2 3 4 5 6 7 8 9 10 11 12

Hz

50 68.6 70.6 69.7 69.8 67.7 68.1 68.6 67.2 67.6 67.3 68.5 67.6 68.8 1.1 0.32 69.2 68.0 3.0

63 64.4 62.6 64.3 64.3 64.2 64.1 64.3 67.7 66.7 65.8 60.8 60.5 61 2.3 0.66 65.7 63.1 6.4

80 58.9 57.7 57.6 57.4 57.9 57.3 57.5 60 59.9 59.5 60 59.3 60.2 1.2 0.35 59.6 58.2 3.3

100 57.2 54.5 54.9 54.3 58 58.5 58.1 58.9 59.1 58.6 56 55.4 55.7 1.9 0.55 58.3 56.1 5.3

125 59.2 58 58.4 58 60.9 61.3 61.1 59 58.6 59 58.3 57.7 57.5 1.4 0.40 60.0 58.4 3.9

160 61.4 60.4 60.3 60.5 60.8 60.6 61 63.2 63.5 63.9 60.3 59.8 60.3 1.4 0.40 62.2 60.6 3.9

200 61.1 62.4 62.3 62.2 59.7 59.7 59.5 62.6 62.3 62.7 58.2 58.3 58.5 1.9 0.55 62.2 60.0 5.3

250 60.5 61.9 62 62.1 59.1 59.3 59.3 60.8 61.1 61.1 58.9 58.7 58.6 1.4 0.40 61.3 59.7 3.9

315 57.2 57.8 57.9 57.8 55.3 55.4 55.3 56.5 56.7 56.7 58.4 58.5 58.5 1.3 0.38 57.9 56.5 3.6

400 58 55.1 54.9 55 57.9 58 58.2 56.5 56.7 56.5 60.5 60.4 60.7 2.1 0.61 59.2 56.8 5.8

500 55.7 55.4 55.3 55.3 55.3 55.4 55.6 54.9 55 54.8 57 56.8 56.9 0.8 0.23 56.2 55.2 2.2

630 54 53.4 53.4 53.5 53.9 54 54.2 52.2 52.2 52.1 55.7 55.5 55.9 1.3 0.38 54.7 53.3 3.6

800 52.4 54.1 54.2 54.3 50.4 50.3 50.4 49.9 50 50.1 53.4 53.5 53.7 1.9 0.55 53.5 51.3 5.3

1000 49.7 52.4 52.3 52.4 46.6 46.7 46.9 46.8 46.7 46.8 50.2 50.4 50.6 2.5 0.72 51.1 48.3 6.9

1250 47.2 49.9 49.7 49.7 44.2 44.4 44.6 46.4 46.1 46.1 46.5 46.9 47 2 0.58 48.3 46.1 5.5

1600 41.8 42.1 42 42.2 40 40.4 40.6 42.2 41.7 41.8 42.1 42.5 42.7 0.9 0.26 42.3 41.3 2.5

2000 39.5 40.7 40.6 40.7 36 36.4 36.7 40.4 39.9 39.9 39.4 40 40.2 1.8 0.52 40.5 38.5 5.0

2500 38 40.2 40.1 40.3 35.1 35.4 35.6 37.4 36.6 36.6 37.7 38.3 38.6 1.9 0.55 39.1 36.9 5.3

3150 32 33.9 33.6 34 29.5 29.8 30 31.8 30.2 30.1 32.1 32.5 32.8 1.7 0.49 33.0 31.0 4.7

4000 27 28.5 28.2 28.8 24.7 24.7 25.1 28.4 25.6 25.9 26.7 27 27.6 1.5 0.43 27.8 26.2 4.2

5000 23.6 24.2 23.9 24.6 23 21.5 21.7 27.4 21.8 22.1 22.5 22.7 23.2 1.7 0.49 24.6 22.6 4.7

Freq. Avg.

Positions

SD
95% Confidence

Interval
r w

dB

Standard

Error of

the mean

 

Table 5-3: ISPL with standard deviation, 95% confidence interval and rw in the field of floor 6 

Table 5-4 presents the impact sound pressure level with standard deviation and 95% confidence 

interval for floor 6 with carpet tile as the floor covering for in-the-field testing. These ISPL(s) are 

measured from four tapping machine positions with three measurements over the frequency ranges 

from 50 Hz to 5 KHz. The ISPL values of 12 positions and the average value are shown in enlarged 

frequency ranges in Table 5-4. Statistical analysis including standard deviation (n=12), standard error 

of the mean (Eqn.5-3), 95% confidence interval (t0.025, 11=2.201 in Tab.2 in ISO 140-2; Eqn.5-4) and its 

repeatability rw (Eqn.5-2) are presented on the right hand side of Table 5-4.  
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1 2 3 4 5 6 7 8 9 10 11 12

Hz

50 69.8 71.5 72.8 72.5 69.8 69.6 69.1 68.1 68.4 68.2 66.9 67.5 67.3 2 0.58 70.9 68.7 5.5

63 65.6 65.6 66.9 66.6 65.4 64.6 65.2 67.6 66.3 67.8 62 61.4 61.4 2.3 0.66 66.9 64.3 6.4

80 59 57.3 57.2 56.8 58.8 58.5 58.8 60.2 59.8 59.4 59.9 60.1 59.9 1.2 0.35 59.7 58.3 3.3

100 57.4 54.2 54.3 53.7 58.4 58.8 58.9 60.1 59.6 59.6 53.9 54.3 54.3 2.7 0.78 58.9 55.9 7.5

125 57.8 57.8 57.8 57.7 58.7 59.4 59 58.1 57.8 57.8 56.1 56.3 56.1 1.1 0.32 58.4 57.2 3.0

160 57.9 58.6 58.9 58.8 56.5 56.4 56.8 59 59.3 59.4 56.5 56.4 56.4 1.3 0.38 58.6 57.2 3.6

200 54 54.9 55.3 55.5 52.8 53.2 53.2 55.5 55.7 55.7 49.9 50.4 50.4 2.3 0.66 55.3 52.7 6.4

250 51.3 52 52.2 52.6 50.3 50 50.5 52.3 52.9 53 48.3 48.6 48.8 1.8 0.52 52.3 50.3 5.0

315 47.6 49.9 50.6 50.5 45.2 45.5 45.4 46.8 47.2 46.9 45.3 45.7 45.8 2.1 0.61 48.8 46.4 5.8

400 44.2 45.2 46 46.2 43.7 44.2 44.1 41.5 42 42.2 43.5 44.3 44.8 1.5 0.43 45.0 43.4 4.2

500 38.4 38.9 39.7 39.6 38.1 38.7 38.7 36.8 36.7 36.9 37.8 38.4 38.6 1 0.29 39.0 37.8 2.8

630 34.1 33.7 34.3 34.5 35.1 35.5 35.3 32.6 32.5 32.7 33.5 34 34.5 1 0.29 34.7 33.5 2.8

800 29.8 30.3 30.6 30.9 29.9 30 30.5 28.5 28.7 29.1 29 29.3 29.7 0.8 0.23 30.3 29.3 2.2

1000 27.8 28.1 27.8 29.1 26.8 26.4 28.7 27.1 27.7 28.6 26.9 27.3 28.1 0.8 0.23 28.3 27.3 2.2

1250 25.1 24.5 24.7 26.3 24 23.7 25.3 25.5 25.5 26.5 24.6 24 25.3 0.9 0.26 25.6 24.6 2.5

1600 23.5 23 23.5 24 23.2 22.8 23.1 23.9 23.7 24.5 23.6 22.8 23.7 0.5 0.14 23.8 23.2 1.4

2000 23 22.4 22.8 23.1 23 22.6 22.5 23.5 23 23.9 23.2 22.5 23.2 0.4 0.12 23.2 22.8 1.1

2500 23.1 22.3 22.9 23 23.1 22.7 22.5 23.7 23.2 24.2 23.5 22.6 23.1 0.5 0.14 23.4 22.8 1.4

3150 22.7 22 22.6 22.5 22.6 22 21.9 23.3 22.3 24 23.7 22.4 22.8 0.7 0.20 23.1 22.3 1.9

4000 22.3 21.4 22.2 21.8 22 21.3 21.3 22.8 21.7 23.6 23.7 22.1 22.3 0.8 0.23 22.8 21.8 2.2

5000 21.7 20.7 21.7 21.4 21.2 20.6 20.4 21.9 20.8 23.9 23.4 21.3 21.2 1.1 0.32 22.3 21.1 3.0

Freq. Avg.

Positions

SD
95% Confidence

Interval
r w

dB

Standard

Error of

the mean

 

Table 5-4:  ISPL with standard deviation, 95% confidence interval and rw  

in the field for Floor 6 (carpet tile) 

Table 5-5 presents the impact sound pressure level with standard deviation and 95% confidence 

interval for Floor 6 with floor coverings of carpet for in- the-field testing. Those ISPL(s) are measured 

from four tapping machine positions with three measurements over the frequency ranges from 50 Hz to 

5 KHz. The ISPL values of twelve positions and the average value are shown in the enlarged frequency 

ranges shown in Table 5-5. Statistical analysis including the standard deviation (n=12), standard error 

of the mean (Eqn.5-3), 95% confidence interval (t0.025, 11=2.201 in Tab.2 in ISO 140-2; Eqn.5-4) and its 

repeatability rw (Eqn.5-2), are included on the right hand side of Table 5-5.  
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1 2 3 4 5 6 7 8 9 10 11 12

Hz

50 72 75.4 75.7 75.6 69.6 69.7 70 70.7 69.9 70.3 67.7 68.4 68.9 2.9 0.84 73.6 70.4 8.0

63 66.5 68.8 69 68.6 64.1 64 64.7 67.7 68.2 68.5 60.2 60.5 61.1 3.5 1.01 68.5 64.5 9.7

80 59.8 57.6 57.4 57.1 59.8 59.3 58.9 62.3 61.5 61.2 58.7 59.6 60.1 1.7 0.49 60.8 58.8 4.7

100 54.9 51 51.3 50.7 55.3 55.6 55.2 57.5 57.3 58.3 52.3 52.6 52.8 2.7 0.78 56.4 53.4 7.5

125 54 52.7 53.4 53.2 52 52.6 52.4 55.9 55.9 55.8 53.3 53.7 54.2 1.4 0.40 54.8 53.2 3.9

160 55.8 54.6 54.8 54.9 51.5 51.9 51.8 57.9 58.3 58.1 56.6 56.2 56.3 2.5 0.72 57.2 54.4 6.9

200 52.1 52.7 53 53 49.5 49.5 49.9 53.7 53.9 54.2 50.2 50.9 50.9 1.8 0.52 53.1 51.1 5.0

250 48.6 48.2 48.8 48.7 46.6 47.5 48 49.7 49.8 50.8 47.2 47.8 48.2 1.2 0.35 49.3 47.9 3.3

315 43.1 44.6 45.1 45.6 38.7 39.8 40.1 42.8 43.2 44.1 42.1 42.8 43.4 2.2 0.64 44.3 41.9 6.1

400 40.1 39.7 40.5 41 37 38 38.4 37.4 38.4 38.9 41.4 42.5 42.7 1.9 0.55 41.2 39.0 5.3

500 34.4 33.9 34.4 34.9 33.1 33.4 33.7 32.3 33.2 33.8 35.3 36.3 36.4 1.3 0.38 35.1 33.7 3.6

630 30.2 30.2 30.3 30.6 29 29.5 29.4 28.1 28.7 29.6 31.2 32 32.1 1.3 0.38 30.9 29.5 3.6

800 26.9 27.3 26.9 27 26 26 25.5 26.3 26.6 28 27.3 27.8 27.3 0.8 0.23 27.4 26.4 2.2

1000 26.9 27 25.9 25.8 27.2 26.4 25.4 26.2 26.9 29.2 26.7 28.2 26.6 1.1 0.32 27.5 26.3 3.0

1250 25.2 25.4 24.5 24.4 24.5 24.8 23.5 24.7 25.3 26.6 24.3 27.8 24.5 1.2 0.35 25.9 24.5 3.3

1600 23.8 24.1 23.2 23.1 23.5 23.6 23.1 23.7 24.1 24.9 23.6 25.1 23.5 0.7 0.20 24.2 23.4 1.9

2000 23.2 23.3 23 22.9 23.3 23.2 23 22.8 23.2 23.6 22.9 23.5 23.3 0.2 0.06 23.3 23.1 0.6

2500 23.2 23.3 23 22.9 23.4 23.8 23.1 22.7 23.1 23.3 22.9 23.4 23.6 0.3 0.09 23.4 23.0 0.8

3150 22.6 22.5 22.4 22.2 22.9 22.6 22.5 22.3 22.6 22.8 22.4 23.2 23.1 0.3 0.09 22.8 22.4 0.8

4000 22.2 22.1 22 21.9 22.4 21.8 22.1 21.7 22 22.5 22.2 22.7 22.6 0.3 0.09 22.4 22.0 0.8

5000 21.7 21.4 21.3 21.3 21.7 21 21.4 21.1 21.3 22.6 21.9 22.4 22.3 0.5 0.14 22.0 21.4 1.4

Freq. Avg.

Positions

SD
95% Confidence

Interval
r w

dB

Standard

Error of

the mean

 

Table 5-5:  ISPL with standard deviation, 95% confidence interval and rw  

in the field for Floor 6 (carpet) 

Table 5-6 presents the impact sound pressure level with standard deviation and 95% confidence 

interval for floor 6 with floor covering of carpet with underlay for in-the-field testing. These ISPL(s) 

are measured from four tapping machine positions with three measurements over the frequency ranges 

from 50 Hz to 5 KHz. The ISPL values in twelve positions and the average values are shown in the 

enlarged frequency ranges in Table 5-6. Statistical analysis, including standard deviation (n=12), 

standard error of the mean (Eqn.5-3), 95% confidence interval (t0.025, 11=2.201 in Tab.2 in ISO 140-2; 

Eqn.5-4) and its repeatability rw (Eqn.5-2), are included on the right hand side of Table 5-6. 
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1 2 3 4 5 6 7 8 9 10 11 12

Hz

50 68.5 71.8 71.6 70.8 66.8 66.6 66.5 67.3 66.8 66.8 67 66.5 67.1 2.1 0.61 69.7 67.3 5.8

63 61.1 61.9 62.3 62.2 61 59.6 59.7 62.3 61.7 61.4 60 59.4 59.6 1.2 0.35 61.8 60.4 3.3

80 56.3 51.5 51.5 50.9 55 55.1 54.1 58.9 58.2 58.4 57.7 57.4 57.6 2.9 0.84 57.9 54.7 8.0

100 44.4 40.3 40.1 40.1 46.2 46.4 46.7 46.7 46.1 45.7 42 41.8 41.9 2.8 0.81 46.0 42.8 7.8

125 35 33.2 32.5 32.6 33.4 33.4 33.5 37.2 37.2 37.2 35.5 35.2 35 1.8 0.52 36.0 34.0 5.0

160 31.7 32.8 32.3 32.3 30.3 30.1 29.7 33 33.1 33.3 31 30.4 30 1.4 0.40 32.5 30.9 3.9

200 35.2 35.4 35.5 35.9 33.6 33.5 33.9 35.5 35.7 35.7 35.8 35.8 35.2 0.9 0.26 35.7 34.7 2.5

250 31.1 32.4 32.2 32.5 29.5 29.3 29.4 31.4 31.5 31.1 31.1 30.3 30.6 1.1 0.32 31.7 30.5 3.0

315 28.5 30.3 30.5 30.5 26.4 25.6 25.3 29.5 29.6 29.6 26.9 26.5 27 2 0.58 29.6 27.4 5.5

400 27.9 28.7 28.4 28.2 26.7 26.3 26 28.7 29 28.9 27.6 27.2 27.6 1 0.29 28.5 27.3 2.8

500 25.4 25.7 26.2 25.2 25 25 24.2 25.8 25.7 25.4 25.5 25.2 25.2 0.5 0.14 25.7 25.1 1.4

630 24 24.8 24.5 23.4 25.1 22.9 22.8 23.8 23.9 23.3 24.4 24.1 23.9 0.7 0.20 24.4 23.6 1.9

800 24.2 25.4 24.1 23.7 26.3 23.3 22.9 24 24.7 23.8 24.1 23.3 23.9 0.9 0.26 24.7 23.7 2.5

1000 25 26.3 23.9 23.9 26.6 23.6 23.1 25.3 26.4 25 24.7 23.6 25.5 1.2 0.35 25.7 24.3 3.3

1250 24.1 24.9 22.6 25.2 26.2 22.7 22 24.2 25.2 22.9 23.7 22.8 24.2 1.3 0.38 24.8 23.4 3.6

1600 23 23.9 22.6 23 23.9 22.3 21.7 23 23.7 22.5 23 22.5 23 0.7 0.20 23.4 22.6 1.9

2000 22.6 23.4 22.3 21.7 22.9 22.4 21.6 22.5 23.1 22.5 23 22.7 22.7 0.5 0.14 22.9 22.3 1.4

2500 22.5 23 22.2 21.5 22.7 22.3 21.7 22.5 22.7 22.6 22.7 23 22.8 0.5 0.14 22.8 22.2 1.4

3150 22.3 22.6 21.9 21.3 22.8 22 21.4 22.4 22.7 22.6 22.5 22.6 22.7 0.5 0.14 22.6 22.0 1.4

4000 21.9 21.9 21.4 21 22.6 21.6 21 22.1 22 22.5 22 22.3 22 0.5 0.14 22.2 21.6 1.4

5000 21.4 21.4 21.3 20.2 22.3 21.2 20.3 21.3 21.6 22.1 21.5 22 21.9 0.7 0.20 21.8 21.0 1.9

Freq. Avg.

Positions

SD
95% Confidence

Interval
r w

dB

Standard

Error of

the mean

 

Table 5-6: ISPL with standard deviation, 95% confidence interval and rw 

 in the field for Floor 6 (Carpet with underlay) 

 

5.8.2 ISPL, 95% Confidence Interval and rs on Individual Positions in Floor Six 

The purpose of this section is to analyze the repeatability rs on individual positions in Floor 6, and the 

difference between the rs generalized on the individual tapping machine position and the rw generalized 

on each of the four positions on the same floor. In this section, the repeatability (rs) of ISPL on the 

same tapping machine position is investigated, followed by statistical analysis of the results. A sample 

Floor 6 under four floor conditions is measured with impact sound insulation according to ISO 140-7 in 

the Tamaki Chamber. The rs of ISPL of floor 6 with bare flooring finishes are provided from         
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Tables 5-7 to 5-10, the rest of rs on the same floor with other flooring finishes including carpet tile, 

carpet, and carpet with underlay are presented in Appendix C.8. 

Table 5-7 presents the values of ISPL and average values with the measured frequencies on the tapping 

machine position 1 for bare floor 6, followed by statistical analysis including standard deviation (n=3), 

standard error of the mean (Eqn.5-3), 95% confidence interval (t0.025,2=4.303 in Tab.2 in ISO 140-

2;Eqn.5-4) and rs (Eqn.5-2). 

Freq. POS 1 Avg. SD 
Standard Error of 

the mean  

95% Confidence 

Interval 
rs 

Hz dB 

50 70.6 69.7 69.8 70 0.5 0.3  70.6  69.4  1.4 

63 62.6 64.3 64.3 63.7 1 0.6  64.8  62.6  2.7 

80 57.7 57.6 57.4 57.6 0.2 0.1  57.8  57.4  0.4 

100 54.5 54.9 54.3 54.6 0.3 0.2  54.9  54.3  0.8 

125 58 58.4 58 58.1 0.2 0.1  58.3  57.9  0.6 

160 60.4 60.3 60.5 60.4 0.1 0.1  60.5  60.3  0.3 

200 62.4 62.3 62.2 62.3 0.1 0.1  62.4  62.2  0.3 

250 61.9 62 62.1 62 0.1 0.1  62.1  61.9  0.3 

315 57.8 57.9 57.8 57.8 0.1 0.1  57.9  57.7  0.2 

400 55.1 54.9 55 55 0.1 0.1  55.1  54.9  0.3 

500 55.4 55.3 55.3 55.3 0.1 0.1  55.4  55.2  0.2 

630 53.4 53.4 53.5 53.4 0.1 0.1  53.5  53.3  0.2 

800 54.1 54.2 54.3 54.2 0.1 0.1  54.3  54.1  0.3 

1000 52.4 52.3 52.4 52.4 0.1 0.1  52.5  52.3  0.2 

1250 49.9 49.7 49.7 49.8 0.1 0.1  49.9  49.7  0.3 

1600 42.1 42 42.2 42.1 0.1 0.1  42.2  42.0  0.3 

2000 40.7 40.6 40.7 40.7 0.1 0.1  40.8  40.6  0.2 

2500 40.2 40.1 40.3 40.2 0.1 0.1  40.3  40.1  0.3 

3150 33.9 33.6 34 33.8 0.2 0.1  34.0  33.6  0.6 

4000 28.5 28.2 28.8 28.5 0.3 0.2  28.8  28.2  0.8 

5000 24.2 23.9 24.6 24.2 0.4 0.2  24.7  23.7  1 

Table 5-7: ISPL with standard deviation, 95% confidence interval and rs in the field  

at position 1 for floor 6 (bare Floor) 

 

Table 5-8 presents the values of ISPL and average values with the measured frequencies on the tapping 

machine position 2 for bare floor 6, followed by statistical analysis including standard deviation (n=3), 
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standard error of the mean (Eqn.5-3), 95% confidence interval (t0.025,2=4.303 in Tab.2 in ISO 140-2; 

Eqn.5-4) and rs (Eqn.5-2). 

Freq. POS 1 Avg. SD 
Standard Error 

of the mean  

95% Confidence 

Interval 
rs 

Hz dB 

50 67.7 68.1 68.6 68.1 0.5 0.3  68.7  67.5  1.2 

63 64.2 64.1 64.3 64.2 0.1 0.1  64.3  64.1  0.3 

80 57.9 57.3 57.5 57.6 0.3 0.2  57.9  57.3  0.8 

100 58 58.5 58.1 58.2 0.3 0.2  58.5  57.9  0.7 

125 60.9 61.3 61.1 61.1 0.2 0.1  61.3  60.9  0.6 

160 60.8 60.6 61 60.8 0.2 0.1  61.0  60.6  0.6 

200 59.7 59.7 59.5 59.6 0.1 0.1  59.7  59.5  0.3 

250 59.1 59.3 59.3 59.2 0.1 0.1  59.3  59.1  0.3 

315 55.3 55.4 55.3 55.3 0.1 0.1  55.4  55.2  0.2 

400 57.9 58 58.2 58 0.2 0.1  58.2  57.8  0.4 

500 55.3 55.4 55.6 55.4 0.2 0.1  55.6  55.2  0.4 

630 53.9 54 54.2 54 0.2 0.1  54.2  53.8  0.4 

800 50.4 50.3 50.4 50.4 0.1 0.1  50.5  50.3  0.2 

1000 46.6 46.7 46.9 46.7 0.2 0.1  46.9  46.5  0.4 

1250 44.2 44.4 44.6 44.4 0.2 0.1  44.6  44.2  0.6 

1600 40 40.4 40.6 40.3 0.3 0.2  40.6  40.0  0.8 

2000 36 36.4 36.7 36.4 0.4 0.2  36.9  35.9  1 

2500 35.1 35.4 35.6 35.4 0.3 0.2  35.7  35.1  0.7 

3150 29.5 29.8 30 29.8 0.3 0.2  30.1  29.5  0.7 

4000 24.7 24.7 25.1 24.8 0.2 0.1  25.0  24.6  0.6 

5000 23 21.5 21.7 22.1 0.8 0.5  23.0  21.2  2.3 

Table 5-8: ISPL with standard deviation, 95% confidence interval and rs in the field  

at position 2 for Floor 6 (bare floor)
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Table 5-9 presents the values of ISPL and average values with the measured frequencies on the tapping 

machine position 3 for bare floor 6, followed by a statistical analysis including standard deviation (n=3), 

standard error of the mean (Eqn.5-3), 95% confidence interval (t0.025,2=4.303 in Tab.2 in ISO 140-2; 

Eqn.5-4) and rs (Eqn.5-2). 

 

Freq. POS 1 Avg. SD 
Standard Error 

of the mean  

95% Confidence 

Interval 
rs 

Hz dB 

50 67.2 67.6 67.3 67.4 0.2 0.1  67.6  67.2  0.6 

63 67.7 66.7 65.8 66.7 1 0.6  67.8  65.6  2.6 

80 60 59.9 59.5 59.8 0.3 0.2  60.1  59.5  0.7 

100 58.9 59.1 58.6 58.9 0.3 0.2  59.2  58.6  0.7 

125 59 58.6 59 58.9 0.2 0.1  59.1  58.7  0.6 

160 63.2 63.5 63.9 63.5 0.4 0.2  64.0  63.0  1 

200 62.6 62.3 62.7 62.5 0.2 0.1  62.7  62.3  0.6 

250 60.8 61.1 61.1 61 0.2 0.1  61.2  60.8  0.5 

315 56.5 56.7 56.7 56.6 0.1 0.1  56.7  56.5  0.3 

400 56.5 56.7 56.5 56.6 0.1 0.1  56.7  56.5  0.3 

500 54.9 55 54.8 54.9 0.1 0.1  55.0  54.8  0.3 

630 52.2 52.2 52.1 52.2 0.1 0.1  52.3  52.1  0.2 

800 49.9 50 50.1 50 0.1 0.1  50.1  49.9  0.3 

1000 46.8 46.7 46.8 46.8 0.1 0.1  46.9  46.7  0.2 

1250 46.4 46.1 46.1 46.2 0.2 0.1  46.4  46.0  0.5 

1600 42.2 41.7 41.8 41.9 0.3 0.2  42.2  41.6  0.7 

2000 40.4 39.9 39.9 40.1 0.3 0.2  40.4  39.8  0.8 

2500 37.4 36.6 36.6 36.9 0.5 0.3  37.5  36.3  1.3 

3150 31.8 30.2 30.1 30.7 1 0.6  31.8  29.6  2.6 

4000 28.4 25.6 25.9 26.6 1.5 0.9  28.3  24.9  4.3 

5000 27.4 21.8 22.1 23.8 3.2 1.8  27.4  20.2  8.7 

Table 5-9:  ISPL with standard deviation, 95% confidence interval and rs in the field  

at position 3 for Floor 6 (bare floor) 
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Table 5-10 presents the values of ISPL and average values with the measured frequencies on the 

tapping machine position 4 for bare floor 6, followed by a statistical analysis including standard 

deviation (n=3), standard error of the mean (Eqn.5-3), 95% confidence interval (t0.025,2=4.303 in Tab.2 

in ISO 140-2; Eqn.5-4) and rs (Eqn.5-2). 

 

Freq. POS 1 Avg. SD 
Standard Error 

of the mean  

95% Confidence 

Interval 
rs 

Hz dB 

50 68.5 67.6 68.8 68.3 0.6 0.3  69.0  67.6  1.7 

63 60.8 60.5 61 60.8 0.3 0.2  61.1  60.5  0.7 

80 60 59.3 60.2 59.8 0.5 0.3  60.4  59.2  1.3 

100 56 55.4 55.7 55.7 0.3 0.2  56.0  55.4  0.8 

125 58.3 57.7 57.5 57.8 0.4 0.2  58.3  57.3  1.2 

160 60.3 59.8 60.3 60.1 0.3 0.2  60.4  59.8  0.8 

200 58.2 58.3 58.5 58.3 0.2 0.1  58.5  58.1  0.4 

250 58.9 58.7 58.6 58.7 0.2 0.1  58.9  58.5  0.4 

315 58.4 58.5 58.5 58.5 0.1 0.1  58.6  58.4  0.2 

400 60.5 60.4 60.7 60.5 0.2 0.1  60.7  60.3  0.4 

500 57 56.8 56.9 56.9 0.1 0.1  57.0  56.8  0.3 

630 55.7 55.5 55.9 55.7 0.2 0.1  55.9  55.5  0.6 

800 53.4 53.5 53.7 53.5 0.2 0.1  53.7  53.3  0.4 

1000 50.2 50.4 50.6 50.4 0.2 0.1  50.6  50.2  0.6 

1250 46.5 46.9 47 46.8 0.3 0.2  47.1  46.5  0.7 

1600 42.1 42.5 42.7 42.4 0.3 0.2  42.7  42.1  0.8 

2000 39.4 40 40.2 39.9 0.4 0.2  40.4  39.4  1.2 

2500 37.7 38.3 38.6 38.2 0.5 0.3  38.8  37.6  1.3 

3150 32.1 32.5 32.8 32.5 0.4 0.2  33.0  32.0  1 

4000 26.7 27 27.6 27.1 0.5 0.3  27.7  26.5  1.3 

5000 22.5 22.7 23.2 22.8 0.4 0.2  23.3  22.3  1 

Table 5-10:  ISPL with standard deviation, 95% confidence interval and rs in the field  

at position 4 for Floor 6 (bare floor) 
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5.9 Discussion on rs and rw in the Field 

The repeatabilities rs and rw of ISPL in the field are derived from impact sound measurements excited 

by the ISO standardized tapping machine complying with ISO 140-7 Standard. Two groups of ISPL 

data are obtained from floor 6 (the sample floor) of 26 floor models in field conditions: One, rs, is 

averaged from three field measurements of impact sound on the individual tapper position on floor 6; 

The other, rw, is averaged from twelve measurements of impact sound on four tapper positions of floor 

6 in the field. 

 

The results of two repeatability measurements (rs and rw shown in Tables 5-3 to 5-10; the rest of 

repeatabilities with the statistical analysis, shown in Appendix C.8) are discussed as follows: 

 Generally speaking the repeatability rs, defined as the single repeatability in this study, for one of 

four tapping positions on 26 floor models shows less discrepancy compared to the whole 

repeatability rw obtained from twelve measurements on four tapping machine positions in the 

expanded frequency ranges from 50 Hz to 5 KHz. 

 The values of repeatability (rw) for floor 6 with the softer surfaces, such as carpet and carpet with 

underlay, have smaller numbers than the rw value for hard surface of flooring coverings including 

bare floor and carpet tile over the measured frequency range regions. A similar situation occurred 

for the rest of the 25 floors. 

 The repeatabilities rw and rs have relatively lower values in the mid frequency range (400 Hz to     

3150 Hz), and higher numbers for low and high frequencies (below 400 Hz and above 3150 Hz). 

There are higher variations than expected on extended frequency ranges at lower (e.g. 50 Hz) and 

higher frequencies (e.g. 5 KHz). Similar conclusions apply to the rest of the 25 floors. 

 The smallest value of 0.9 dB for the rw on floor 6 with floor coverings of carpet is recorded at mid 

frequencies, such as 2500 Hz, 3150 Hz and 4 KHz (normally, a diffused field can be achieved at 

those frequencies in the chamber tested), and the values below 2 dB occurred for those frequencies 

applying on the same floor with the rest of three types of floor coverings (Tab. 5-3 to 5-6). 
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 The rs in Tables 5-7 to 5-10, contained significantly smaller values compared to the rw in Tables   

5-3 to 5-6 on floor 6 over the measured frequency ranges. Most values of the rs are within 3 dB 

(e.g. Tab. 5-9). Similar findings can be obtained for the rest of the 25 floor constructions. 

 The smallest repeatability rs, for example a value of 0.2 dB at 315 Hz, 500 Hz and 1 KHz 

presented in Table 5-7, is derived from ISPL measurements on the position 1 of bare floor 6. That 

value of rs is also the smallest rs which can be inferred from the same floor 6 with the rest of three 

floor conditions over the measured frequency range. 

 The greatest value of repeatability rs, 8.7 dB at 5 KHz, occurred for floor 6 on the tapper position 3 

in Table 5-9. The outstanding rs implied that a variation of background noise in the field 

contributed to the impact noise at this high frequency. It also can be assumed that the impact levels 

may be varied by a different interaction between the tapping machine and the floor with the hardest 

surface. 

 One serious concern regarding the chamber volume of 67.2 m3 is that the Schroeder‟s cut-off 

frequency is 269 Hz. Tests below 269 Hz are in doubt to some degree. This possibly explains the 

larger variation in the repeatabilities for the ISPL occurring at lower frequencies. 

 Another concern about the diversity of 26 floor constructions is that the values of rs and rw may be 

influenced by the floors‟ structural stiffness as the 26 floors have similar base assemblies (Fig.5-6), 

but a slightly different composition and thickness of top structure (see in the figure of the cross 

section of each floor). 

 

5.10 Suggested Values for r of ISPL in the Field 

LoVerde et al. (LoVerde et al 2001 2004 2006) shared the same conclusion with Blazier et al. (Blazier 

et al 1994), that a subjective reaction is more strongly correlated with ISPL at the frequency ranges 

below 100 Hz. They also implied that the low frequency ISPL is significantly dependent on the 

structural stiffness of the base assembly; other variables in the construction can affect the low 
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frequency ISPL including ceiling connection details and the thickness of insulation (LoVerde et al 

2007). 

 

In recent research (LoVerde et al 2004) were concerned with the accuracy of impact sound 

measurement in field conditions because the relevant standard of ISO 140-2 had not been upgraded 

since 1991. The main reason, from basic theory in acoustics, is that it is too difficult to obtain a diffuse 

sound field at low frequencies in field conditions, however, the diffuse sound field is the hypothesis for 

accurate measurement of sound pressure level and reverberation time (measured by sound pressure 

levels in a receiving room) in impact sound measurement (Section 5.6). The other possible reason is 

that it is impossible to avoid the flanking transmissions between rooms on site, though some of the 

flanking transmissions to side walls may benefit the isolation of the floor/ceiling structure. The last, but 

not the least, reason for this is that it is not easy to cope with unforeseen problems which may influence 

the accuracy of measured data in the field measurement of impact sound (Section 5.6). In short, it is 

complicated to suggest the repeatability of floor structures on site.  

 

Though few suggestions exist for repeatability testing in the field (in Chapter 1), this part of the 

research has shown that the repeatability of ISPL can be determined from the statistical study of ISPL 

in the field. The results were inferred from 26 models of timber inter-tenancy floor/ceiling systems in 

Australia and New Zealand.  

 

The recommended rw, over the enlarged frequency range in field conditions is based on 1,248 

measurements on the 26 floor/ceiling systems on site complying with the ISO 140-7 standard. The 26 

floor/ceiling constructions have similar floor/ceiling structures with the same base assemblies and 

ceiling structure (Fig.5-7); though there is a slightly different composition and thickness for the top 

structures on each floor to improve their impact sound insulation.  
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Table 5-11 presents repeatability r of impact sound pressure levels in the field. The r value of 8 dB is 

suggested from 50 Hz to 80 Hz, while the smaller number of 7 dB is suggested from 100 Hz to 400 Hz. 

With the increase frequencies from 500 to 3150 Hz, the values of r drops down as the smallest as 3 dB 

in the ranges. The value r also rises up to 4 dB at 4 KHz and 5 KHz. 

Frequency, Hz Recommended r for ISPL, dB 

50 8 

63 8 

80 8 

100 7 

125 7 

160 7 

200 7 

250 7 

315 7 

400 7 

500 3 

630 3 

800 3 

1000 3 

1250 3 

1600 3 

2000 3 

2500 3 

3150 3 

4000 4 

5000 4 

Table 5-11:   Recommended r for ISPL (in the field) 

Notes: 

 The Repeatability r values have been taken from the averaged values of measurements in 

corresponding frequency ranges.   
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 The r values can be slightly worse, this is dependent on the frequency ranges in a small room 

(below 50 m3) or in room frequencies with significant flanking transmissions, especially at 

lower frequencies below 400 Hz or higher frequencies above 3150 Hz.  

 The recommended r values presented in Table 5-11 are based on the specified test results of 26 

floor constructions in 2004 in the Tamaki Chamber. The estimated Reproducibility on the same 

floor/ceiling systems could be varying according to the differences in construction by other 

builders and operators. 

 

As the Schroder cut-off frequency is 269 Hz for the Tamaki Chamber, no diffused sound field can be 

achieved below this frequency. That implies that in theory variations of r values are unable to be 

predicted correctly as being significantly below 269 Hz. In practice, the r values demonstrated larger 

than the 3 dB below 315 Hz shown in Table 5-11. Although the values of suggested r are larger than 3 

dB below 400 Hz and above 4 KHz in the table, these values with measured frequency ranges are still 

useful to support studies on the repeatability of impact sound insulation in the field. On the other hand, 

the values have also highlighted the tolerance limit of the ISPL over the measured frequency range. 

Moreover, the values have verified LoVerde‟s finding that the low frequency ISPL is dependent on the 

structural stiffness of the base assembly, and that other variables in construction can affect low 

frequency ISPL, including ceiling connection details and thickness of insulation.  

 

5.11 Repeatability for CF in the Laboratory 

In order to investigate measurement accuracy of the CF obtained in Sections 3.4~3.6, two examples of 

repeatability for CF are selected to demonstrate parameters with statistical analysis. One is inferred 

from the concrete floor with different treatments at ARC; the other is achieved from the typical floor 

constructions used in Canadian housing at NRC laboratory.  
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Table 5-12 presents one example of CF of cork tile (pink curve in Fig.3-4) with statistical analysis in 

ARC. The analysis includes the average value of the CF, Standard Deviation (SD), the Standard Error 

of the Mean (SEM), 95% confidence interval, and a repeatability (r) comparison with the 

recommended limit from ISO 140-2. The difference of r rises with mid-frequency at the right side of 

Table 5-12. This implies that cork tiles measured have a slightly difference in surface density and the 

thickness due to being made by different manufacturers.  

Freq. 

Hz  
Avg. CF, dB SD, dB SEM, dB 95% Confidence Interval, dB r, dB ISO r, dB 

100 2.8 1.2 0.49 2.06 3.54 3.3 3.0 

125 4.1 1.0 0.40 3.48 4.72 2.7 2.0 

160 1.9 0.1 0.03 1.84 1.96 0.2 2.0 

200 2.2 0.3 0.12 2.01 2.39 0.8 2.0 

250 -0.9 0.8 0.32 -1.40 -0.40 2.2 2.0 

315 0.7 0.7 0.29 0.27 1.13 2.0 2.0 

400 3.9 0.8 0.35 3.40 4.40 2.4 2.0 

500 6.9 0.1 0.06 6.84 6.96 0.4 2.0 

630 9.5 1.2 0.49 8.76 10.24 3.3 1.0 

800 9.9 0.1 0.06 9.84 9.96 0.4 1.0 

1000 14.1 0.8 0.35 13.60 14.60 2.4 1.0 

1250 20.5 1.1 0.46 19.82 21.18 3.1 1.0 

1600 28.5 1.1 0.46 27.82 29.18 3.1 1.0 

2000 34.1 1.5 0.61 33.17 35.03 4.1 1.0 

2500 39.7 2.3 0.92 38.27 41.13 6.3 1.0 

3150 45.2 2.5 1.04 43.65 46.75 7.1 1.0 

Table 5-12:  CF of Cork Tile with statistical analysis, comparing with ISO recommended r 

 (from 6 samples at ARC) 

Table 5-13 presents one case of CF values on a floor covering of oriented strand-board, the most of test 

results obtained from NRC report. Table contains statistical analysis including the average value of the 

CF, their standard deviation, 95% confidence interval, and a repeatability comparison with 

recommended limit from ISO 140-2.  
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The difference of r is larger overall in the measured frequency range of interest at NRC than that of the 

r difference at ARC. The implication is that maybe the timber constructions are slightly different, 

combined with the different thicknesses of oriented strand-board in individual tests. Another possible 

reason causing the result in differences could be due to the interaction of force, in floor coverings and 

load bearing constructions described in previous research (Scholl 1999). Table 5-13 presents the 

maximum differences of single number ratings between the predicted and measured Ln,w values for two 

types of floor constructions surfaced with oriented strand board. One floor construction contains wood 

joists of varying depths and cavity infill etc; the other is built with steel joists of varying spacing and 

depth etc. 

Freq. 

Hz  

Avg. CF, 

dB 
SD, dB SEM, dB 

95% Confidence Interval, 

dB 
r, dB ISO r, dB 

100 1.7 1.7 0.15 1.38 1.95 4.8 3.0 

125 -1.5 1.6 0.13 -1.72 -1.20 4.4 2.0 

160 0.5 1.8 0.15 0.23 0.84 5.1 2.0 

200 0.5 1.6 0.14 0.20 0.74 4.6 2.0 

250 0.7 1.6 0.14 0.48 1.02 4.5 2.0 

315 1.6 1.5 0.12 1.39 1.87 4.1 2.0 

400 -0.2 1.1 0.09 0.38 -0.01 3.1 2.0 

500 1.6 1.2 0.10 1.44 1.83 3.3 2.0 

630 5.9 1.5 0.12 5.64 6.12 4.0 1.0 

800 7.7 1.6 0.14 7.46 7.99 4.4 1.0 

1000 12.1 1.2 0.10 11.86 12.24 3.2 1.0 

1250 18.5 1.4 0.12 18.25 18.71 3.9 1.0 

1600 25.3 1.1 0.10 25.13 25.51 3.1 1.0 

2000 31.0 1.2 0.10 30.79 31.20 3.4 1.0 

2500 35.3 1.3 0.11 35.09 35.51 3.5 1.0 

3150 39.5 1.4 0.12 39.28 39.75 4.0 1.0 

Table 5-13: CF of oriented strand-board with statistical analysis, in comparison with ISO  

recommended r (from 141 samples in 25 groups at NRC) 
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In order to investigate the significance of the influence on single number rating of impact sound 

insulation of floors of a variety of CF values, as is similar to the comparison prescribed in Section 5.5, 

the values for Ln,w shown in Table 5-14 give two comparisons of measured values. One comparison 

uses CF determined from floor constructions of all types of floor construction having a strand-board 

surface (global constructions), and the other uses that the CF are derived for a group of floors with a 

similar style of internal construction and a strand-board surface (similar construction). There might be 

expected to be a reduction in the difference between predicted and measured Ln,w when the CF are 

found from the group of floors of more similar construction, but in this case the maximum differences 

are the same 2 dB, and are also within the repeatability that would be expected for field measurements 

Timber jo ist floors with OSB surface       

Sample  
Ln,w predicted using 

"global construction" CF 

Ln,w predicted using 

"similar construction" 

CF 

Ln,w measured 

1 67 66 65 

2 67 66 66 

3 64 64 64 

4 62 62 63 

5 63 62 64 

6 65 64 64 

Steel joist floors with OSB surface  

Sample  
Ln,w predicted using 

"global construction" CF 

Ln,w predicted using 

"similar construction" 

CF 

Ln,w measured 

1 65 66 65 

2 65 66 65 

3 66 67 66 

4 64 65 66 

5 65 66 66 

6 64 65 65 

Table 5-14:  Comparison of measured and predicted values of Ln,w 

                     using the ―global construction‖ and ―similar construction‖ CF 

This implies that CF (global construction) identified solely by the type of surface of a floor may prove 

satisfactory for simplified measurement in buildings, but materials and the components of the 
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construction being tested (beyond what can be visually determined without dismantling the floor) can 

identify appropriate correction factors, therefore reducing the potential difference between inferred and 

measured values of Ln,w. It is most likely that a tester will know the type of floor construction with floor 

covering, but for the cases where this is not known, or there is any doubt, a measure of the mobility of 

the floor would guide the choice of appropriate correction factors. The feasibility of the swift and 

efficient execution of this has yet to be investigated.  

 

5.12 Repeatability for CF in the Field  

In order to investigate the repeatability of CF in the field, one case is presented in Table 5-15; this is the 

case of CF values on 200 mm concrete with a floor covering of engineered wood. The following table 

contains statistical analysis including the average value of the CF, standard deviation of three tests, 

standard error of the mean (Eqn.5-3), 95% confidence interval (t0.025,2=4.303 in Tab.2 in ISO 140-2, 

Eqn.5-4) and rs (Eqn.5-2). 

Freq. Hz  Avg. CF, dB SD, dB SEM, dB 95% Confidence Interval, dB r, dB ISO r, dB 

100 15.12 1.04  0.60  12.55  17.69  2.87  3 

125 12.56 1.04  0.60  8.1 15.13  2.87  2 

160 8.58 1.04  0.60  4.13 11.15  2.87  2 

200 7.15 1.04  0.60  2.7 9.72  2.87  2 

250 9.01 1.04  0.60  4.56 11.58  2.87  2 

315 12.42 1.04  0.60  7.97 14.99  2.87  2 

400 19.08 1.04  0.60  14.63 21.65  2.87  2 

500 24.24 1.04  0.60  19.78 26.81  2.87  2 

630 26.9 1.04  0.60  22.45 29.47  2.87  1 

800 27.52 1.04  0.60  23.06 30.09  2.87  1 

1000 34.56 1.04  0.60  30.11 37.13  2.87  1 

1250 40.36 1.04  0.60  35.9 42.93  2.87  1 

1600 43.95 1.04  0.60  39.49 46.52  2.87  1 

2000 47.86 1.04  0.60  43.4 50.43  2.87  1 

2500 51.01 1.04  0.60  46.55 53.58  2.87  1 

3150 54.47 1.04  0.60  50.02 57.04  2.87  1 

4000 58.06 1.04  0.60  53.6 60.63  2.87  1 

Table 5-15: CF of engineered wood on 200 mm concrete floor in the field  

with statistical analysis. (Averaged 3 tests) 
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This implies that repeatability for CF identified by the type of surface of a floor may prove satisfactory 

for measurement accuracy; therefore the CF method can possibly be applied for simplifying 

measurements in buildings in the field. However, the measurement accuracy examined for CF in the 

field has yet to be investigated. On the one hand, due to the complexity of field conditions; for the CF 

in the field, higher repeatabilities might be expected than for the repeatabilities obtained in the 

laboratory for the same construction. On the other hand, as the field CF inferred from US buildings 

with inadequate measurement conditions, it is most likely that variations exist when applying this 

prediction method. Moreover, because laboratory data is lacking for the calculation of the CF for the 

same US construction as a foundation, the repeatabilities achieved based on 2000 field data have a 

greater risk factor when using the field part of CF data to make a prediction.  

 

5.13 Repeatability for SWL of the RB  

As the study for new equipment in Chapter 4, the statistical analysis of the Radiation Box is 

investigated in the laboratory condition.  

Table 5-16 contains the Sound Power Level (SWL) of the Radiation Box Gear with statistical analysis 

including SWL for 6 measurements, the arithmetic values with measured frequencies from 50 Hz to 5 

KHz, the standard deviation for one-third octave band frequencies and, the 95% confidence interval 

and its repeatability.  
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Frequen

cy 
1 2 3 4 5 6 

Ave

rage 

Standard 

Deviation 

95% Confidence 

Interval 

Repeatabi

lity 

 

Table 5-16: Six repeatability tests of results with standard deviation, 95% confidence interval and r 

 

The results show that the SWL has a good reparability below 2 dB from 100 Hz to 3150 Hz, which is a 

measuring frequency range required by ISO Standards. Additionally, the results of field measurements 

are defined in a category of engineering accuracy, which results in a far lower comparison with that of 

the accuracy level attained in the laboratory tests. Consequently, the Radiation Box Gear is not only for 

use as an airborne sound in the laboratory, but also to apply as a substitute sound in the field. However, 

when it applies to in-the-field measurement, issues (such as positions of the tapping machine on the 

Radiation Box) need to be of concern to ensure the reparability of SWL. 

 

 

Frequencey 1 2 3 4 5 6 Average Standard Deviation Repeatibiltiy

50 74.72 74.96 74.56 74.60 75.21 73.02 74.51 0.77 73.71 75.32 2.13

63 84.92 85.77 86.58 85.78 86.80 85.64 85.92 0.68 85.20 86.63 1.89

80 87.94 88.36 88.84 88.35 88.25 87.76 88.25 0.38 87.86 88.64 1.04

100 87.11 87.62 87.93 87.46 87.83 87.78 87.62 0.30 87.31 87.94 0.83

125 93.66 93.34 94.07 93.94 93.68 93.54 93.70 0.27 93.42 93.98 0.74

160 91.41 91.70 91.40 91.53 91.67 91.14 91.48 0.21 91.26 91.69 0.57

200 90.96 90.98 91.36 90.94 90.87 90.78 90.98 0.20 90.77 91.19 0.55

250 88.27 88.12 87.67 87.88 87.82 88.06 87.97 0.22 87.74 88.20 0.60

315 91.14 91.21 91.03 90.94 90.75 90.64 90.95 0.22 90.72 91.19 0.61

400 90.61 90.61 90.35 90.24 90.08 89.82 90.28 0.31 89.96 90.61 0.86

500 91.37 91.26 91.31 91.26 91.23 90.90 91.22 0.17 91.05 91.40 0.46

630 92.58 92.52 92.72 92.76 92.77 92.77 92.69 0.11 92.57 92.80 0.31

800 93.59 93.58 93.63 93.75 93.71 93.64 93.65 0.07 93.58 93.72 0.19

1k 92.81 92.72 92.95 93.06 93.12 93.05 92.95 0.16 92.79 93.11 0.43

1.25k 94.89 95.03 95.38 95.67 95.73 95.77 95.41 0.38 95.02 95.81 1.05

1.6k 95.60 95.51 95.53 95.97 95.84 95.77 95.70 0.19 95.51 95.90 0.51

2k 94.29 94.19 94.37 95.08 95.14 95.28 94.72 0.49 94.21 95.24 1.36

2.5k 93.28 93.45 93.66 94.69 94.66 94.77 94.08 0.69 93.36 94.81 1.91

3.15k 90.28 90.23 90.44 91.78 91.71 91.69 91.02 0.78 90.21 91.84 2.15

4k 87.30 87.28 87.53 89.24 89.17 89.11 88.27 0.99 87.23 89.31 2.75

5k 85.17 85.15 85.42 87.64 87.77 87.80 86.49 1.37 85.05 87.93 3.79

95% Confience Interval
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5.14 Uncertainty Budget for Impact Sound in the Field 

3 studies of repeatability are investigated from Section 5.2 to 5.13. These researches for measurement 

accuracy are a preparation for an uncertainty budget for impact sound insulation measurement. The 

structure of this for impact sound is similar to the uncertainty budget for environmental noise 

measurement (Craven & Kerry 2007).  

 

All measurement results have an associated element of doubt about their true value. In the case of 

impact sound insulation in buildings, it is usually factor that influences whether buildings with a 

diffused sound field obtain the right RT and level tests, rather than instrumentation that influences 

measurement uncertainty. Knowledge of the source and magnitude of these factors will assist with 

interpretation of the results, indicating difference which may not be significant and identifying areas 

where greater attention to detail can improve assessments (Craven & Kerry 2007).  

 

The aim of the spreadsheet is to present “uncertainties” in a simple and straight- forward approach, so 

that the users are able to use the information to either define the magnitudes of the final measurement 

uncertainty, or identify the probable sources of uncertainty (Craven & Kerry 2007; Stephanie 1999). 

Table 5-17 are presented in the form of a spreadsheet that comprehensively lists the components of 

measurements, including the various sources of uncertainty, the statistical processes, and the final 

combined results.  
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Sources of Uncertainty  Notes  
Initial 
Value

s 

95% 
Confidence 

Level  

Convert to 
Same Units 

(dB) 

a
Standardardise 

Confidence Level 

(1/2 width)* 

Distribut

ion 
(Norm 

or Rect) 

Standard 

Uncertainty 
(u) dB  

(1/2 width) 

Reference 

b
Impact/Airborne 

Source 
                

Position of source location of machine               

Operating condition duration on/off               

Charact er steady/broadband               

Machine condition maintenance               

Transmission Path                 

Floor conditions identical/complex                

Base floor 
lightweight / heavy 

weight 
              

Floor finishes 
materials /  
sample sizes 

              

Ceiling with/without               

Flanking transmission                 

Windows closed/opened                

Side walls                 

Receiver                 

Measurement position 

*choice of position/ 

height above ground 
level / microphone 

orientation tripod 
mounted/handheld 

small variations 
between repeat ed 

tests 

              

 Diffusibility of  
a receiving room  

volume, cut-off 
frequency 

              

Instrument  

(sound level meter) 

calibration (annual, 
on site) accuracy & 

precision (type1/2); 
accessories 

(extension leads etc); 
environmental 

influence (ai r 
pressure, 

temperature, 
humidity); 

background noise. 

              

Operator 
competence and 
experience 

              

Standards/procedures/  

guidelines 

interpretation 

relevance 
              

Combined uncertainty Uc (root sum of squares)               

Expanded uncertainty U=kUc (95% confidence 
k=1.96) 

              

Final answer expressed as [value]±U dB with a 

confidence level of 95% 
              

Table 5-17: Uncertainty Budget for impact sound insulation in the field 
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Note: 

a   Standardise the estimates to plus or minus one standard deviation (known as standard 

uncertainty [u]). This is normal practice and allows all uncertainties to have equal weighting 

in the following calculation process.  

b     Impact / Airborne sound includes the standardized tapping machine, loudspeaker system and 

the Radiation Box Gear. 

c     To convert all uncertainties to the same units, preferably for airborne and impact sound, dB 

(re 20 μ Pa. Conversion can often be achieved using an asymmetric interval with a 

symmetrical one. This can be derived by re-scaling the interval to a symmetrical one of 

equal width. For example, covering a distance of 15m ± 1m to dB using the inverse square 

law, the uncertainty of ±1m equates from a range from +0.56 dB (20log16/15) to -0.60 dB 

(20log14/15). Consequently re-scaled interval is ± 0.58 dB (averaged by 0.56 and 0.60) and 

half width is 0.58 dB. 

d   The combined standard uncertainty can be calculated from the individual uncertainties by 

calculating the root sum of the squares. . 

e    Noise emissions are required in stationary conditions as relevant standards, the factors of any 

variables which may affect the emission need to be included in the uncertainty. Attention 

needs also to be paid to the variations in noise emissions due to wear, tear and subsequent 

maintenance needs (additional checks before and after maintenance). 

f      Uncertainty of samples and the flanking transmissions are needed to record and consider on 

site. For example, variations can be predicted on the interactions between base floor, floor 

finishes and impactors. 

g    International standards specify four degrees of precision, covering the performance and 

associated tolerance for each component of the sound level meter, the current ones use 

classes 1 and 2 to replace the previous 4 degrees. B&K (Martin 1997) published total 

estimated uncertainty (root of the sum of the squares) is from laboratory at ± 1.4 dB to field 



 

223 

 

noise surveys at ± 5.2 dB for their sound level meters. A sound level meter is a complex 

piece of equipment, generally comprised of a microphone, pre-amplifier, and a number of 

signal processing and interface modules (either hardware or software based), some of which 

maybe interchangeable. All those factors increase the uncertainty.  

h    Measuring position should be sufficiently close to a reflecting object that affects tests in a 

small room, such as a bathroom. Minimal separation distances are needed among 

microphone positions, and between any microphone position and the room boundary.  

i      Reflections from the body of the user.  When taking hand-held tests, the meter should be held 

away from the operator‟s body. If the distance between microphone and the operator‟s body 

is around 0.3-0.5 m, the uncertainty of interference patterns (± 2 dB over 200 Hz - 5 KHz) 

should be considered (B&K SLM type2203 Manual 1961). 

j      The environmental effects due to weather conditions and background noise; the calibration of 

microphone before and after the tests are needed in order to consider certain variables, such 

as; temperature, humidity and ambient pressure. The background noises such as randomly 

passing traffic and construction noise need to be considered in the uncertainty of 

environmental noises.  

 

5.15 Future Research and Prospects 

This chapter has investigated the measurement uncertainty of impact sound insulation of 10 

floor/ceiling structures (chosen from 26 floors) with four types of surface finishes in field conditions. It 

has also compared the results of single number rating, L‘n,w (CI') and Ln,w (CI) for impact sound 

insulation as defined in ISO Standard 717-2 between the laboratory technique and field measurement. 

In addition, to continue with the question of a new descriptor ISPL and to take advantage of the 

measurement data 26 floors, the chapter has suggested the repeatability of ISPL for an assessment of 

impact insulation in buildings. The chapter has also contributed to the measurement accuracy of the 
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simplified method, which includes the CF method and the RBG method. Finally, the uncertainty budget 

for impact sound insulation in the field is presented in a spreadsheet.  

 

Future work would involve comparing more tests in the laboratory and field conditions using the same 

building elements (floor/ceiling structures) for impact sound insulation in prevalent dwellings to 

consistently study the factors and unforeseen situations affecting the measurement accuracy in field 

conditions. In order to investigate the difference of the single number rating defined in ISO 717-2 for 

impact insulation in laboratory (Ln,w+CI) and field conditions (L‘n,w+CI‘), more measurements could be 

conducted on the floor/ceiling structures made by various manufacturers; in addition, structural details 

and field conditions should be recorded, for example, flanking transmissions where they occur. 

Moreover the repeatability of ISPL and CF measurements should be carried out continuously on 

different floor/ceiling structures in field conditions, and also these measurements should be tested at 

internationally recognized laboratories where feasible (Round Robin tests). Furthermore the uncertainty 

budget spreadsheet for field measurements of impact sound insulation should be further developed to 

accommodate all possible factors relating to buildings for testing in the field. 
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Conclusion 

1. Introduction 

The section contains the overall implications of the findings of the current research. In order to 

encourage field tests for inspecting sound performance to cope with the increasing noise complaints in 

buildings, this research has developed a simpler, more economical test system with an acceptable level 

of accuracy in comparison with the current ISO method. Chapters 1 and 2 contain a literature review of 

the related standards and building codes. Chapters 3 and 4 investigate the approaches for reducing or 

modifying the measurement equipment for impact sound insulation. The CF method development 

described in Chapter 3 has been successfully verified to predict the impact sound insulation of floor 

systems by measuring the sound reduction index of the same systems; this has the provision to be a 

web-based simulation the convenient application of its users. In Chapter 4 a new airborne sound 

excitation, the RBG, is examined as a replacement for the loudspeaker system in the laboratory. 

Chapter 5 examines the measurement accuracy of the simplified methods described in Chapters 3 and 4 

comparing them with full ISO methods, and also investigates the difference in impact isolation between 

the laboratory technique (ISO 140-6) and field measurement (ISO 140-7) on 26 floor constructions. In 

consequence, the uncertainty budget for impact sound insulation in the field is summarized. 

 

This section also presents the purpose of research, the limitations of the simplified methods and, in 

addition, recommendations are made for further research for the simplified methods that are described 

in Chapters 3 to 5.  

 

The simplified methods developed in the research are suitable for implementing impact sound 

insulation measurement in finished buildings with acceptable accuracy, as per the ISO Standards. This 

will definitely encourage an increase in field measurement of impact sound insulation in dwellings, and 
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hence are beneficial to the efficient inspection of the sound quality of abundant newly-finished 

buildings.  

 

2. Objectives of the Study 

The main aim of the thesis is to simplify the full ISO method for measuring the field measurement of 

impact sound insulation of the building elements in dwellings. The research has established improved 

systems which are simpler, lighter in weight and less costly, in terms of both finance and time 

consumption than the current ISO 140-7 system that measures impact sound insulation in dwellings in 

field conditions, while still achieving good repeatability as recommended for the conventional full ISO 

measurements. 

 

As the first objective outlined in the Introduction of this thesis, Chapter 3 describes the development of 

a simulation method for predicting the impact insulation in buildings in the field. The method has been 

verified successfully both in laboratory and field conditions in specified structures and floor coverings. 

Moreover, an accessible application has been programmed to web 2.0 applications to ensure its 

sustainable development; two presentations of prediction results are shown, one being an integrated 

curve of impact sound pressure levels with a 95% confidence interval, the other being a table of 

individual numbers of L‘n with predicted frequencies defined in ISO standard 717-2.  

 

The second objective mentioned in the Introduction, is a simplified method for developing a new 

airborne sound source that has been studied in the laboratory and is presented in Chapter 4. The 

combination of equipment, with the ISO standardized tapping machine on the top of the Radiation Box, 

could potentially replace the ISO reference sound source (or a loudspeaker system) as the airborne 

sound source in sound absorption (or reverberation time) measurement in impact sound insulation tests. 

This has been verified theoretically and practically in the laboratory.  
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The final objective discussed in the Introduction and presented in Chapter 5 studied the variations and 

differences of impact sound between the laboratory and field methods in 26 constructions; it also 

proposed the repeatability of ISPL, as the alternative descriptor, for an impact rating for floor 

assemblies in field conditions. In addition, Chapter 5 described the studies relating to the measurement 

accuracy for the simplified methods outlined in Chapter 3 and 4. Consequently, the unforeseen factors 

for the uncertainty budget of impact sound insulation in the field were also discussed and summarised.  

 

Three motivations of the thesis were investigated in Chapters 3 to 5, and the significance of the results 

and interpretations of their meaning have been discussed. Potential sources of error and anomalies have 

also been analyzed. This research will hopefully stimulate the conducting of field measurements of 

impact sound insulation in high-rise housing before handover. Additionally, it will provide technical 

support for decreasing noise complaints caused by faulty buildings which have not had their sound 

performance verified properly on site, as discussed in the Introduction.  

 

3. Limitations of the Research 

The limitations of the work carried out in this thesis can be summarised as follows: 

 

The Correction Factor method in Chapter 3: (a) As a large amount of field data may be accumulated 

over many years, there may be a shortage of records that are readily available, e.g. the measurement 

setup, a room‟s furnished conditions and site conditions that can be easily obtained. Moreover, 

insufficient data pertaining to the RT and volumes of receiving rooms for calculating the Schroder cut-

off frequency; a doubt exists about the field data of the SRI and the ISPL. Consequently all the above 

factors are inherent in the data analysis for developing the CF method; variations of CF(s) can be 

predicted; (b) Due to cost, time and the need to co-operate with manufacturing companies and 

industries, a comparison of field measurements with laboratory-tested floor are less infeasible for 

verifying the CF method on the various floor types using the newly developed procedures. 
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Consequently, the reliability of CF method is only verified on data collected on the concrete floor 

presented in Section 3.9. That is sufficient for the increasingly prevalent type of housing, high-rise 

buildings, which have 120 - 240 mm concrete floors and floor treatments that are required by interior 

designers. There is no reliability verification of the CF methods on t imber and steel floor structures at 

this stage. The floors built at NRC of Canada are quite different from floors built in the USA (tested by 

a US company); in addition, the floors at ARC in New Zealand do not match the floors measured by 

NZ consulting companies; (c) It would be useful to make CF(s) predictable by modelling field data. 

However, this work is beyond the scope of the present thesis, and it will provide further research to be 

undertaken by another PhD candidate who has mathematical skills in modelling the vibration of 

structures. 

 

The Radiation Box Gear in Chapter 4: (a) the ultimate purpose of the RBG is to be used as the new 

airborne sound excitation to make sound absorption and level difference tests by replacing the 

loudspeaker system in the sound insulation measurements in buildings. Compared, with 33 kg weight 

of the loudspeaker system and its market price, the Radiation Box has a lighter weight of 10 kg and will 

significantly reduce cost. However, the current prototype Radiation Box has not made tests in the field 

at this stage, due to the fact that RB has not finished the laboratory stage of its product design; (b) The 

RB also needs to produce greater power to accurately measure the level difference between rooms 

according to ISO 140-3 (laboratory standard) and 140-4 (field standard). In order to validate the RBG 

as a new airborne sound source in the field, a comparison repeatability test of the RT (level difference) 

will be needed in the near future between the field and the laboratory.  

 

The uncertainty budget in Chapter 5: (a) Field tests on 26 floors in the Tamaki Chamber are not truly 

field measurements. Two equipment systems comply with the laboratory accuracy required by IEC 

standards. On the other hand, the RT of 1.21 seconds, in the receiving room of 67.2 m3 is far bigger 

than the ISO standardized RT of 0.5 seconds of independent frequency. Consequently, the case of the 

Tamaki Chamber may be a good example to represent a typical, furnished residential room; (b) The 



 

229 

 

operator is present in order to make ISO 140-7 tests in the Chamber, which contributes to the average 

(from 125 to 4 kHz) absorption area of 1.09 m2 in the receiving room. This absorption can convert into 

0.47 dB to contribute to the ISPL in the Chamber. The higher the frequency, the larger the absorption 

area and ISPL modified. This causes the variation of normalized impact sound levels between 

laboratory and field tests; (c) No increasing tests were made, as suggested in ISO 140-7 during the 26 

floor tests, therefore, most of the tests that are less than 269 Hz are in question; (d) No tests have been 

made with the operator walking around the chamber to make a level measurement when the 

loudspeakers and ISO tapping machine were turned off; (e) There is no electrical noise check that has 

been made in the receiving system (the dummy microphone replaced the current microphone) test, as 

suggested in ISO 140-8. 

 

Consequently, the research is promising for the simplification of field measurement in high-rise 

building; the limitations mentioned need to be considered to provide an increase in accuracy.  

 

4. Summary of Work carried out  

As discussed in the Introduction, noise complaints worldwide have been significantly increasing over 

the last twenty years. The most likely reason for this is that dwellings, especially new buildings, due to 

the expensive field measurement in the field, are not properly verified for sound performance on site 

before handover. Therefore there is a critical need to inspect sound performance in actual buildings 

using simplified methods to cope with the increasing noise complaints. This thesis has considered the 

research topic of how to simplify field tests with an acceptable level of measurement accuracy, the 

details are outlined in Chapters 1~5. 

 

Chapter 1 reviews the studies of sound insulation measurement in building and building elements in the 

field, and also introduced test and rating standards from ISO and different countries related to specify 

the scope of this research. First, since the reasonable sound absorption/RT measurement is a crucial 
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part of sound isolation measurements in dwellings, in order to seek opportunities for simplifying the 

test system, different measurement techniques and their repeatabilities are used in different situations 

and these are reviewed. Secondly, the studies relating to modified methods for impact sound generators 

compliant with ISO standard 140-7 are examined because the tapping machine does not properly reflect 

the characteristics of human-made noise. Thirdly, the research regarding the different methods of 

conducting field tests, modifying measurement systems, and making tests for sound insulation in 

extended frequency ranges in building, is discussed. Fourthly, studies on the rating of sound 

performance in building are described, as well as a comparison of the different types of assessment 

systems used in different countries. Finally, the research on simplifying methods of full ISO sound 

insulation measurements in buildings in field conditions are also reviewed for the purpose of 

investigating possibilities of implementing simplified approaches.  

 

Chapter 2 comprises of an overview of various measurement standards, sound classification and 

building codes as the legal guidelines for an assessment of sound performance in building. Although 

ISO Standards for sound isolation are the official guidelines adopted by most of countries worldwide, 

the Standards (ISO 717-1&2 1998) are not sufficient to cope with the complicated noise sources that 

were discussed in the Introduction Section. Because of the perceptiveness and sustainability of the 

European Building Codes in building code evolution, the Building Codes of 24 European countries are 

summarized in this section for the potential future of ISO‟s code development. Moreover, the 

Australian and New Zealand building codes (NZBC) are discussed for the continuous development of 

the NZBC. The US building code is not only a unique rating system when compared to the codes of 

other countries, it is also a preparation platform for converting the field data collected from the US, as 

outlined in Chapter 3, to infer the CF in the field. A future universal concept for sound insulation 

classification is suggested in the chapter, to replace the current diversity of descriptors for the rating 

systems since most countries adopt similar measurement systems in sound insulation to those 

recommended in the ISO series.  
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Chapter 3 considers possible methods for simplifying measurements ; the elimination of the ISO 

standardized tapping machine (12 kg) for reducing the weight of measurement gear, a simplified 

method has been developed for predicting impact sound insulation, where the impact insulation results 

of building elements inferred from the actual a irborne sound insulation and Correction Factors (CF) 

corresponding to a type of construction and floor finish (Ln,pre,=38.6+30log10f–R–CF). The 

assumption of the technique applied is based on a low coincidence frequency and high input impedance 

as well as interaction the generator, the bearing structure, and floor coverings for a floor/ceiling 

assembly. The empirical method of CF has been extended for verification in US buildings with a 

diversity of floor coverings and different floor structures in field conditions; following this, the 

prediction results showed good agreement with measured data in internationally recognized 

laboratories. Although some limitations (such as, the more homogenous and heavy structures are, the 

better the predicted results that can be achieved) exist in applying this technique, the reliability of the 

CF methods has been promisingly verified on heavy weight floors in the laboratories and in the field. 

The CFs inferred from different constructions and a diversity floor finishes have been collected into a 

database. In order to promote the CF application among acoustics researchers, consultants and any 

persons who may be interested, for further development, an interactive programme for CF has been 

coded and its website is provided. This successful approach, the predicted impact isolation using CF 

method (Ln, pre=38.6+ 30log10f–R–CF), significantly decreases to half the measuring time, the labour, 

and the cost, of impact sound insulation measurement of floors in finished buildings in field conditions. 

 

Chapter 4 presents the suggestion that the quantity of measurement equipment required could be 

reduced. That means replacing ISO reference sound source (or the loudspeaker) with the Radiation Box 

Gear for sound absorption (or reverberation time) tests in impact sound insulation measurement. The 

prototype model of the Radiation Box (10 kg) has been verified in Reverberation Chamber according to 

ISO Standard 3741. The results of the RBG are shown to be better than those of ISO reference sound 

source. Moreover, in order to study the RBG‟s effectiveness for measuring sound absorption, 3 

comparison tests of sound absorption coefficient on standard samples have been made using two 
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airborne sound excitations including the loudspeaker system (e.g. 33 kg in the field) and the RBG, with 

regard to ISO 354, 3741 and 3743 in the laboratory. The novel prototype produced almost no 

discrepancy on the results of sound absorption coefficient in the same laboratory conditions. 

Consequently the combination of the Radiation Box and the ISO tapping machine can perform as a 

reasonably powerful sound source for measuring sound absorption in the laboratory. At this stage, the 

ultimate aim of the new airborne sound study is to make a level difference betwee n rooms. The scope 

and limitations of this technique are discussed, and also further development of the Radiation Box Gear 

method is suggested. Future research work is proposed to verify its effectiveness for measuring sound 

absorption in finished buildings on site as one part of the simplified methods for sound isolation 

measurement. 

 

Besides simplified methods, in Chapter 5, the thesis also investigates another important concept, 

uncertainty of measurement for impact sound measurement of building elements in field conditions. In 

order to study the variations for factors affecting measurement accuracy, a testing facility and 

experimental setup are introduced to compare results of laboratory technique and field measurement of 

impact sound insulation on 26 structures with four types‟ flooring conditions on site. Deviations mainly 

derive from situations where most of the floor/ceiling structures have softer coverings, such as carpet 

with underlay, and the results imply a better agreement on bare floors. Moreover, a comparison of the 

weighted normalized impact sound pressure level with spectrum adaptation terms (Ln,w+CI and 

L‘n,w+C‘I) has been carried out on 10 floors (chosen from 26 floors) with four floor finishes for 

investigating the variations of single number rating for impact sound insulation between the two 

measurement techniques. The results showed a difference between the laboratory technique and field 

methods, though, interestingly, there was no difference for some floors under specific floor conditions 

(e.g. floors with poor impact sound insulation). Another investigation of the repeatability for Impact 

Sound Pressure Levels (ISPL) on 26 floors in field conditions is suggested in order to provide a 

tolerance of the new descriptor, ISPL, for rating the impact insulation of building elements. Due to the 

ISPL, this plays close attention to the ratings at low frequencies, from which most noise complaints 
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from impact sound noise (such as footsteps and moving furniture) in buildings originate, it has better 

agreement with the majority of occupants‟ perception compared with L‘n,w from 100 Hz to 3150 Hz 

defined in ISO Standard 717-2. Repeatability for the simplified methods is studied for investigating the 

accuracy of simplified method developed. The CF method shows good results in the laboratory and 

field conditions in some constructions, and also in the SWL of the RBG in the laboratory. Finally, 

based on the investigation of measurement accuracy in the chapter, the uncertainty budget is 

summarized for field measurement of impact sound including simplified methods developed.  

 

5. Suggestions for Further Research  

Although the simplified methods for impact sound insulation have been established and the results 

verified as promising at this stage, there are still a number of areas where further research should be 

undertaken. These include: 

 

Future work regarding the empirical prediction method for impact sound in Chapter 3:  

(a) The impact sound insulation for prevalent floor/ceiling structures with different floor coverings 

should be measured in laboratories and compared with the impact insulation in buildings with a full 

recording of measurement procedures on site, especially where flanking transmissions and details 

of the field conditions recorded for investigating whether field results are influenced by flanking 

transmissions. The CF concept could be applied to the case of horizontally transmitted sound with 

statistical analysis, and to see if a comparison of measured values with predictions using relevant 

correction factor might be useful in diagnosing errors in building, which would therefore be of 

benefit for conducting a screening technique to verify sound performance in buildings if needed;  

(b) The computer application of CF could be extended to code for mobile phone users. The convenient 

application for encouraging users worldwide to continually contribute to the further optimisation of 

the method and software; 
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(c) The other possible work is to study the relationship between single number rating in ISO 717-2 and 

CF in impact sound insulation, and find out how L‘n,w+ CI‘, the descriptor of impact sound 

insulation, would vary with CF depending on the frequency range of interest; 

(d) Another prospective area would be to investigate the interaction of the ISO standardized tapping 

machine, on floor coverings and load bearing floors in heavyweight-building constructions with the 

results being provided both by laboratories and field conditions testing, and also to study how 

significantly this interaction influences the CF results in experimental tests; 

(e) The reliability of the CF methods is to extend them for testing on inhomogeneous heavy weight 

floors, or heavy weight floors using timber and steel as the load-bearing floors; 

(f) To make the predictable CF(s) by modelling field data.  

 

Work to optimise the Radiation Box Gear for impact sound insulation measurements as presented in 

Chapter 4: 

(a) The Radiation Box Gear replacing the ISO reference sound source (or loudspeaker systems) could 

be applied to directly measure sound absorption in field measurement of impact sound insulation in 

the finished building; 

(b) In order to improve sound power levels at low frequencies, the design of the Radiation Box could 

be modified as a vented enclosure design to increase the sound power spectrum at low frequencies 

if possible (below 100 Hz); 

(c) Modifications could be made to the ergonomics and weight of the Radiation Box to improve its 

portability for conveniently transport in the field environments; 

(d) The Radiation Box‟s vibration isolation supports could be optimized to achieve better insulation 

from the supporting floor; 

(e) The Radiation Box Gear could be used to measure sound level difference of airborne sound by 

substituting loudspeakers in airborne sound insulation measurement in the finished building in the 

field if possible (e.g. detect faulty wall systems). 



 

235 

 

(f) The ultimate aim of the RBG is to produce greater power to accurately measure level difference 

between rooms. In order to validate the RBG as a new airborne sound source in the field, a 

comparison repeatability test of the absorption area and level difference is needed between the field 

and the laboratory; 

(g) Further research should be carried out on the investigation of a comparison of the sound absorption 

method and sound level method to determine if the RBG can successfully used in field conditions.  

 

Work to carry out the uncertainty of measurement of impact sound insulation of buildings in field 

conditions as outlined in Chapter 5 

(a) In order to study the factors and unforeseen situations affecting measurement accuracy in the field 

conditions, more comparison tests between laboratory and field conditions need to be conducted on 

the same samples of building elements (floor/ceiling structures) for impact sound insulation in 

prevalent dwellings; 

(b) In order to investigate the variations of the single number rating, L‘n,w defined in ISO 717-2, in 

laboratory and field conditions for impact insulation, extensive experimental measurements are 

needed to test on the floor/ceiling structures made by various manufactures, recording structure 

details as well as the field conditions, such as flanking transmissions; 

(c) Impact sound measurements need to be undertaken continuously on different floor/ceiling 

structures with diverse floor finishes made by various manufacturers to collect data in the 

laboratory and field conditions for verifying the proposed repeatability of ISPL as one of the 

alternative descriptors for impact sound insulation at low frequencies in buildings, and would 

include Round Robin tests among the international recognized laboratories if possible; 

(d) The repeatability of CF needs to be tested and collected in different constructions, both in the 

laboratory and in field conditions; 

(e) The uncertainty budget (uncertainty of measurement) for field measurements of impact sound needs 

to further determine the listing components which significantly influences the final combined 

results. Calculation examples also need to be included.  
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6. Summary Conclusion of this Research  

The main work of this research has effectively established simplified measurement methods for impact 

sound insulation in the field. The methods developed cost less in both time and labour to operate in 

buildings in the field, and also have good agreement with the recommended measurement accuracy 

required by ISO Standards.   

 

Chapter 1 reviewed the literature on related reverberation time/sound absorption and the impact sound 

insulation measurement as well as simplified methods of sound insulation. Chapter 2 reviewed the ISO 

Standards and the Building Codes of different countries for suggesting the concept of uniform 

descriptors for assessment of sound insulation in dwellings.  

 

Chapter 3 comprised the original contribution for simplifying methods by decreasing measurement 

equipment. The simplified method is to predict the impact insulation of constructions (L‘n,pre= 38.6+ 

30log10f –R‘–CF) with actual airborne sound insulation tests and empirical Correction Factors without 

the application of the ISO tapping machine. The empirical method of CF (CF=(38.6 + 30log10f) – (Ln 

+ R)) has been extended to field conditions on different floor bases with diverse types of floor 

coverings, after the prediction results showed good agreement with measurement data in the 

laboratories. Moreover the interactive programme of Correction Factors has been implemented for 

efficiently encouraging application for users. This approach significantly decreases the measuring time, 

labour and the cost of the impact sound insulation measurement of floors in field conditions. Future 

work includes coding an application for mobile phone as well as the further development of CF 

database. 

 

Chapter 4 contained the other contribution for simplifying methods by decreasing measurement 

equipment. It suggested that sound equipment alternatively reduced by replacing the ISO reference 

sound source) by the Radiation Box Gear for sound absorption test in impact sound insulation 
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measurement. A comparison of sound power levels between an ISO reference sound source and the 

RBG in the laboratory was presented, and the novel prototype produced better SWL results in the same 

laboratory condition. In addition, the comparative results of sound absorption coefficient between these 

two airborne sound sources show almost no difference in Reverberation Chamber according to ISO 

3741. Consequently, the integrated combination of the Radiation Box and the ISO tapping machine can 

perform as a reasonably powerful sound source for directly measuring sound absorption (which can 

infer the RT by the formula according to the ISO Standard 3741 if needed). Future research is proposed 

to verify its effectiveness on site and further development of the RB as one part of the simplified 

methods in sound isolation measurement.  

 

Chapter 5 described the investigation of the measurement uncertainty of impact sound measurement of 

building elements in field conditions. Three aspects of this problem were addressed. The first aspect 

involved studying the effects of variations for measurement accuracy, testing facility and experimental 

setup on results between the laboratory technique and field measurement on 10 floors structures with 

three types of floor coverings on site. The second problem related to comparing the Ln,w  and L‘n,w for 

investigating the difference of single number rating for impact sound insulation between two 

measurement techniques. Most comparison results showed a difference between the laboratory 

technique and field method, though an interesting phenomenon appeared in that there was no difference 

for some floors under specific floor conditions. The third aspect deals with repeatability. A field ISPL 

with enlarged frequency ranges is proposed to complement a tolerance of the new descriptor for rating 

the impact insulation of building elements; the CF with tolerance in the laboratory and in- field 

conditions are to be studied. Future research would be to study the measurement of uncertainty in 

impact sound and also the further development of the tolerance of ISPL(s) and CF(s).  

 

In conclusion, the simplified methods developed in this research are suitable for implementation to 

impact upon sound insulation measurement in buildings with acceptable accuracy as per the ISO 
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Standard, and will encourage the conducting of fie ld measurement in dwellings to verify their sound 

performance in an economical manner, which meets the motivation of this research.  
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Appendix 

 

A  Laboratory Facility in ARC, New Zealand 

Description of Reverberation Chambers at the Acoustics Research Centre 

 

There are three large interconnected reverberation chambers at the Acoustics Research Centre, two at  

the ground level (Chambers C and A) and the third (Chamber B) below Chamber A. 

 

All three reverberation chambers may be described as hexagonal prisms; each has 6 vertical sided walls, 

perpendicular to the floor. The roofs of chamber A and C are plane, but inclined at 12 degrees from 

horizontal. Chamber B has a plane, horizontal roof which is the floor of chamber A above it. The floor 

of chamber B is also horizontal, but has two angled sections at its North West and south east ends. The 

centre section is horizontal because a floor jack is installed there. The floor jack may be raised 

hydraulically to the ceiling of chamber B, the centre of which consists of a floor plug between the two 

chambers. This plug may be disconnected from chamber A and lowered down into chamber B, leaving 

a 3.2 m x 3.2 m opening between the two chambers. This allows for the measurement of airborne and 

impact insulation of floor and roof elements. 

 

The wall of chamber C adjacent to chamber A is left open, and the corresponding wall of chamber A 

consists of a pair of iron doors that are clamped against the chamber. The clamps may be removed and 

the iron doors pulled back, leaving the entire wall area (4.6 m wide x 2.74 m high) between the 

chambers open. This allows for the measurement of airborne sound insulation of wall elements.  

 

Chamber A has a rotating vane diffuser in a central position with an area (both sides) of about 53 

square meters. It has the shape of two cones with their bases joined, with the two opposite quadrants of 

one cone open and the complementary quadrants in the other cone open. Chamber C has a similar 

rotating vane diffuser but it is smaller, having a total area of about 27 m2. 

 

In addition, up to ten static diffusers may be employed if needed. These are constructed of two 

laminated layers of dense Formica, of dimensions 2 m x 2 m. The Formica elements are riveted to a 
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frame constructed of aluminium T section. Four aluminium arms may be bolted onto the frame to allow 

the diffusers to be mounted as desired.  

 

Currently four of these are used in chamber C, and three are used in chamber B.  

 

The anechoic chamber is a cube with internal dimensions of 5m × 5m × 5m. Its outer shell is reinforced 

concrete, and it is vibration isolated from the ground. Its interior is lined with polyurethane foam 

wedges which are 1200mm long, arranged so that the tips point inwards. A horizontal wire mesh floor 

is situated 1m from the top of the bottom wedges. The chamber can be regarded as being anechoic 

down to a frequency of 63Hz. 

 

The volumes and surface areas of the three reverberation chambers in ARC are as follows: 

 VOLUME (m3) SURFACE AREA (m2) 
Chamber A 202 ±  3  203.6 ±  0.9  

Chamber B 153 ±  2  173 ±  1  

Chamber C  209 ±  4  214 ±  0.9  

 

Figure A-1: the volumes and surface area of three Reverberation Chambers 
 

 
 
 

   

 

 

 

INSTRUMENTATION 

EQUIPMENT             TYPE / SERIAL No. 

  BRÜEL & KJÆ R 

1/2" Microphone 4190 / 2150379 

Preamplifier 2619 / 945952 

Pistonphone  4231 / 2241899 

Analyzer 01dB / 01381 

Calibration of the above equipment was conducted by 
Electroacoustic Calibration Services (ECS), an IANZ registered 

laboratory.  

 BRÜEL & KJÆ R 

Rotating Boom 3923 / 936496 

 

Figure A-2:  Measurement instrumentation checklist 
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Figure A-3: Cross sections of three reverberation chambers 
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B  PHP Code for Development of CF Database 

PHP is a widely-used general-purpose scripting language, especially suited for Web development and 

can be embedded into HTML, to produce dynamic web pages.  

  

The following code is to design a database including large types of floor coverings with varieties of 

floor structures. The series of files include index, chart, parameter and graphic 2D class. 

 

 Index 

   <HTML> 

   <HEAD> 

  <TITLE>Ming</TITLE> 

  <META NAME="Generator" CONTENT=""> 

  <META NAME="Author" CONTENT="Ming"> 

  <META NAME="Keywords" CONTENT=""> 

  <META NAME="Description" CONTENT=""> 

 </HEAD> 

<style type="text/css"> 

<!-- 

.font {font-size: 9pt ; line-height:16pt;} 

.bfont {font-size: 9pt ; line-height:13pt;} 

A:link    {color:#FFFFFF;text-decoration: none} 

A:visited   {color:#FFFFFF;text-decoration: none} 

A:active   {color:#FFFFFF;text-decoration: none} 

A:hover  {color:#000000;text-decoration: none} 

.textfont { 

font-size: 9pt ; line-height:15pt; 

} 

body,td,th { 

  font-family; 

  font-size: 14px; 

  color: #000000; 

} 

body { 

  background-color: #FFFFFF; 

  margin- left: 0px; 
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  margin-top: 0px; 

  margin-right: 0px; 

  margin-bottom: 0px; 

} 

.style1 { 

  font-family: Arial, Helvetica, sans-serif; 

  font-size: 9px; 

} 

--> 

</style> 

 

<?php 

include "parameters.php"; 

?> 

 

<SCRIPT LANGUAGE="JavaScript"> 

function setfloor() {  

  switch (document.form1.floor.value) { 

<?php 

  

  for($i=0;$i<count($sub_floor);$i++) { 

    echo "case '$i':\n"; 

    echo "var labels = new Array("; 

 $aa = $floor_coverings[$i]; 

    for($j=0;$j<count($floor_coverings[$i]);$j++) { 

   if($j>0) { 

     echo ",'"; 

      } 

   else 

  echo "'"; 

      echo "$aa[$j]"; 

   echo "'"; 

 } 

    echo ");\n"; 

 

 echo "var values = new Array("; 

 for($j=0;$j<count($floor_coverings[$i]);$j++) { 

   if($j>0) 

     echo ",'"; 

   else 
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  echo "'"; 

      echo "$j"; 

   echo "'"; 

 } 

    echo ");\n"; 

 echo "break;\n"; 

  } 

?> 

  }  

 

  document.form1.covering.options.length = 0; 

  for(var i = 0; i < labels.length; i++) {  

    document.form1.covering.add(document.createElement("OPTION"));  

    document.form1.covering.options[i].text=labels[i]; 

    document.form1.covering.options[i].value=values[i]; 

  } 

  document.form1.covering.selectedIndex = 0; 

} 

</SCRIPT> 

 

<BODY> 

 

<?php 

/* 

  

$frequency=array(50,63,80,100,125,160,200,250,315,400,500,630,800,1000,1250,1600,2000,2500,315

0,4000,5000); 

  $correction_factors=array(-7.43,-11.72,-9.91,-5.90,-6.59,-3.58,-1.77,-2.76,-3.25,-7.14,-6.33,-5.62,-

5.01,-4.50,-4.89,-3.38,-1.87,0.84,3.45,6.26,8.87); 

*/ 

  $act = $_POST["action1"]; 

?> 

 

 <form _action="?action=con" method="post" name="form1" id="form1">  

 <centre><br><b>Field Measurement Prediction for Impact Sound</b><br><br> 

 </centre> 

      <table width="700" border="0" align=" centre" cellpadding="0" cellspacing="0"> 

        <tr> 

          <td> 

<br> 
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SetFloor: 

  <SELECT NAME="floor" OnChange="setfloor()"> 

<?php 

 

  for($i=0;$i<count($sub_floor);$i++) { 

 if($i > 0) 

      echo "<OPTION VALUE='$i'>$sub_floor[$i]</OPTION>"; 

 else 

      echo "<OPTION VALUE='$i' SELECTED>$sub_floor[$i]</OPTION>";  

  } 

?> 

  </SELECT> 

 <br> 

 Covering: 

  <SELECT NAME="covering"></SELECT>  

<br><br> 

    </td> 

  </tr> 

  <tr> 

    <td> 

      <table   cellspacing="0"   width="500"   align="centre"   border="1"   

bordercolorlight="#C8CCC8"   bordercolordark="#FFFFFF"   bgcolor="#CCCCCC">  

            <tbody> 

              <tr><td class=a9px align=left height=38><centre><b>Frequency (Hz)</b></centre></td><td 

class=a9px align=left height=38><centre><b>Sound Reduction Index (Input)</b></centre></td></tr> 

<?php 

  for($i=0;$i<21;$i++) { 

 $j=$i+1; 

    echo "<tr><td class=a9px align=left height=38><centre>$frequency[$i]Hz</centre></td><td 

class=a9px align=left height=38><centre><input class=rec_form maxlength=50 size=20 type=text 

name=R$j></centre></td></tr>"; 

  } 

?> 

              <tr> 

                <td   class="a9px"   align="left"   height="38">&nbsp;</td> 

                <td   class="a9px"   align="left"   height="38"><centre><input type="submit" name="ok" 

value="SUBMIT" /><input name="action1" type="hidden" value="do"></centre></td> 

              </tr> 

            </tbody> 

          </table> 
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          </td> 

          <td> 

      <table   cellspacing="0"   width="200"   align="centre"   border="1"   

bordercolorlight="#C8CCC8"   bordercolordark="#FFFFFF"   bgcolor="#CCCCCC">  

            <tbody> 

<?php 

if ($act == "do") { 

  echo "<tr><td class=a9px align=right height=38 width=80><centre><b>SRI</b></centre></td><td 

class=a9px align=right height=38><centre><b>Ln, pre (dB)</b></centre></td></tr>"; 

  

  $getfloor=$_POST["floor"]; 

  $getcovering=$_POST["covering"]; 

 

  $sound_reduction_index=array(); 

  $LN=array(); 

  for($i=0;$i<21;$i++) { 

    $j = $i + 1; 

    $sound_reduction_index[$i]=$_POST["R".$j]; 

    $LN[$i]=38.6+30*log($frequency[$i],10)-$sound_reduction_index[$i]-

$correction_factors_all[$getfloor][$getcovering][$i]; 

    $sss=sprintf("%8.2f",$LN[$i]); 

    echo "<tr><td class=a9px align=right height=38 width=80>$sound_reduction_index[$i]</td><td 

class=a9px align=right height=38>$sss</td></tr>"; 

  } 

  echo "<tr><td class=a9px align=right height=38>&nbsp;</td><td class=a9px align=right 

height=38>&nbsp;</td></tr>"; 

} 

?> 

            </tbody> 

          </table> 

</td> 

        </tr> 

      </table> 

      <br> 

      <table width="700" border="0" align="centre" cellpadding="0" cellspacing="0"> 

        <tr> 

          <td> 

<?php 

if ($act == "do") { 
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  $sss=""; 

  for($i=1;$i<=21;$i++) { 

    $sss.="X".$i."=".$frequency[$i-1]."&Y".$i."=".$LN[$i-

1]."&D".$i."=".$standard_deviation_all[$getfloor][$getcovering][$i-1]."&"; 

  } 

  echo "<img src=ming_chart.php?NUM=21&".$sss."TIT=Ln,pre%20with%20Standard%20Deviation 

align=centre>"; 

} 

?> 

          </td> 

        </tr> 

      </table> 

</form> 

 

 

<SCRIPT LANGUAGE="JavaScript"> 

  setfloor(); 

</SCRIPT> 

 

 </BODY> 

</HTML> 

 

 

 

 Chart 

<?php 

    require_once ('graphic2D.class.php'); 

 

 $n=$_GET["NUM"];    

 $tit=$_GET["TIT"];    

 

    $xmin=0; 

    $xmax=5000; 

    $xstep=150; 

 

 /* $xaxle=array(0,1000,2000,3000,5000); */ 

 /* $xaxle=array(0,50,80,125,200,315,500,800,1250,2000,3150,5000); */ 

 $xaxle=array(50,63,80,100,125,160,200,250,315,400,500,630,800,1000,1250,1600,2000,2500,

3150,4000,5000); 

/* 
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    $xmin=1; 

    $xmax=21; 

    $xstep=1; 

*/ 

    $ymin=0; 

    $ymax=160; 

    $ystep=10; 

 

    $xarr=array(); 

    $xxarr=array(); 

    $yarr=array(); 

 $darr=array(); 

 

     

    for ($i=1; $i<=$n; $i++) { 

        $xarr[$i-1]=$_GET["X".$i]; 

        $yarr[$i-1]=$_GET["Y".$i]; 

  $darr[$i-1]=$_GET["D".$i]; 

  $xxarr[$i-1]=$i-1; 

    } 

 

    $xmin=0; 

    $xmax=$n-1; 

    $xstep=1; 

  

 $y1arr=array(); 

 $y2arr=array(); 

 for ($i=0; $i<$n; $i++) { 

      $y1arr[$i]=$yarr[$i]-$darr[$i]; 

   $y2arr[$i]=$yarr[$i]+$darr[$i]; 

    } 

 

    $test=new graph2d ("jpeg", 700, 500,60,20,20,40);      

    $test->SetAxisScales ($xmin, $xmax, $xstep, 2, $ymin, $ymax, $ystep, 1);   

    $test->SetTitle ($tit); 

 $test->SetXAxle($xaxle); 

    $test->SetXLegend ("One Third Octive Band (Hz)");               

    $test->SetYLegend ("Predicted Normalized Impact Sound Pressure Level(dB)");             

    $test->GraphCoord(); 

    $test->Draw($xxarr, $yarr, 0xFF, 0, 0); 
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    $test->Draw($xxarr, $y1arr, 0xFF, 0xFF, 0); 

    $test->Draw($xxarr, $y2arr, 0xFF, 0, 0xFF); 

 

 $test->ImageOut(""); 

    $test->Close(); 

?> 

 

 

 Parameters 

<?php 

  

$frequency=array(50,63,80,100,125,160,200,250,315,400,500,630,800,1000,1250,1600,2000,2500,315

0,4000,5000); 

 

  $sub_floor=array("140mm concrete slab",  

          "timber joist", 

       "140mm concrete slab(Insul)", 

       "timber joist(field test)", 

       "200mm concrete slab(field test)",  

       "300mm Dietrich steel joist(field test)",  

       "203mm PT concrete slab(field test)",  

       "200mm PT concrete slab with steel- frame ceiling(field test)", 

       "wood-joist floor(field test)", 

                   "wood-joist floor(field test)", 

                   "200mm PT Concrete(field test)",  

                   "110mm Concrete(field test)",  

                   "200mm Concrete(field test)",  

                   "184 Concrete slab(field test)",  

                   "Wood Joist Floor(Field Test)", 

                   "200mm Concrete(Field Test)",  

                   "178mm Concrete with steel ceiling(Field Test)",  

                   "200 Concrete with steel ceiling(Field Test)", 

                   "110mm Concrete(Field Test)",  

       "Wood-joist floor(Field Test)", 

       "38 Gypsum Concrete with wood-joist(Field Test)", 

       "38mm HFFgypsum concrete with wood-joist(Field Test)", 

       "203mm PT concrete(Field Test)", 

       "203 PT concrete(Field Test)",  

       "Wood floor(Field Test)", 

       "101MM concrete with wood-joists(Field Test)", 
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       "Wood-joist floor(Field Test)" 

     ); 

 

   

  $floor_coverings=array( 

    /* "140mm concrete slab":4 */ 

    array("Painted Concrete Slab 140mm", 

       "Ceramic Tiles", 

    "Porecelain Tiles", 

    "Corks Tiles"), 

 /* "timber joist":5 */ 

    array("Oriented Stanboard (15/19mm)",  

       "Plywood (15mm)", 

    "Vinyl (1.2/1.9mm)", 

    "Lightweight Concrete Topping (35mm)", 

    "Gypsum Concrete Topping (25mm)"),  

    /* "140mm concrete slab(Insul)":4 */ 

 array("Carpet(60oz) on hair pad(50oz)",  

       "Carpet(40oz)", 

    "Carpet (40oz) with Rebond Pad (7lb)",  

    "Flotex Contract Carpet Tiles (5mm)"),  

    /* "timber joist(field test)":11 */ 

    array("Carpet and pad(on plywood)",  

       "Carpet on 38mm Gypcorete", 

    "Carpet and pad on 25mm Gypcrete",  

    "Carpet and pad on 19/25mm Gypconcrete",  

    "Carpet and pad on 19mm Gypconcrete and plywood",  

    "Carpet and pad on 35mm Gypcrete and 19mm plywood",  

    "Carpet and pad on 25mm USG", 

    "Carpet and pad on 3mm Gypcrete and 19mm plywood",  

    "10mm Carpet and pad", 

    "Carpet tile on 76mm concrete",  

    "13mm carpet and 10mm pad"), 

    /* "200mm concrete slab(field test)":1 */ 

    array("Carpet and pad"), 

    /* "300mm Dietrich steel joist(field test)":1 */ 

    array("Carpet and pad"), 

    /* "203mm PT concrete slab(field test)":1 */ 

    array("30oz carpet and pad"),  

    /* "200mm PT concrete slab with steel- frame ceiling(field test)":2 */ 
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 array("8mm Ceramic Tile","10mm Ceramic Tile"),  

    /* "wood-joist floor(field test)":2 */ 

 array("10mm Stone Tile on 110 Concrete",  

       "Ceramic Tile(on 100mm Gypcrete) on wood-joist floor"), 

 

 /* "110mm concrete slab(field test)":13 / 

 

    /* "wood-joist floor(field test)": 3 - #1,#2,#11 */ 

    array("Engineered Wood on wood-joist floor", 

       "Eng. Wood on Gypcrete on wood-joist floor", 

    "Engineered Wood with pad On 32mm concrete on wood"),  

 

    /* "200mm PT Concrete(field test)": 6 - #3,#4,#5,#6,#7,#12 */ 

    array("Floating Enginerred Wood on 200mm PT Concrete",  

          "Gammapar Enginerred Wood on 200mm PT Concrete",  

          "Floating Engineered Wood with 6mm Cork on 200mm PT Concrete",  

          "Gammapar Engineered Wood with 6mm Cork On 200mm PT Concrete",  

          "Floating Engineered Wood with Shaw Premium On 200mm PT Concrete",  

          "Enignnered Wood on 32 gypcrete on 200mm PT Concrete"),  

 

    /* "110mm Concrete(field test)": 1 - #8 */ 

    array("Engineered Wood with 40mm Gypconcrete On 110mm Concrete"),  

 

    /* "200mm Concrete(field test)": 2 - #9,#10 */ 

    array("Engineered Wood with 3mm Quiet walk On 200mm Concrete",  

          "Engineered Wood with 32mm Gypcrete On 200mm Concrete"),  

 

    /* "184 Concrete slab(field test)": 1 - #13 */ 

    array("7 mm hard wood on 184 Concrete"),  

 

 /* "Wood Joist Floor(Field Test)": 10 - #1-#10 */ 

    array("25mm Gypcrete", 

          "25mm FFGC(on 19mm plywood)",  

          "25mm FFGC", 

          "25mm FFGC(on Sond Mat2)", 

          "25 HFFGC", 

          "19mm FFGC", 

          "38mm HFFG", 

          "25 USG Gypcrete", 

          "38mm Maxxon Gypcrete", 
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          "30mm Maxxon Gypcrete"), 

 

 /* "200mm Concrete(Field Test)": 1 - #11 */ 

 array("40mm Gypcrete"), 

 

 /* "178mm Concrete with steel ceiling(Field Test)": 1 - #12 */ 

    array("25mm HFFG"), 

 

 /* "200 Concrete with steel ceiling(Field Test)": 1 - #13 */ 

 array("38mm Gypcrete"),  

 

 /* "110mm Concrete(Field Test)": 1 - #14 */ 

 array("38 Gypcrete"), 

  

     

 

    /* "Wood-joist floor(Field Test)": 1 */ 

    array("19mm Plywood"), 

 

    /* "38 Gypsum Concrete with wood-joist(Field Test)": 1 */ 

    array("Maple Wood"), 

 

    /* "38mm HFFgypsum concrete with wood-joist(Field Test)": 1 */ 

    array("Partical floor"), 

 

    /* "203mm PT concrete(Field Test)": 1 */ 

    array("Laminated wood"), 

 

    /* "203 PT concrete(Field Test)": 1 */ 

    array("13mm Weartop"), 

 

    /* "Wood floor(Field Test)": 1 */ 

    array("Wearing surface"), 

 

    /* "101MM concrete with wood-joists(Field Test)": 1 */ 

    array("2*Wood"), 

 

    /* "Wood-joist floor(Field Test)": 1 */ 

    array("Wood surface") 

  ); 
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  $correction_factors_all=array( 

    /* "140mm concrete slab":4 CF */ 

    array( 

   array(0,0,0,-1.0,1.6,-0.4,0.7,-1.8,1.2,-1.4,-1.2,-1.0,-0.4,-0.5,0.9,3.3,6.1,8.6,12.1,0,0), 

   

array(0,0,0,5.38,0.97,2.60,2.73,0.74,2.17,5.66,6.43,9.16,12.57,15.30,16.71,20.88,24.91,27.06,34.63,0,0

), 

   array(0,0,0,2.25,4.96,-1.38,-0.82,-

0.66,1.40,2.66,5.87,7.63,7.14,9.35,11.71,17.77,22.08,27.44,32.90,0,0), 

   array(0,0,0,2.75,4.11,1.87,2.23,-

0.91,0.75,3.86,6.87,9.53,9.89,14.10,20.51,28.52,34.08,39.74,45.25,0,0) 

 ), 

 /* "timber joist":5 CF */ 

 array( 

   array(0,0,0,0.9,-2.2,-0.1,-0.2,0.0,1.1,-0.6,1.1,5.3,7.3,11.6,18.0,24.7,30.5,34.8,39.0,0,0), 

   array(0,0,0,1.4,-2.7,0.3,1.3,1.0,2.9,0.9,2.1,6.0,7.6,12.5,17.7,24.9,30.3,35.5,39.9,0,0),  

   array(0,0,0,-1.0,-4.4,-1.9,-1.6,-1.4,-0.4,-2.6,1.3,3.6,5.1,8.7,14.9,20.5,26.0,28.6,30.9,0,0), 

   array(0,0,0,-2.8,-6.3,-3.1,-3.5,-5.8,-4.6,-2.0,1.2,2.1,0.8,0.6,-0.2,0.3,0.7,1.1,2.3,0,0), 

   array(0,0,0,0.6,-5.0,-2.3,-3.9,-2.5,-5.5,-5.3,-3.9,0.1,3.7,2.1,2.0,1.7,2.1,3.5,5.5,0,0) 

 ), 

    /* "140mm concrete slab(Insul)":4 CF */ 

 array( 

   array(0,0,0,-7.0,-7.7,-3.2,-1.2,0.2,-3.6,-1.7,4.0,6.6,11.1,15.6,20.2,25.7,34.5,42.1,46.8,0,0), 

   array(0,0,0,10,9.3,16.8,22.8,23.2,21.4,19.3,21,20.6,21.1,21.6,24.2,30.7,35.5,37.1,39.8,0,0),  

      array(0,0,-5.3,-5.6,-1.7,1.2,1.7,-0.4,3.4,8.3,12.8,18.2,23.6,30.7,40.9,47.1,50.2,55,0,0), 

      array(0,0,0,-5.5,-5.2,-1.2,1.8,2.7,-0.1,3.3,7,11.1,15.1,20.6,26.2,35.7,45.5,52.6,57.3,0,0) 

    ), 

    /* "timber joist(field test)":11 CF */ 

 array( 

      array(0,0,0,24,27,35.1,33.9,30.6,30.5,38.4,42.7,51.3,54.6,54.7,58.6,60.5,62.9,65.7,64.4,61.2,0),  

      array(0,0,0,22.2,26.2,30.7,35.3,32,35.7,41.6,44.1,46.1,47,47,48.7,53.4,58.7,58.2,56.3,54.9,0),  

      array(0,0,0,12.2,9.6,18.8,31.4,28.5,27.8,35.7,44,47.6,49.4,50.3,53.5,57,63.7,62.3,59,57.9,0),  

      array(0,0,0,16.6,21.1,25.8,28,27.3,28.5,35.6,40.8,47.7,49.7,50.1,52,54.6,58.4,60.2,61.2,62.2,0),  

      array(0,0,0,17,22.4,28.5,32.1,27.1,27.9,38.3,43.5,46.8,48.7,50.5,53.7,59,

 65.1,64.8,62.2,63.6,0), 

      array(0,0,0,10.6,30.1,30.8,32.5,31.3,35.4,41.2,43.5,49,44.2,42.7,44.5,48.9,57.5,57.8,54.1,54.6,0),  

   array(0,0,0,8.4,18.6,18.2,24,26,31.4,36.4,41.4,43.4,44.5,45.3,47.3,51.1,55.2,54.1,51.5,49.7,0),  

   array(0,0,0,24,25.5,30,32.7,29.3,31.3,41,45.8,49.5,50,52.8,52.9,54.4,60.2,61.4,61.8,64.9,0),  
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   array(0,0,0,6.5,7.1,10.2,19.2,19.4,20.9,29.9,41.5,50.1,52.6,58,61.3,63.2,64,70.7,75.6,80.6,0),  

   array(0,0,0,8.5,7.5,12.9,15.3,19.7,23.9,29,34.5,41,43.9,48.2,55.2,60.7,64.2,64,63.5,65.9,0),  

   array(0,0,0,15.6,16.1,19.9,23.3,23.2,21.9,27.1,31.9,36.7,39.9,40.3,42.6,45.1,51,55,56.4,56.3,0) 

    ), 

    /* "200mm concrete slab(field test)":1 CF */ 

 array( 

   array(0,0,0,29.2,25.2,28.7,28.9,30.6,32.8,37.7,39.5,44.5,43.3,41.9,46,50.6,51.4,53,54.6,54.2,0) 

 ), 

    /* "300mm Dietrich steel joist(field test)":1 CF */ 

    array( 

   

array(0,0,0,17.3,20.9,26.1,29.6,27.5,30.6,37.4,40.9,45.1,46.8,45.9,48.6,52.9,58.8,58.8,56,54.8,0)  

    ), 

    /* "203mm PT concrete slab(field test)":1 CF */ 

    array( 

   array(0,0,0,40.2,31.2,30.7,29.9,29.7,29.7,32.7,40.4,43.6,42.9,43,50.5,53.8,56.4,60.4,61.6,69,0) 

    ), 

    /* "200mm PT concrete slab with steel- frame ceiling (field test)":2 CF */ 

    array( 

   array(0,0,0,12.3,6.3,8.9,9,9,11,12.4,13.4,21.6,22.2,25.2,31.4,35.9,40.5,41.3,44.8,49.3,0),  

   array(0,0,0,7.8,4.7,9.7,13.2,16.2,20.1,20.3,22.9,26.8,28.7,34.6,38.5,43.7,48.2,50.6,56.4,60.1,0) 

 ), 

    /* "wood-joist floor(field test)":2 CF */ 

    array( 

   array(0,0,0,6.1,6.6,4.5,3.4,4.5,5.5,6.7,11.2,15.3,17.3,23.8,31,29.8,35.3,42.1,49.9,59.4,0),  

   array(0,0,0,0.6,0.2,2.7,-1.4,0.2,1.5,1,10.8,17.6,26.9,31.3,36.4,43.5,53.1,55.6,55.9,55.3,0) 

    ), 

    /* "110mm concrete slab(field test)":13 CF */ 

    /* "wood-joist floor(field test)": 3 CF - #1,#2,#11 */ 

 array( 

      array(0,0,0,-8.0,-3.5,-5.0,-8.3,-6.5,-5.8,-5.2,-3.3,-4.0,-1.3,1.7,3.2,10.1,19.5,26.1,29.0,28.8,0), 

      array(0,0,0,1.4,-0.2,1.9,3.1,5.4,9.1,11.9,15.9,19.5,23,26.2,31.5,37.8,42.5,44.6,46.5,46.7,0),  

      array(0,0,0,2.8,3.7,-1.7,-0.7,1,4.6,7.1,8.4,13.8,24.5,35.5,38,41.1,44.1,50.5,59.9,64,0) 

    ), 

    /* "200mm PT Concrete(field test)": 6 CF - #3,#4,#5,#6,#7,#12 */ 

 array( 

      array(0,0,0,20,20.3,17.9,20.4,21.2,24.2,29.2,34.7,36.8,40.8,44.5,50.3,56.2,59,60.3,64,64.9,0),  

      array(0,0,0,19.6,19.1,19.9,20.6,23.1,26.8,28.6,31.1,29.6,34.3,38.1,46.4,49.4,53.2,54.3,60.2,62.6,0),  

      array(0,0,0,19.3,18.8,18.8,21.5,22.8,24.9,25.5,28.7,29.5,33.4,35.4,41.5,50.7,55.8,58.5,63.3,64.6,0),  

      array(0,0,0,19.6,19.8,20.3,22.2,23.2,26.9,28.8,30.9,29.8,35.1,38.3,45.5,52.1,55.2,55.3,58.6,61.4,0),  
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      array(0,0,0,20.1,19.2,20.5,19.7,22.2,25.1,28,31.3,30.7,35.2,38.3,44.2,52.5,56.5,58.2,61.5,63,0),  

      array(0,0,0,13.2,4.8,3.1,8.2,9.1,10.6,13.1,19,23.8,30.8,29.1,30.4,38.6,43,42.1,42.4,43.2,0) 

    ), 

    /* "On 110mm Concrete (field test)": 1 CF - #8 */ 

 array ( 

      array(0,0,0,5.6,3,0.8,1.2,3.1,3.7,7.7,13.6,16.9,19.3,27,34.7,35.5,45,56.6,63.3,69.8,0) 

    ), 

    /* "200mm Concrete (field test)": 2 CF - #9,#10 */ 

 array ( 

      array(0,0,0,15.1,12.6,8.6,7.2,9,12.4,19.1,24.2,26.9,27.5,34.6,40.4,43.9,47.9,51,54.5,58.1,0),  

      array(0,0,0,8,3.6,2.1,4.9,7.3,8.5,12.2,17.7,23.4,31.9,32.1,32.7,40.6,45.2,45,46.4,46.9,0) 

    ), 

 

    /* "184 Concrete slab (field test)": 1 CF - #13 */ 

 array( 

      

array(0,0,0,4.31,2.49,4.11,1.99,2.65,3.02,5.96,6.54,8.15,12.81,22.07,34.44,42.53,47.98,51.67,55.11,58.

65,0) 

    ), 

 

 /* "Wood Joist Floor (Field Test)": 10 CF - #1-#10 */ 

 array( 

   array(0,0,0,9.3,3,-2.1,1.5,1.7,3.6,4,7.7,7.8,13.2,16.9,20.3,21.6,26,30.7,40.2,48.4,0),  

   array(0,0,0,-0.4,-1.3,-0.1,-0.6,-0.1,0.6,1.8, 4.1,4.4,5.7,9.5,13.2,17.6,21.2,25.6,30.5,34,0), 

   array(0,0,0,8.1,0.7,0.5,-0.1,1.9,6.2,6.5,9,10.4,12.1,14.7,18.8,22.4,25,27.5,33.8,37.5,0),  

   array(0,0,0,2.5,2.5,0.4,-0.2,2,3.5,4,4.5,6.5,8.3,11.4,16.1,21.5,24.4,29.7,35,38.1,0),  

   array(0,0,0,-7,-1.7,-2.2,1.2,4.3,6.1,7.3,8.7,12.1,16.6,20.8,25.4,32.1,34.8,37.1,41.3,42.6,0), 

   array(0,0,0,5.4,1,7.6,7.2,5.6,4.9,8.7,8.4,10.1,14.1,14.3,17.4,19.7,20.3,24.8,29.3,33.3,0),  

   array(0,0,0,0.8,2.8,3.7,3.3,4.5,6.5,5.8,6.9,9.7,10.9,14.2,20.1,25.8,30.5,35.1,42.7,47.4,0), 

   array(0,0,0,5.5,2.9,1.6,0.9,0.2,-0.1,1.7,3.7,4.1,6.3,9.9,11.6,13.3,15,19.5,24.1,29.2,0),  

   

array(0,0,0,23.5,32.9,37.7,41.5,33.9,35.6,42.5,43.6,46.1,45.5,44.9,47.7,51.9,57.9,56.9,54.4,52.5,0),  

   array(0,0,0,1,-3.3,0.1,-0.9,-0.6,1.4,2.8,5.7,8.1,11.2,11.1,14.1,18.6,24.3,26.1,30.6,34.2,0) 

    ), 

 

 /* "200mm Concrete(Field Test)": 1 CF - #11 */ 

 array( 

   array(0,0,0,14.4,2.5,-2.4,-0.6,4.2,7.4,15.9,21.4,25.8,23.6,21.1,27.4,30.8,31.9,35.9,41.4,45.7,0) 

    ), 
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 /* "178mm Concrete with steel ceiling(Field Test)": 1 CF - #12 */ 

 array( 

   array(0,0,0,7.4,23,18,14.4,14.2,16.1,19.2,25.1,29.4,31.4,32.4,32.1,34.6,37.8,42.8,47.5,53.7,0) 

    ), 

 

 /* "200 Concrete with steel ceiling(Field Test)": 1 CF - #13 */ 

 array( 

   array(0,0,0,9.8,2.4,2.1,5.3,10,15.4,21.2,26.7,29.5,31.1,25.3,31.7,33.2,32.1,35.6,40.4,42.7,0) 

    ), 

 

 /* "110mm Concrete(Field Test)": 1 CF - #14 */ 

 array( 

   array(0,0,0,11.5,10.2,6,4.1,5.1,4.5,8.7,12.9,15.8,18,23.8,30,29.5,35.2,43.4,49.1,59.2,0) 

    ), 

 

    /* "Wood-joist floor(Field Test)": 1 CF */ 

 array( 

   array(0,0,0,1.2,-0.2,0.8,-0.5,-0.1,3.4,4.6,6,9.3,13.5,17.6,25.1,31.1,33.1,36.8,39.9,42.6,0) 

    ), 

 

    /* "38 Gypsum Concrete with wood-joist(Field Test)": 1 CF */ 

 array( 

      array(0,0,0,1.3,1.5,2.5,2.7,3,2.5,4.2,6,10.8,21,34,42.2,49.5,56.4,59.2,60.7,57.9,0) 

    ), 

 

    /* "38mm HFFgypsum concrete with wood-joist(Field Test)": 1 CF */ 

 array( 

      array(0,0,0,3.9,4.4,4,4.7,6.9,9.7,14.4,19.1,25.6,31.7,37.7,46.2,51.8,55.7,55.6,54.7,53.2,0) 

    ), 

 

    /* "203mm PT concrete(Field Test)": 1 CF */ 

 array( 

      array(0,0,0,12.2,7.5,8.8,7.7,9.6,12.5,14.9,16.9,22.3,23.3,27.2,33.5,39.3,44.4,49.3,52.2,55.2,0) 

    ), 

 

    /* "203 PT concrete(Field Test)": 1 CF */ 

 array( 

      array(0,0,0,12.4,6.9,9.6,8.4,9.6,12.5,13.5,9.9,13.5,13.9,18, 21.8,24.2,29.7,36.7,39.8,41.7,0) 

    ), 
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    /* "Wood floor(Field Test)": 1 CF */ 

 array( 

      array(0,0,0,26.4,13.4,7.4,6.5,8.8,10.3,12.3,11.3,12.9,17.7,22.5,27.4,32.8,39.5,44.5,49.5,52,0) 

    ), 

 

    /* "101MM concrete with wood-joists(Field Test)": 1 CF */ 

 array( 

      array(0,0,0,11.2,10.2,8.7,8.2,7.9,9,12.3,15.9,19.7,23.9,26.6,28.9,30.8,32.7,37,39.8,43.8,0) 

    ), 

 

    /* "Wood-joist floor(Field Test)": 1 CF */ 

 array( 

      array(0,0,0,15.5,9.8,10,9.9,12.1,15.2,15.6,17.8,19.1,21.2,25.5,37.9,48.3,53.5,56.4,59,61.6,0) 

    ) 

  ); 

 

   

  $standard_deviation_all=array( 

    /* "140mm concrete slab":4 SD */ 

    array( 

      array(0,0,0,1.5,1.1,0.7,0.7,1.1,1.1,1.4,1.6,1.2,1.1,1.1,0.8,0.6,0.5,0.4,0.6,0,0), 

      array(0,0,0,1.76,2.02,1.55,2.41,2.12,2.11,2.02,3.18,3.34,2.18,1.64,1.39,1.81,2.37,2.89,2.38,0,0),  

      array(0,0,0,0.64,1.91,0.57,0.49,0.57,1.63,2.40,2.26,3.32,6.01,7.14,6.65,8.27,8.13,9.19,9.40,0,0),  

      array(0,0,0,1.20,0.99,0.07,0.28,0.78,0.71,0.85,0.14,1.20,0.14,0.85,1.13,1.13,1.48,2.26,2.55,0,0) 

    ), 

 /* "timber joist":5 SD */ 

    array( 

      array(0,0,0,1.7,1.6,1.8,1.6,1.6,1.5,1.1,1.2,1.5,1.6,1.2,1.4,1.1,1.2,1.3,1.4,0,0),  

   array(0,0,0,1.6,0.1,1.3,1.0,0.8,1.0,2.1,1.6,1.3,2.0,2.3,1.4,1.6,1.6,2.2,2.4,0,0), 

      array(0,0,0,0.0,0.6,1.0,0.6,0.6,0.6,1.5,0.6,1.2,1.7,2.9,3.6,4.2,4.6,5.0,4.0,0,0),  

      array(0,0,0,1.4,1.7,0.7,0.7,2.3,0.3,0.9,1.0,1.1,0.3,0.0,0.9,0.8,0.5,1.2,0.6,0,0),  

      array(0,0,0,2.8,2.1,1.4,2.1,0.0,1.4,1.4,2.1,0.7,1.4,0.7,0.7,0.0,0.7,0.0,0.0,0,0) 

    ), 

    /* "140mm concrete slab(Insul)":4 SD */ 

    array( 

   array(0,0,0,5.4,4.7,4,4,3.2,3.2,2.8,2.5,2.1,2.1,2.1,2.1,2.1,2.1,2.1,2.1,0,0),  

      array(0,0,0,5.4,4.7,4,4,3.2,3.2,2.8,2.5,2.1,2.1,2.1,2.1,2.1,2.1,2.1,2.1,0,0),  

      array(0,0,0,5.4,4.7,4,4,3.2,3.2,2.8,2.5,2.1,2.1,2.1,2.1,2.1,2.1,2.1,2.1,0,0),  

      array(0,0,0,5.4,4.7,4,4,3.2,3.2,2.8,2.5,2.1,2.1,2.1,2.1,2.1,2.1,2.1,2.1,0,0) 

    ), 
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    /* "timber joist(field test)":11 SD */ 

 array( 

   array(0,0,0,5.5,2.6,4.2,2.3,6.3,7.3,4.3,3.5,2.6,1.9,3.1,1.8,1.7,5.6,2.7,1.6,2.1,0),  

      array(0,0,0,3.6,4.4,4.7,4.7,3.8,3.9,4.5,5.1,6.3,5.4,4.5,4.5,4.1,4.8,4.5,3.9,4.1,0),  

   array(0,0,0,2.9,2.9,1.7,2.1,2.4,2.2,1.4,1.6,1.5,1.7,1.7,1.1,1.1,1.4,1.3,1.6,1.7,0),  

      array(0,0,0,6.4,6,5.3,4.7,3.9,4.7,5.8,5.9,6,5.5,5.8,4.8,4.7,3.4,2.6,4.3,6.1,0),  

   array(0,0,0,1.3,1.5,1.3,1,2,2.4,1.6,1.7,2,2.8,3.3,4.1,3,2.4,3.3,3.5,2.5,0),  

   array(0,0,0,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0),  

   array(0,0,0,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0),  

   array(0,0,0,1.4,1.4,1.4,1.4,1.4,1.4,1.4,1.4,1.4,1.4,1.4,1.4,1.4,1.4,1.4,1.4,1.4,0),  

   array(0,0,0,2.3,2.3,2.3,2.3,2.3,2.3,2.3,2.3,2.3,2.3,2.3,2.3,2.3,2.3,2.3,2.3,2.3,0),  

   array(0,0,0,3.2,4.4,4,6.2,9.2,10.8,12.8,14.9,16.2,13.1,9.1,7.6,5.7,4.1,2.9,4.1,4.2,0),  

   array(0,0,0,4.5,1.9,1,1,4.2,2.4,1.2,2.5,2.8,1.9,1,1,1,2.6,3.5,1,3.4,0) 

    ), 

    /* "200mm concrete slab(field test)":1 SD */ 

    array( 

   array(0,0,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,0) 

    ), 

    /* "300mm Dietrich steel joist(field test)":1 SD */ 

    array( 

   array(0,0,0,4.5,4.2,3.9,1.4,0.5,2.8,1,0.9,1.6,1.1,1.3,1.3,0.9,1.1,1.4,1.8,2,0) 

    ), 

    /* "203mm PT concrete slab(field test)":1 SD */ 

    array( 

   array(0,0,0,0.2,0.2,0.2,0.2,0.2,0.2,0.2,0.2,0.2,0.2,0.2,0.2,0.2,0.2,0.2,0.2,0.2,0) 

    ), 

    /* "200mm PT concrete slab with steel- frame ceiling(field test)":2 */ 

    array( 

   array(0,0,0,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0), 

   array(0,0,0,0.4,3.9,0.8,1.8,1.4,2.7,0.3,0.9,0.3,1.8,1.6,1.3,0.9,1.8,2,0.4,1.2,0) 

 ), 

    /* "wood-joist floor(field test)":2 SD */ 

    array( 

   array(0,0,0,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0),  

   array(0,0,0,1.6,1.1,0.7,1.4,1.3,1.1,0.2,0.5,0,0.4,0.5,0.4,0.5,0.8,0.3,0.4,0.6,0) 

    ), 

    /* "110mm concrete slab(field test)":13 SD */ 

    /* "wood-joist floor(field test)": 3 SD - #1,#2,#11 */ 

 array( 

   array(0,0,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,0),  
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   array(0,0,0,1.6,4.5,1.6,1.7,4.3,5.5,4.6,5,5.9,7.1,6.4,7.8,7.8,8,5,4,5.2,0),  

   array(0,0,0,1.7,1.7,1.7,1.7,1.7,1.7,1.7,1.7,1.7,1.7,1.7,1.7,1.7,1.7,1.7,1.7,1.7,0) 

    ), 

    /* "200mm PT Concrete(field test)": 6 SD - #3,#4,#5,#6,#7,#12 */ 

 array( 

   array(0,0,0,1.7,4.3,1.2,1.8,2.5,1.7,3.2,2.9,2.2,2,2.6,2.1,1.9,1.9,1.9,1.8,1.7,0),  

   array(0,0,0,1.8,4.1,1.3,1.7,1.7,1.7,2.3,1.9,1.9,2,2.3,2.1,2.1,2.1,2.1,2,1.9,0),  

   array(0,0,0,1.8,4.1,1.3,1.7,1.7,1.7,2.3,1.9,1.9,2,2.3,2.1,2.1,2.1,2.1,2,1.9,0),  

   array(0,0,2,3.7,1.2,1.5,1.6,1.5,2.1,1.7,1.8,2,2.3,1.8,1.9,1.9,1.9,2.3,1.9,0),  

   array(0,0,0,1.6,3.7,1.7,1.5,1.8,2.1,2.1,2.5,3.6,4.4,5.2,4.7,3.7,3.2,3,3.2,2.4,0),  

   

array(0,0,0,0.05,0.05,0.05,0.05,0.05,0.05,0.05,0.05,0.05,0.05,0.05,0.05,0.05,0.05,0.05,0.05,0.05,0) 

    ), 

    /* "On 110mm Concrete(field test)": 1 SD - #8 */ 

 array( 

   array(0,0,0,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0) 

    ), 

    /* "200mm Concrete(field test)": 2 SD - #9,#10 */ 

 array( 

   array(0,0,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,0), 

   array(0,0,0,4.7,1.7,1.7,2.8,1.8,2,1.7,1.7,1.9,3,4.9,4.2,3.9,4.2,4.8,6,5.7,0) 

    ), 

 

    /* "184 Concrete slab(field test)": 1 SD - #13 */ 

 array( 

   

array(0,0,0,0.78,0.78,0.78,0.78,0.78,0.78,0.78,0.78,0.78,0.78,0.78,0.78,0.78,0.78,0.78,0.78,0.78,0) 

    ), 

 

 /* "Wood Joist Floor(Field Test)": 10 SD - #1-#10 */ 

 array( 

   array(0,0,0,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0),  

   array(0,0,0,3.3,5.4,2,2.1,2.2,1.9,2,3.1,3.6,2.8,2.2,2,2.5,2.7,3.7,4.6,5.4,0),  

   array(0,0,0,2.2,4.4,5,2.7,3.4,2.2,2.7,2.8,2.6,5.2,5.9,5.4,6.5,5.3,5.3,5.9,4.9,0),  

   array(0,0,0,1.8,2.6,4.6,3.4,3.4,2.7,3.7,4.1,4.1,4.7,4.8,4.4,4.5,4.4,4.3,5.1,6.3,0),  

   array(0,0,0,1.8,2.8,2.4,5.6,2.5,2.4,1.7,1.6,2.3,1.4,1.6,2.5,2.3,2.2,1.7,2.3,4.2,0),  

   array(0,0,0,1.7,1.7,1.9,1.6,1.6,1.5,1.8,1.8,1.9,2,2.3,2,2,1.8,2,2.2,2.3,0),  

   array(0,0,0,3.7,3.7,4.6,4,5.2,6.8,6.1,7.3,8.7,10.5,9.9,10.8,9.8,10.3,10.2,10.9,10.1,0),  

   array(0,0,0,1.2,1.5,1.6,2,1.3,1.9,2.1,1.9,2.7,3,2.8,3.4,3.1,54.1,2.9,2.8,0),  

   array(0,0,0,3.9,3.9,3.9,3.9,3.9,3.9,3.9,3.9,3.9,3.9,3.9,3.9,3.9,3.9,3.9,3.9,3.9,0),  



 

260 

 

   array(0,0,0,1.4,1.7,1.1,1.7,1.5,1.8,3.1,4,5.1,4.3,5,6.1,9.7,12.6,11.5,13.6,14.1,0) 

    ), 

 

 /* "200mm Concrete(Field Test)": 1 SD - #11 */ 

 array( 

   array(0,0,0,4.1,3,5.7,4.8,5.7,5.9,4.7,4.3,3.2,2.4,2.5,3.1,2.4,3.4,3.8,4.9,4.6,0) 

    ), 

 

 /* "178mm Concrete with steel ceiling(Field Test)": 1 SD - #12 */ 

 array( 

   array(0,0,0,3.8,4,3.9,4,4,3.9,3.9,3.9,3.9,3.9,3.9,4,4,3.9,3.9,3.9,3.9,0) 

    ), 

 

 /* "200 Concrete with steel ceiling(Field Test)": 1 SD - #13 */ 

 array( 

      array(0,0,0,1.7,2.7,1.8,1.9,3,1.7,2.8,2.8,1.8,6.9,8,1.6,6,6.3,6.4,6.7,4.1,0) 

    ), 

 

 /* "110mm Concrete(Field Test)": 1 SD - #14 */ 

 array( 

   array(0,0,0,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0) 

    ), 

 

    /* "Wood-joist floor(Field Test)": 1 SD */ 

 array( 

   array(0,0,0,0.6,0.6,0.5,0.7,1,1.5,0.8,1.2,0.4,0.8,0.9,1,1.1,0.4,0.7,1,1.1,0) 

    ), 

 

    /* "38 Gypsum Concrete with wood-joist(Field Test)": 1 SD */ 

 array( 

   array(0,0,0,2.5,2.5,2.5,4.3,4.4,3.1,2.8,2.7,2.5,2.6,4.1,3.5,2.5,2.5,3.7,5.2,4.8,0) 

    ), 

 

    /* "38mm HFFgypsum concrete with wood-joist(Field Test)": 1 SD */ 

 array( 

   array(0,0,0.5,0.6,1.9,1.8,0.7,1.4,4.9,7.3,8.5,7.7,4.4,1.9,4.1,5.3,5.3,5,3.6,0) 

    ), 

 

    /* "203mm PT concrete(Field Test)": 1 SD */ 

 array( 
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   array(0,0,0,1,1.5,1.8,0.8,0.6,0.7,0.6,1.5,2.4,4,3.1,4.3,5,3.5,1.3,1,0.7,0) 

    ), 

 

    /* "203 PT concrete(Field Test)": 1 SD */ 

 array( 

   array(0,0,0,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0.6,0) 

    ), 

 

    /* "Wood floor (Field Test)": 1 SD */ 

 array ( 

   array(0,0,0,3.5,4.2,8.5,2.6,4.2,2.9,4.4,5.1,5.3,5.2,5.1,5.3,5,3.5,2.3,1.5,1.5,0) 

    ), 

 

    /* "101MM concrete with wood-joists (Field Test)": 1 SD */ 

 array( 

   array(0,0,0,5.7,5.2,5.2,5.3,7.1,6.9,6.8,7.5,5.8,5.6,5.5,6.1,7.7,8.4,8.8,11.6,13.5,0) 

    ), 

 

    /* "Wood-joist floor(Field Test)": 1 SD */ 

 array( 

   array(0,0,0,0.8,4.5,7.5,5.8,5.4,5.6,5.1,4.1,2.5,2.6,3.2,3.2,1.4,2,1,2.1,3.3,0) 

    ) 

  ); 

 

?> 

 

 Graphic 2D.class 

 

<?php 

 

    class LabelFormat 

    { 

        var $width; 

        var $precision; 

        var $specific; 

        var $vertical; 

        var $fontsize; 

        var $fun; 

 

        function LabelFormat ($width=0, $prec=0, $spec="d", $fontsize=3, $vert=0, $function="")  
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        { 

   /* $prec */ 

            $this->fun=$function; 

            $this->width=$width; 

            $this->precision=$prec; 

            $this->specific=$spec; 

            $this->fontsize=$fontsize; 

            $this->vertical=$vert; 

        } 

 

        function Out ($value) 

        { 

            //$this->fun=$fun; 

            $format_string="%"; 

            if ($this->width) 

                $format_string.=$this->width; 

            if ($this->precision) 

                $format_string.=".".$this->precision; 

            $format_string.=$this->specific; 

            if (!empty($this->fun)) 

            { 

                $out=call_user_func ($this->fun, $value); 

                $wstring=sprintf($format_string, $out); 

            } 

            else 

                $wstring=sprintf($format_string, $value); 

            return $wstring; 

        } 

    } 

 

    class graph2d 

    { 

 

        var $image_type; 

 

        var $dimx;  

        var $dimy;  

 

        var $xmin;  

        var $xmax; 
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  var $xaxle=array(); 

  var $defxaxle=0; 

 

        var $ymin;  

        var $ymax; 

  var $yaxle=array(); 

  var $defyaxle=0; 

 

        var $xstep; 

        var $ystep; 

 

        var $xskip; 

        var $yskip; 

 

        var $xformat; 

        var $yformat; 

 

        var $b_red; 

        var $b_green; 

        var $b_blue; 

        var $b_alpha; 

        var $a_red; 

        var $a_green; 

        var $a_blue; 

        var $a_alpha; 

 

        var $is_grid; 

        var $grid_red; 

        var $grid_green; 

        var $grid_blue; 

        //var $grid_style; 

 

 

        var $top; 

        var $left; 

        var $right; 

        var $bottom; 

 

        var $xlegend; 

        var $ylegend; 
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        var $title; 

 

        var $image; 

 

        function graph2d ($image_type, $width, $height, $xleft=0, $ytop=0, $xright=0, $ybottom=0, 

$br=0xFF, $bg=0xFF, $bb=0xFF, $b_alpha=0, $ar=0, $ag=0, $ab=0, $a_alpha=0) 

        { 

            $this->image_type=$image_type; 

            $this->dimx=(int)$width; 

            $this->dimy=(int)$height; 

             

            $this->b_red=(int)$br; 

            $this->b_green=(int)$bg; 

            $this->b_blue=(int)$bb; 

 

            $this->a_red=(int)$ar; 

            $this->a_green=(int)$ag; 

            $this->a_blue=(int)$ab; 

 

            $this->a_alpha=(int)$a_alpha; 

            $this->b_alpha=(int)$b_alpha; 

 

            $this->left=(int)$xleft; 

            $this->top=(int)$ytop; 

            $this->right=(int)$xright; 

            $this->bottom=(int)$ybottom; 

 

            $this->xskip=1; 

            $this->yskip=1; 

 

            $this->xformat=new LabelFormat(); 

            $this->yformat=new LabelFormat(); 

 

            $this->xlegend="";  

            $this->ylegend="";  

            $this->title=""; 

 

            $this->is_grid=FALSE; 

            //$this->grid_style=array(); 
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            $imtype="Content-type: image/".$this->image_type; 

            header ($imtype); 

            $this->image=@imagecreate ($this->dimx, $this->dimy);// or die "Cannot initialize new GD 

Image stream";  

        } 

 

        function SetAxisScales ($xmin, $xmax, $xstep, $xskip, $ymin, $ymax, $ystep, $yskip)  

        { 

            $this->xmin=(double)$xmin; 

            $this->xmax=(double)$xmax; 

            $this->xstep=(double)$xstep; 

            $this->xskip=(int)$xskip; 

 

            $this->ymin=(double)$ymin; 

            $this->ymax=(double)$ymax; 

            $this->ystep=(double)$ystep; 

            $this->yskip=(int)$yskip; 

        } 

 

        function SetXLegend ($xleg) { $this->xlegend=$xleg; } 

 

        function SetYLegend ($yleg) { $this->ylegend=$yleg; } 

 

        function SetTitle ($title) { $this->title=$title; } 

 

        function SetXAxle ($xaxle) 

  { 

   $this->defxaxle=1; 

   $this->xaxle=$xaxle; 

  } 

 

        function SetYAxle ($yaxle) 

  { 

   $this->defyaxle=1; 

   $this->yaxle=$yaxle;  

  } 

 

  function SetLineThickness ($thikness) 

        { 

             if ( is_resource ($this->image) && is_int ($thikness)) 



 

266 

 

                 imagesetthickness ($this->image, $thikness); 

        } 

 

        function SetGrid($grid, $red, $green, $blue) 

        { 

            $this->is_grid=$grid; 

            $this->grid_red=$red; 

            $this->grid_green=$green; 

            $this->grid_blue=$blue; 

            //$this->grid_style=$style; 

        } 

 

        function GraphCoord () 

        { 

            if (function_exists("imagecolorallocatealpha")) 

            { 

                $background=imagecolorallocatealpha ($this->image, $this->b_red, $this->b_green, $this-

>b_blue, $this->b_alpha); 

                $foreground=imagecolorallocatealpha ($this->image, $this->a_red, $this->a_green, $this-

>a_blue, $this->a_alpha); 

            } 

            else 

            { 

                $background=imagecolorallocate ($this->image, $this->b_red, $this->b_green, $this-

>b_blue); 

                if ($this->b_alpha) 

                    imagecolortransparent($this->image, $background); 

                $foreground=imagecolorallocate ($this->image, $this->a_red, $this->a_green, $this->a_blue); 

            } 

 

            $X=$this->dimx-($this->left+$this->right); 

            $Y=$this->dimy-($this->top+$this->bottom); 

 

            $scaleX=($this->xmax-$this->xmin)/$X; 

            $scaleY=($this->ymax-$this->ymin)/$Y; 

 

            $gcolor=imagecolorallocate ($this->image, $this->grid_red, $this->grid_green, $this-

>grid_blue); 

            if ($this->is_grid) 
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                $coord=imagerectangle($this->image, $this->left, $this->top, $this->dimx-$this->right, 

$this->dimy-$this->bottom, $gcolor); 

            else 

                $coord=imagerectangle($this->image, $this->left, $this->top, $this->dimx-$this->right, 

$this->dimy-$this->bottom, $foreground); 

            if (!empty($this->title)) 

                imagestring ($this->image, 4, $this->left+$X/2-strlen($this->title)*imagefontwidth(4)/2, 

$this->top/2- imagefontheight(4)/2, $this->title, $foreground); 

  if ($this->defxaxle > 0) { 

   $numx=count($this->xaxle); 

            /* $xstr=$this->xformat->Out($numx); */ 

            /* imagestring ($this->image, $this->xformat->fontsize, 0, $Y+$this-

>top+imagefontheight($this->xformat->fontsize)/2, $xstr, $foreground); */ 

            for ($i=0; $i<$numx; $i++) 

            { 

                /* $x=($this->xaxle[$i]/$this->xmax*$X)+$this->left; */ 

                $x=($i*$X)/($numx-1)+$this->left; 

                /* if ($this->xaxle[$i]>$this->xmin && $this->xaxle[$i]<$this->xmax) { */ 

                if ($i>0 && $i<$numx-1) { 

                    if ($this->is_grid) 

                        imageline ($this->image, $x, $Y+$this->top, $x, $this->top, $gcolor); 

                    else 

                        imageline ($this->image, $x, $Y+$this->top-5, $x, $Y+$this->top+5, $foreground); 

    } 

                $xstr=$this->xformat->Out($this->xaxle[$i]); 

                if ($this->xformat->vertical) 

                    imagestringup ($this->image, $this->xformat->fontsize, $x- imagefontwidth($this-

>xformat->fontsize), $Y+$this->top+strlen($xstr)*imagefontheight($this->xformat->fontsize)/2+5, 

$xstr, $foreground); 

                else 

                    imagestring ($this->image, $this->xformat->fontsize, $x-

strlen($xstr)*imagefontwidth($this->xformat->fontsize)/2, $Y+$this->top+imagefontheight($this-

>xformat->fontsize)/2, $xstr, $foreground); 

            } 

  } 

  else { 

            $numx=($this->xmax-$this->xmin)/$this->xstep+1; 

            for ($i=0; $i<$numx; $i++) 

            { 

                $x=($i*$X)/($numx-1)+$this->left; 
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                if ($i>0 && $i<$numx-1) 

                    if ($this->is_grid) 

                        imageline ($this->image, $x, $Y+$this->top, $x, $this->top, $gcolor); 

                    else 

                        imageline ($this->image, $x, $Y+$this->top-5, $x, $Y+$this->top+5, $foreground); 

                if ($i%$this->xskip==0) 

                { 

                    $xstr=$this->xformat->Out($this->xmin+($i*$X)*$scaleX/($numx-1)); 

                    if ($this->xformat->vertical) 

                        imagestringup ($this->image, $this->xformat->fontsize, $x- imagefontwidth($this-

>xformat->fontsize), $Y+$this->top+strlen($xstr)*imagefontheight($this->xformat->fontsize)/2+5, 

$xstr, $foreground); 

                    else 

                        imagestring ($this->image, $this->xformat->fontsize, $x-

strlen($xstr)*imagefontwidth($this->xformat->fontsize)/2, $Y+$this->top+imagefontheight($this-

>xformat->fontsize)/2, $xstr, $foreground); 

                } 

            } 

  } 

            if (!empty($this->xlegend)) 

                imagestring ($this->image, 3, $this->left+$X/2-strlen($this->xlegend)*imagefontwidth(3)/2, 

$this->top+$Y+3*imagefontheight(3)/2, $this->xlegend, $foreground); 

 

   $numy=($this->ymax-$this->ymin)/$this->ystep+1; 

   for ($i=0; $i<$numy; $i++) 

            { 

                $y=($i*$Y)/($numy-1); 

                if ($i>0 && $i<$numy-1) 

                    if ($this->is_grid) 

                        imageline ($this->image, $this->left-5, $y+$this->top, $this->left+$X, $y+$this->top, 

$gcolor); 

                    else 

                        imageline ($this->image, $this->left-5, $y+$this->top, $this->left+5, $y+$this->top, 

$foreground); 

                if ($i%$this->yskip==0) 

                { 

                    $ystr=$this->yformat->Out($this->ymin+($i*$Y)*$scaleY/($numy-1)); 

                    if ($this->yformat->vertical) 
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                        imagestringup ($this->image, $this->yformat->fontsize, $this->left-

imagefontheight($this->yformat->fontsize)-5, $Y+$this->top+$this->bottom-$y-

3*strlen($ystr)*imagefontwidth($this->yformat->fontsize)/2, $ystr, $foreground); 

                    else 

                        imagestring ($this->image, $this->yformat->fontsize, $this->left-

strlen($ystr)*imagefontwidth($this->yformat->fontsize)-5, $Y+$this->top-$y-imagefontheight($this-

>yformat->fontsize)/2, $ystr, $foreground); 

                } 

            } 

            if (!empty($this->ylegend)) 

                imagestringup ($this->image, 3, $this->left/2-3*imagefontheight(3)/2, $this-

>top+$Y/2+strlen($this->ylegend)*imagefontwidth(3)/2, $this->ylegend, $foreground); 

        } 

 

        function Draw ($xarray, $yarray, $r=0, $g=0, $b=0) 

        { 

            if (!is_array($xarray) || !is_array($yarray)) return; 

 

            if (function_exists("imagecolorallocatealpha")) 

            { 

                $background=imagecolorallocatealpha ($this->image, $this->b_red, $this->b_green, $this-

>b_blue, $this->b_alpha); 

                $foreground=imagecolorallocatealpha ($this->image, $this->a_red, $this->a_green, $this-

>a_blue, $this->a_alpha); 

            } 

            else 

            { 

                $background=imagecolorallocate ($this->image, $this->b_red, $this->b_green, $this-

>b_blue); 

                if ($this->b_alpha) 

                    imagecolortransparent($this->image, $background); 

                $foreground=imagecolorallocate ($this->image, $this->a_red, $this->a_green, $this->a_blue); 

            } 

            $graphcolor=imagecolorallocate ($this->image, $r, $g, $b); 

 

            $X=$this->dimx-($this->left+$this->right); 

            $Y=$this->dimy-($this->top+$this->bottom); 

 

            $scaleX=($this->xmax-$this->xmin)/$X; 

            $scaleY=($this->ymax-$this->ymin)/$Y; 
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            $numx=($this->xmax-$this->xmin)/$this->xstep+1; 

            $numy=($this->ymax-$this->ymin)/$this->ystep+1; 

 

            $nx=count($xarray); 

            $ny=count($yarray); 

            $n=min($nx, $ny); 

 

            for ($i=1; $i<$n; $i++) 

                imageline($this->image, $this->left+($xarray[$i-1]-$this->xmin)/$scaleX, $this->top+($this-

>ymax-$yarray[$i-1])/$scaleY, $this->left+($xarray[$i]-$this->xmin)/$scaleX, $this->top+($this-

>ymax-$yarray[$i])/$scaleY, $graphcolor); 

        } 

        function ImageOut ($filename) 

        { 

            if (strcasecmp ($this->image_type, "jpeg")==0) 

                imagejpeg ($this->image, $filename, 100); 

            elseif (strcasecmp ($this->image_type, "png")==0) 

                imagepng ($this->image, $filename, 100); 

            elseif (strcasecmp ($this->image_type, "gif")==0) 

                imagegif ($this->image, $filename, 100); 

            elseif (strcasecmp ($this->image_type, "wbmp")==0) 

                imagewbmp ($this->image, $filename, 100); 

        } 

        function Close () 

        { 

            imagedestroy ($this->image); 

        } 

    } 

?> 
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C  Comparisons with Laboratory and Field Test on Floors from 

Chapter Five  

C.1 Comparison for Floor 2 

 

Figure C-1: Cross section of floor 2 
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Figure C-2:  Comparison of laboratory and field measurement of bare floor 2 

The same definition of L‘n & Ln shown in figure 5-6 
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Figure C-3:  Comparison of laboratory and field measurement of floor 2 (carpet tile) 

The same definition of L‘n & Ln shown in figure 5-6 
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Figure C-4: Comparison of laboratory and field measurement of floor 2 (carpet) 

The same definition of L‘n & Ln shown in figure 5-6 
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Comparsion of the Field and Lab measurement of Floor 2

(Carpet with underlay)
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Figure C-5: Comparison of laboratory and field measurement of floor 2 (carpet with underlay) 

The same definition of L‘n & Ln shown in figure 5-6 

 

C.2 Comparison for Floor 3 



 

274 

 

 

Figure C-6: Cross section of floor 3 
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Figure C-7:  Comparison of laboratory and field measurement of bare floor 3 

The same definition of L‘n & Ln shown in figure 5-6 
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Comparsion of the Field and Lab measurement of Floor 3
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Figure C-8:  Comparison of laboratory and field measurement of floor 3 (carpet tile) 

The same definition of L‘n & Ln shown in figure 5-6 
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FigureC-9: Comparison of laboratory and field measurement of floor 3 (carpet) 

The same definition of L‘n & Ln shown in figure 5-6 
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Comparsion of the Field and Lab measurement of Floor 3

(Carpet with underlay)
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Figure C-10:  Comparison of laboratory and field measurement of floor 3 (carpet with underlay) 

The same definition of L‘n & Ln shown in figure 5-6 

 

 

C.3 Comparison for Floor 4  
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Figure C-11: Cross section of floor 4 
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Figure C-12: Comparison of laboratory and field measurement of bare floor 4 

The same definition of L‘n & Ln shown in figure 5-6 
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Figure C-13:  Comparison of laboratory and field measurement of floor 4 (carpet tile) 

The same definition of L‘n & Ln shown in figure 5-6 
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Figure C-14:  Comparison of laboratory and field measurement of floor 4 (carpet) 

The same definition of L‘n & Ln shown in figure 5-6 
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Figure C-15: Comparison of laboratory and field measurement of floor 4 (carpet with underlay) 

The same definition of L‘n & Ln shown in figure 5-6 
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C.4 Comparison for Floor 5 

 

Figure C-16: Cross section of floor 5 

 

Comparsion of the Field and Lab measurement of Floor 5

(Bare Floor)

0

10

20

30

40

50

60

70

5
0

8
0

1
2
5

2
0
0

3
1
5

5
0
0

8
0
0

1
2
5
0

2
0
0
0

3
1
5
0

5
0
0
0

 Frequency, f, Hz

N
o

rm
a
li

z
e
d

 i
m

p
a
c
t 

s
o

u
n

d

p
re

s
s
u

re
 l

e
v
e
l,

 d
B

Ln' Ln

 

Figure C-17:  Comparison of laboratory and field measurement of bare floor 5 

The same definition of L‘n & Ln shown in figure 5-6 
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Comparsion of the Field and Lab measurement of Floor 5
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Figure C-18: Comparison of laboratory and field measurement of floor 5 (carpet tile) 

The same definition of L‘n & Ln shown in figure 5-6 
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Figure C-19: Comparison of laboratory and field measurement of floor 5 (carpet) 

The same definition of L‘n & Ln shown in figure 5-6 
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Comparsion of the Field and Lab measurement of Floor 5

(Carpet with underlay)
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Figure C-20: Comparison of laboratory and field measurement of floor 5 (carpet with underlay) 

The same definition of L‘n & Ln shown in figure 5-6 

 

C.5 Comparison for Floor 7 

 

Figure C-21: Cross section of floor 7 
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Comparsion of the Field and Lab measurement of Floor 7
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Figure C-22:  Comparison of laboratory and field measurement of bare floor 7  

The same definition of L‘n & Ln shown in figure 5-6 
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Figure C-23:  Comparison of laboratory and field measurement of floor 7 (carpet tile) 

The same definition of L‘n & Ln shown in figure 5-6 
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Figure C-24:  Comparison of laboratory and field measurement of floor 7 (carpet) 

The same definition of L‘n & Ln shown in figure 5-6 
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Figure C-25:  Comparison of laboratory and field measurement of floor 7 (carpet with underlay) 

The same definition of L‘n & Ln shown in figure 5-6 
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C.6 Comparison for Floor 8 

 

Figure C-26: Cross section of floor 8 
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Figure C-27: Comparison of laboratory and field measurement of bare floor 8 

The same definition of L‘n & Ln shown in figure 5-6 
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Comparsion of the Field and Lab measurement of Floor 8
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Figure C-28: Comparison of laboratory and field measurement of floor 8 (carpet tile) 

The same definition of L‘n & Ln shown in figure 5-6 
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Figure C-29: Comparison of laboratory and field measurement of floor 8(carpet) 

The same definition of L‘n & Ln shown in figure 5-6 
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Figure C-20: Comparison of laboratory and field measurement of floor 8 (carpet with underlay) 

The same definition of L‘n & Ln shown in figure 5-6 

 

C.7 Comparison for Floor 9 

 

Figure C-21: Cross section of floor 9 
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Figure C-22: Comparison of laboratory and field measurement of bare floor 9 

The same definition of L‘n & Ln shown in figure 5-6 
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Figure C-23: Comparison of laboratory and field measurement of carpet on floor 9 

The same definition of L‘n & Ln shown in figure 5-6 
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Figure C-24: Comparison of laboratory and field measurement of floor 9 (carpet with underlay) 

 The same definition of L‘n & Ln shown in figure 5-6 
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C.8 rs for Floor 6 

Table C.5-10 presents the values of ISPL and the average value on the same tapping machine position 1 

for floor 6 with floor coverings as carpet tile, followed by statistical analysis including standard 

deviation, standard error of the mean, 95% confidence interval and rs. 

Freq. POS 1 Avg. SD 

Standard 

Error of the 

mean 

95%  Confidence 

Interval  
rs 

Hz dB 

50 71.5 72.8 72.5 72.3 0.7 0.4  73.1  71.5  1.9 

63 65.6 66.9 66.6 66.4 0.7 0.4  67.2  65.6  1.9 

80 57.3 57.2 56.8 57.1 0.3 0.2  57.4  56.8  0.7 

100 54.2 54.3 53.7 54.1 0.3 0.2  54.4  53.8  0.9 

125 57.8 57.8 57.7 57.8 0.1 0.1  57.9  57.7  0.2 

160 58.6 58.9 58.8 58.8 0.2 0.1  59.0  58.6  0.4 

200 54.9 55.3 55.5 55.2 0.3 0.2  55.5  54.9  0.8 

250 52 52.2 52.6 52.3 0.3 0.2  52.6  52.0  0.8 

315 49.9 50.6 50.5 50.3 0.4 0.2  50.8  49.8  1 

400 45.2 46 46.2 45.8 0.5 0.3  46.4  45.2  1.5 

500 38.9 39.7 39.6 39.4 0.4 0.2  39.9  38.9  1.2 

630 33.7 34.3 34.5 34.2 0.4 0.2  34.7  33.7  1.2 

800 30.3 30.6 30.9 30.6 0.3 0.2  30.9  30.3  0.8 

1000 28.1 27.8 29.1 28.3 0.7 0.4  29.1  27.5  1.9 

1250 24.5 24.7 26.3 25.2 1 0.6  26.3  24.1  2.7 

1600 23 23.5 24 23.5 0.5 0.3  24.1  22.9  1.4 

2000 22.4 22.8 23.1 22.8 0.4 0.2  23.3  22.3  1 

2500 22.3 22.9 23 22.7 0.4 0.2  23.2  22.2  1 

3150 22 22.6 22.5 22.4 0.3 0.2  22.7  22.1  0.9 

4000 21.4 22.2 21.8 21.8 0.4 0.2  22.3  21.3  1.1 

5000 20.7 21.7 21.4 21.3 0.5 0.3  21.9  20.7  1.4 

Table C.5-10: ISPL with standard deviation, 95% confidence interval and rs in the field at position 1 

for floor 6 (carpet tile) 
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Table C.5-11 presents the values of ISPL and the average value on the same tapping machine position 1 

for floor 6 with floor coverings as carpet tile, followed by statistical analysis including standard 

deviation, standard error of the mean, 95% confidence interval and rs. 

Freq. POS 1 Avg. SD 

Standard 

Error of 

the mean 

95%  Confidence 

Interval  
rs 

Hz dB 

63 65.4 64.6 65.2 65.1 0.4 0.2  65.6  64.6  1.2 

80 58.8 58.5 58.8 58.7 0.2 0.1  58.9 58.5  0.5 

100 58.4 58.8 58.9 58.7 0.3 0.2  59.0  58.4  0.7 

125 58.7 59.4 59 59 0.4 0.2  59.5  58.5  1 

160 56.5 56.4 56.8 56.6 0.2 0.1  56.8  56.4  0.6 

200 52.8 53.2 53.2 53.1 0.2 0.1  53.3  52.9  0.6 

250 50.3 50 50.5 50.3 0.3 0.2  50.6  50.0  0.7 

315 45.2 45.5 45.4 45.4 0.2 0.1  45.6  45.2  0.4 

400 43.7 44.2 44.1 44 0.3 0.2  44.3  43.7  0.7 

500 38.1 38.7 38.7 38.5 0.3 0.2  38.8  38.2  1 

630 35.1 35.5 35.3 35.3 0.2 0.1  35.5  35.1  0.6 

800 29.9 30 30.5 30.1 0.3 0.2  30.4  29.8  0.9 

1000 26.8 26.4 28.7 27.3 1.2 0.7  28.7  25.9  3.4 

1250 24 23.7 25.3 24.3 0.9 0.5  25.3  23.3  2.4 

1600 23.2 22.8 23.1 23 0.2 0.1  23.2  22.8  0.6 

2000 23 22.6 22.5 22.7 0.3 0.2  23.0  22.4  0.7 

2500 23.1 22.7 22.5 22.8 0.3 0.2  23.1  22.5  0.8 

3150 22.6 22 21.9 22.2 0.4 0.2  22.7  21.7  1 

4000 22 21.3 21.3 21.5 0.4 0.2  22.0  21.0  1.1 

5000 21.2 20.6 20.4 20.7 0.4 0.2  21.2  20.2  1.2 

Table C.5-11: ISPL with standard deviation, 95% confidence interval and rs in the field at position 2 

for floor 6 (carpet tile) 
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Table C.5-12 presents the values of ISPL and the average value on the same tapping machine position 3 

for floor 6 with floor coverings as carpet tile, followed by statistical analysis including standard 

deviation, standard error of the mean, 95% confidence interval and rs.  

Freq. POS 3 Avg. SD 

Standard 

Error of 

the mean 

95%  Confidence 

Interval  
rs 

Hz dB 

50 68.1 68.4 68.2 68.2 0.2 0.1  68.4  68.0  0.4 

63 67.6 66.3 67.8 67.2 0.8 0.5  68.1  66.3  2.3 

80 60.2 59.8 59.4 59.8 0.4 0.2  60.3  59.3  1.1 

100 60.1 59.6 59.6 59.8 0.3 0.2  60.1  59.5  0.8 

125 58.1 57.8 57.8 57.9 0.2 0.1  58.1  57.7  0.5 

160 59 59.3 59.4 59.2 0.2 0.1  59.4  59.0  0.6 

200 55.5 55.7 55.7 55.6 0.1 0.1  55.7  55.5  0.3 

250 52.3 52.9 53 52.7 0.4 0.2  53.2  52.2  1 

315 46.8 47.2 46.9 47 0.2 0.1  47.2  46.8  0.6 

400 41.5 42 42.2 41.9 0.4 0.2  42.4  41.4  1 

500 36.8 36.7 36.9 36.8 0.1 0.1  36.9  36.7  0.3 

630 32.6 32.5 32.7 32.6 0.1 0.1  32.7  32.5  0.3 

800 28.5 28.7 29.1 28.8 0.3 0.2  29.1  28.5  0.8 

1000 27.1 27.7 28.6 27.8 0.8 0.5  28.7  26.9  2.1 

1250 25.5 25.5 26.5 25.8 0.6 0.3  26.5  25.1  1.6 

1600 23.9 23.7 24.5 24 0.4 0.2  24.5  23.5  1.2 

2000 23.5 23 23.9 23.5 0.5 0.3  24.1  22.9  1.2 

2500 23.7 23.2 24.2 23.7 0.5 0.3  24.3  23.1  1.4 

3150 23.3 22.3 24 23.2 0.9 0.5  24.2  22.2  2.4 

4000 22.8 21.7 23.6 22.7 1 0.6  23.8  21.6  2.6 

5000 21.9 20.8 23.9 22.2 1.6 0.9  24.0  20.4  4.4 

Table C.5-12: ISPL with standard deviation, 95% confidence interval and rs in the field at position 3 

for floor 6 (carpet tile) 
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Table C.5-13 presents the values of ISPL and the average value on the same tapping machine position 4 

for floor 6 with floor coverings as carpet tile, followed by statistical analysis including standard 

deviation, standard error of the mean, 95% confidence interval and rs.  

Freq. POS 4 Avg. SD 

Standard 

Error of 

the mean 

95%  Confidence 

Interval  
rs 

Hz dB 

50 66.9 67.5 67.3 67.2 0.3 0.2  67.5  66.9  0.8 

63 62 61.4 61.4 61.6 0.3 0.2  61.9  61.3  1 

80 59.9 60.1 59.9 60 0.1 0.1  60.1  59.9  0.3 

100 53.9 54.3 54.3 54.2 0.2 0.1  54.4  54.0  0.6 

125 56.1 56.3 56.1 56.2 0.1 0.1  56.3  56.1  0.3 

160 56.5 56.4 56.4 56.4 0.1 0.1  56.5  56.3  0.2 

200 49.9 50.4 50.4 50.2 0.3 0.2  50.5  49.9  0.8 

250 48.3 48.6 48.8 48.6 0.3 0.2  48.9  48.3  0.7 

315 45.3 45.7 45.8 45.6 0.3 0.2  45.9  45.3  0.7 

400 43.5 44.3 44.8 44.2 0.7 0.4  45.0  43.4  1.8 

500 37.8 38.4 38.6 38.3 0.4 0.2  38.8  37.8  1.2 

630 33.5 34 34.5 34 0.5 0.3  34.6  33.4  1.4 

800 29 29.3 29.7 29.3 0.4 0.2  29.8  28.8  1 

1000 26.9 27.3 28.1 27.4 0.6 0.3  28.1  26.7  1.7 

1250 24.6 24 25.3 24.6 0.7 0.4  25.4  23.8  1.8 

1600 23.6 22.8 23.7 23.4 0.5 0.3  24.0  22.8  1.4 

2000 23.2 22.5 23.2 23 0.4 0.2  23.5  22.5  1.1 

2500 23.5 22.6 23.1 23.1 0.5 0.3  23.7  22.5  1.2 

3150 23.7 22.4 22.8 23 0.7 0.4  23.8  22.2  1.8 

4000 23.7 22.1 22.3 22.7 0.9 0.5  23.7  21.7  2.4 

5000 23.4 21.3 21.2 22 1.2 0.7  23.4  20.6  3.4 

Table C.5-13: ISPL with standard deviation, 95% confidence interval and rs in the field at position 4 

for floor 6 (carpet tile) 
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Table C.5-14 presents the values of ISPL and the average value on the same tapping machine position 1 

for floor 6 with floor coverings as carpet, followed by statistical analysis including standard deviation, 

standard error of the mean, 95% confidence interval and rs.  

Freq. POS 1 Avg. SD 

Standard 

Error of 

the mean 

95%  Confidence 

Interval  
rs 

Hz dB 

50 75.4 75.7 75.6 75.6 0.2 0.1  75.8  75.4  0.4 

63 68.8 69 68.6 68.8 0.2 0.1  69.0  68.6  0.6 

80 57.6 57.4 57.1 57.4 0.3 0.2  57.7  57.1  0.7 

100 51 51.3 50.7 51 0.3 0.2  51.3  50.7  0.8 

125 52.7 53.4 53.2 53.1 0.4 0.2  53.6  52.6  1 

160 54.6 54.8 54.9 54.8 0.2 0.1  55.0  54.6  0.4 

200 52.7 53 53 52.9 0.2 0.1  53.1  52.7  0.5 

250 48.2 48.8 48.7 48.6 0.3 0.2  48.9  48.3  0.9 

315 44.6 45.1 45.6 45.1 0.5 0.3  45.7  44.5  1.4 

400 39.7 40.5 41 40.4 0.7 0.4  41.2  39.6  1.8 

500 33.9 34.4 34.9 34.4 0.5 0.3  35.0  33.8  1.4 

630 30.2 30.3 30.6 30.4 0.2 0.1  30.6  30.2  0.6 

800 27.3 26.9 27 27.1 0.2 0.1  27.3  26.9  0.6 

1000 27 25.9 25.8 26.2 0.7 0.4  27.0  25.4  1.8 

1250 25.4 24.5 24.4 24.8 0.6 0.3  25.5  24.1  1.5 

1600 24.1 23.2 23.1 23.5 0.6 0.3  24.2  22.8  1.5 

2000 23.3 23 22.9 23.1 0.2 0.1  23.3  22.9  0.6 

2500 23.3 23 22.9 23.1 0.2 0.1  23.3  22.9  0.6 

3150 22.5 22.4 22.2 22.4 0.2 0.1  22.6  22.2  0.4 

4000 22.1 22 21.9 22 0.1 0.1  22.1  21.9  0.3 

5000 21.4 21.3 21.3 21.3 0.1 0.1  21.4  21.2  0.2 

Table C.5-14: ISPL with standard deviation, 95% confidence interval and rs in the field at position 1 

for floor 6 (carpet) 
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Table C.5-15 presents the values of ISPL and the average value on the same tapping machine position 2 

for floor 6 with floor coverings as carpet, followed by statistical analysis including standard deviation, 

standard error of the mean, 95% confidence interval and rs. 

Freq. POS 2 Avg. SD 

Standard 

Error of 

the mean 

95%  Confidence 

Interval  
r 

Hz dB 

50 69.6 69.7 70 69.8 0.2 0.1  70.0  69.6  0.6 

63 64.1 64 64.7 64.3 0.4 0.2  64.8  63.8  1 

80 59.8 59.3 58.9 59.3 0.5 0.3  59.9  58.7  1.2 

100 55.3 55.6 55.2 55.4 0.2 0.1  55.6  55.2  0.6 

125 52 52.6 52.4 52.3 0.3 0.2  52.6  52.0  0.8 

160 51.5 51.9 51.8 51.7 0.2 0.1  51.9  51.5  0.6 

200 49.5 49.5 49.9 49.6 0.2 0.1  49.8  49.4  0.6 

250 46.6 47.5 48 47.4 0.7 0.4  48.2  46.6  2 

315 38.7 39.8 40.1 39.5 0.7 0.4  40.3  38.7  2 

400 37 38 38.4 37.8 0.7 0.4  38.6  37.0  2 

500 33.1 33.4 33.7 33.4 0.3 0.2  33.7  33.1  0.8 

630 29 29.5 29.4 29.3 0.3 0.2  29.6  29.0  0.7 

800 26 26 25.5 25.8 0.3 0.2  26.1  25.5  0.8 

1000 27.2 26.4 25.4 26.3 0.9 0.5  27.3  25.3  2.5 

1250 24.5 24.8 23.5 24.3 0.7 0.4  25.1  23.5  1.9 

1600 23.5 23.6 23.1 23.4 0.3 0.2  23.7  23.1  0.7 

2000 23.3 23.2 23 23.2 0.2 0.1  23.4  23.0  0.4 

2500 23.4 23.8 23.1 23.4 0.4 0.2  23.9  22.9  1 

3150 22.9 22.6 22.5 22.7 0.2 0.1  22.9  22.5  0.6 

4000 22.4 21.8 22.1 22.1 0.3 0.2  22.4  21.8  0.8 

5000 21.7 21 21.4 21.4 0.4 0.2  21.9  20.9  1 

Table C.5-15: ISPL with standard deviation, 95% confidence interval and rs in the field at position 2 

for floor 6 (carpet) 
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Table C.5-16 presents the values of ISPL and the average value on the same tapping machine position 3 

for floor 6 with floor coverings as carpet, followed by statistical analysis including standard deviation, 

standard error of the mean, 95% confidence interval and rs. 

Freq. POS 3 Avg. SD 

Standard 

Error of 

the mean 

95%  Confidence 

Interval  
rs 

Hz dB 

50 70.7 69.9 70.3 70.3 0.4 0.2  70.8  69.8  1.1 

63 67.7 68.2 68.5 68.1 0.4 0.2  68.6  67.6  1.1 

80 62.3 61.5 61.2 61.7 0.6 0.3  62.4  61.0  1.6 

100 57.5 57.3 58.3 57.7 0.5 0.3  58.3  57.1  1.5 

125 55.9 55.9 55.8 55.9 0.1 0.1  56.0  55.8  0.2 

160 57.9 58.3 58.1 58.1 0.2 0.1  58.3  57.9  0.6 

200 53.7 53.9 54.2 53.9 0.3 0.2  54.2  53.6  0.7 

250 49.7 49.8 50.8 50.1 0.6 0.3  50.8  49.4  1.7 

315 42.8 43.2 44.1 43.4 0.7 0.4  44.2  42.6  1.8 

400 37.4 38.4 38.9 38.2 0.8 0.5  39.1  37.3  2.1 

500 32.3 33.2 33.8 33.1 0.8 0.5  34.0  32.2  2.1 

630 28.1 28.7 29.6 28.8 0.8 0.5  29.7  27.9  2.1 

800 26.3 26.6 28 27 0.9 0.5  28.0  26.0  2.5 

1000 26.2 26.9 29.2 27.4 1.6 0.9  29.2  25.6  4.4 

1250 24.7 25.3 26.6 25.5 1 0.6  26.6  24.4  2.7 

1600 23.7 24.1 24.9 24.2 0.6 0.3  24.9  23.5  1.7 

2000 22.8 23.2 23.6 23.2 0.4 0.2  23.7  22.7  1.1 

2500 22.7 23.1 23.3 23 0.3 0.2  23.3  22.7  0.8 

3150 22.3 22.6 22.8 22.6 0.3 0.2  22.9  22.3  0.7 

4000 21.7 22 22.5 22.1 0.4 0.2  22.6  21.6  1.1 

5000 21.1 21.3 22.6 21.7 0.8 0.5  22.6  20.8  2.3 

Table C.5-16: ISPL with standard deviation, 95% confidence interval and rs in the field at position 3 

for floor 6 (carpet) 
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Table C.5-17 presents the values of ISPL and the average value on the same tapping machine position 4 

for floor 6 with floor coverings as carpet, followed by statistical analysis including standard deviation, 

standard error of the mean, 95% confidence interval and rs. 

Freq. POS 4 Avg. SD 

Standard 

Error of 

the mean 

95%  Confidence 

Interval  
rs 

Hz dB 

50 67.7 68.4 68.9 68.3 0.6 0.3  69.0  67.6  1.7 

63 60.2 60.5 61.1 60.6 0.5 0.3  61.2  60.0  1.3 

80 58.7 59.6 60.1 59.5 0.7 0.4  60.3  58.7  2 

100 52.3 52.6 52.8 52.6 0.3 0.2  52.9  52.3  0.7 

125 53.3 53.7 54.2 53.7 0.5 0.3  54.3  53.1  1.2 

160 56.6 56.2 56.3 56.4 0.2 0.1  56.6  56.2  0.6 

200 50.2 50.9 50.9 50.7 0.4 0.2  51.2  50.2  1.1 

250 47.2 47.8 48.2 47.7 0.5 0.3  48.3  47.1  1.4 

315 42.1 42.8 43.4 42.8 0.7 0.4  43.6  42.0  1.8 

400 41.4 42.5 42.7 42.2 0.7 0.4  43.0  41.4  1.9 

500 35.3 36.3 36.4 36 0.6 0.3  36.7  35.3  1.7 

630 31.2 32 32.1 31.8 0.5 0.3  32.4  31.2  1.4 

800 27.3 27.8 27.3 27.5 0.3 0.2  27.8  27.2  0.8 

1000 26.7 28.2 26.6 27.2 0.9 0.5  28.2  26.2  2.5 

1250 24.3 27.8 24.5 25.5 2 1.2  27.8  23.2  5.4 

1600 23.6 25.1 23.5 24.1 0.9 0.5  25.1  23.1  2.5 

2000 22.9 23.5 23.3 23.2 0.3 0.2  23.5  22.9  0.8 

2500 22.9 23.4 23.6 23.3 0.4 0.2  23.8  22.8  1 

3150 22.4 23.2 23.1 22.9 0.4 0.2  23.4  22.4  1.2 

4000 22.2 22.7 22.6 22.5 0.3 0.2  22.8  22.2  0.7 

5000 21.9 22.4 22.3 22.2 0.3 0.2  22.5  21.9  0.7 

Table C.5-17: ISPL with standard deviation, 95% confidence interval and rs in the field at position 4 

for floor 6 (carpet) 
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Table C.5-18 presents the values of ISPL and the average value on the same tapping machine position 1 

for floor 6 with floor coverings as carpet with underlay, followed by statistical analysis including 

standard deviation, standard error of the mean, 95% confidence interval and rs. 

Freq. POS 1 Avg. SD 

Standard 

Error of 

the mean 

95%  Confidence  

Interval  
rs 

Hz dB 

50 71.8 71.6 70.8 71.4 0.5 0.3  72.0  70.8  1.5 

63 61.9 62.3 62.2 62.1 0.2 0.1  62.3  61.9  0.6 

80 51.5 51.5 50.9 51.3 0.3 0.2  51.6  51.0  1 

100 40.3 40.1 40.1 40.2 0.1 0.1  40.3  40.1  0.3 

125 33.2 32.5 32.6 32.8 0.4 0.2  33.3  32.3  1 

160 32.8 32.3 32.3 32.5 0.3 0.2  32.8  32.2  0.8 

200 35.4 35.5 35.9 35.6 0.3 0.2  35.9  35.3  0.7 

250 32.4 32.2 32.5 32.4 0.2 0.1  32.6  32.2  0.4 

315 30.3 30.5 30.5 30.4 0.1 0.1  30.5  30.3  0.3 

400 28.7 28.4 28.2 28.4 0.3 0.2  28.7  28.1  0.7 

500 25.7 26.2 25.2 25.7 0.5 0.3  26.3  25.1  1.4 

630 24.8 24.5 23.4 24.2 0.7 0.4  25.0  23.4  2 

800 25.4 24.1 23.7 24.4 0.9 0.5  25.4  23.4  2.5 

1000 26.3 23.9 23.9 24.7 1.4 0.8  26.3  23.1  3.8 

1250 24.9 22.6 25.2 24.2 1.4 0.8  25.8  22.6  3.9 

1600 23.9 22.6 23 23.2 0.7 0.4  24.0  22.4  1.8 

2000 23.4 22.3 21.7 22.5 0.9 0.5  23.5  21.5  2.4 

2500 23 22.2 21.5 22.2 0.8 0.5  23.1  21.3  2.1 

3150 22.6 21.9 21.3 21.9 0.7 0.4  22.7  21.1  1.8 

4000 21.9 21.4 21 21.4 0.5 0.3  22.0  20.8  1.2 

5000 21.4 21.3 20.2 21 0.7 0.4  21.8  20.2  1.8 

Table C.5-18: ISPL with standard deviation, 95% confidence interval and rs in the field at position 1 

for floor 6 (carpet with underlay) 
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Table C.5-19 presents the values of ISPL and the average value on the same tapping machine position 2 

for floor 6 with floor coverings as carpet with underlay, followed by statistical analysis including 

standard deviation, standard error of the mean, 95% confidence interval and rs. 

Freq. POS 2 Avg. SD 

Standard 

Error of 

the mean 

95%  Confidence 

Interval  
rs 

Hz dB 

50 66.8 66.6 66.5 66.6 0.2 0.1  66.8  66.4  0.4 

63 61 59.6 59.7 60.1 0.8 0.5  61.0  59.2  2.2 

80 55 55.1 54.1 54.7 0.6 0.3  55.4  54.0  1.5 

100 46.2 46.4 46.7 46.4 0.3 0.2  46.7  46.1  0.7 

125 33.4 33.4 33.5 33.4 0.1 0.1  33.5  33.3  0.2 

160 30.3 30.1 29.7 30 0.3 0.2  30.3  29.7  0.8 

200 33.6 33.5 33.9 33.7 0.2 0.1  33.9  33.5  0.6 

250 29.5 29.3 29.4 29.4 0.1 0.1  29.5  29.3  0.3 

315 26.4 25.6 25.3 25.8 0.6 0.3  26.5  25.1  1.6 

400 26.7 26.3 26 26.3 0.4 0.2  26.8  25.8  1 

500 25 25 24.2 24.7 0.5 0.3  25.3  24.1  1.3 

630 25.1 22.9 22.8 23.6 1.3 0.8  25.1  22.1  3.6 

800 26.3 23.3 22.9 24.2 1.9 1.1  26.4  22.0  5.2 

1000 26.6 23.6 23.1 24.4 1.9 1.1  26.6  22.2  5.2 

1250 26.2 22.7 22 23.6 2.3 1.3  26.2  21.0  6.2 

1600 23.9 22.3 21.7 22.6 1.1 0.6  23.8  21.4  3.2 

2000 22.9 22.4 21.6 22.3 0.7 0.4  23.1  21.5  1.8 

2500 22.7 22.3 21.7 22.2 0.5 0.3  22.8  21.6  1.4 

3150 22.8 22 21.4 22.1 0.7 0.4  22.9  21.3  1.9 

4000 22.6 21.6 21 21.7 0.8 0.5  22.6  20.8  2.2 

5000 22.3 21.2 20.3 21.3 1 0.6  22.4  20.2  2.8 

Table C.5-19: ISPL with standard deviation, 95% confidence interval and rs in the field at position 2 

for floor 6 (carpet with underlay) 
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Table C.5-20 presents the values of ISPL and the average value on the same tapping machine position 3 

for floor 6 with floor coverings as carpet with underlay, followed by statistical analysis including 

standard deviation, standard error of the mean, 95% confidence interval and rs  

Freq. POS 3 Avg. SD 

Standard 

Error of 

the mean 

95%  Confidence 

Interval  
rs 

Hz dB 

50 67.3 66.8 66.8 67 0.3 0.2  67.3  66.7  0.8 

63 62.3 61.7 61.4 61.8 0.5 0.3  62.4  61.2  1.3 

80 58.9 58.2 58.4 58.5 0.4 0.2  59.0  58.0  1 

100 46.7 46.1 45.7 46.2 0.5 0.3  46.8  45.6  1.4 

125 37.2 37.2 37.2 37.2 0 0.0  37.2  37.2  0 

160 33 33.1 33.3 33.1 0.2 0.1  33.3  32.9  0.4 

200 35.5 35.7 35.7 35.6 0.1 0.1  35.7  35.5  0.3 

250 31.4 31.5 31.1 31.3 0.2 0.1  31.5  31.1  0.6 

315 29.5 29.6 29.6 29.6 0.1 0.1  29.7  29.5  0.2 

400 28.7 29 28.9 28.9 0.2 0.1  29.1  28.7  0.4 

500 25.8 25.7 25.4 25.6 0.2 0.1  25.8  25.4  0.6 

630 23.8 23.9 23.3 23.7 0.3 0.2  24.0  23.4  0.9 

800 24 24.7 23.8 24.2 0.5 0.3  24.8  23.6  1.3 

1000 25.3 26.4 25 25.6 0.7 0.4  26.4  24.8  2 

1250 24.2 25.2 22.9 24.1 1.2 0.7  25.5  22.7  3.2 

1600 23 23.7 22.5 23.1 0.6 0.3  23.8  22.4  1.7 

2000 22.5 23.1 22.5 22.7 0.3 0.2  23.0  22.4  1 

2500 22.5 22.7 22.6 22.6 0.1 0.1  22.7  22.5  0.3 

3150 22.4 22.7 22.6 22.6 0.2 0.1  22.8  22.4  0.4 

4000 22.1 22 22.5 22.2 0.3 0.2  22.5  21.9  0.7 

5000 21.3 21.6 22.1 21.7 0.4 0.2  22.2  21.2  1.1 

Table C.5-20: ISPL with standard deviation, 95% confidence interval and rs in the field at position 3 

for floor 6 (carpet with underlay) 
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Table C.5-21 presents the values of ISPL and the average value on the same tapping machine position 4 

for floor 6 with floor coverings as carpet with underlay, followed by statistical analysis including 

standard deviation, standard error of the mean, 95% confidence interval and rs. 

Freq. POS 4 Avg. SD 

Standard 

Error of 

the mean 

95%  Confidence 

Interval  
rs 

Hz dB 

50 67 66.5 67.1 66.9 0.3 0.2  67.2  66.6  0.9 

63 60 59.4 59.6 59.7 0.3 0.2  60.0  59.4  0.8 

80 57.7 57.4 57.6 57.6 0.2 0.1  57.8  57.4  0.4 

100 42 41.8 41.9 41.9 0.1 0.1  42.0  41.8  0.3 

125 35.5 35.2 35 35.2 0.3 0.2  35.5  34.9  0.7 

160 31 30.4 30 30.5 0.5 0.3  31.1  29.9  1.4 

200 35.8 35.8 35.2 35.6 0.3 0.2  35.9  35.3  1 

250 31.1 30.3 30.6 30.7 0.4 0.2  31.2  30.2  1.1 

315 26.9 26.5 27 26.8 0.3 0.2  27.1  26.5  0.7 

400 27.6 27.2 27.6 27.5 0.2 0.1  27.7  27.3  0.6 

500 25.5 25.2 25.2 25.3 0.2 0.1  25.5  25.1  0.5 

630 24.4 24.1 23.9 24.1 0.3 0.2  24.4  23.8  0.7 

800 24.1 23.3 23.9 23.8 0.4 0.2  24.3  23.3  1.2 

1000 24.7 23.6 25.5 24.6 1 0.6  25.7  23.5  2.6 

1250 23.7 22.8 24.2 23.6 0.7 0.4  24.4  22.8  2 

1600 23 22.5 23 22.8 0.3 0.2  23.1  22.5  0.8 

2000 23 22.7 22.7 22.8 0.2 0.1  23.0  22.6  0.5 

2500 22.7 23 22.8 22.8 0.2 0.1  23.0  22.6  0.4 

3150 22.5 22.6 22.7 22.6 0.1 0.1  22.7  22.5  0.3 

4000 22 22.3 22 22.1 0.2 0.1  22.3  21.9  0.5 

5000 21.5 22 21.9 21.8 0.3 0.2  22.1  21.5  0.7 

Table C.5-21: ISPL with standard deviation, 95% confidence interval and rs in the field at position 4 

for floor 6 (carpet with underlay) 
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