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Abstract

An extensive parametric study has been carried out with a wave based model to

numerically investigate the fundamental repeatability and reproducibility of labo-

ratory sound insulation measurements in the frequency range 50-200 Hz. Both the

pressure method (according to ISO 10140-2) and the intensity method (according

to ISO 15186-1 and ISO 15186-3) are investigated. The investigation includes the

repeatability of the different measurement procedures, which depends on the influ-

ence of the microphone positions and the source position. The reproducibility of

the sound insulation measurements in different test facilities is studied by looking

at the influence of geometrical parameters like room and plate dimensions, aper-

ture placement and aperture thickness. The results show that for small-sized test

elements, the reproducibility of the intensity method is better. For heavy walls and

lightweight double constructions, however, the predicted uncertainty is similar for

the three measurement methods. The results of the reproducibility study are also

used to investigate systematic differences between the pressure method and both

intensity methods.
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1 Introduction

An important issue in sound insulation measurements has been the repeatability and re-

producibility [1, 2]. The repeatability of measurements concerns within-laboratory vari-

ances. In building acoustics, this is related to the accuracy with which the average sound

pressure levels in rooms and the average sound intensity levels at surfaces can be mea-

sured. This will depend on the measurement equipment, the number of microphone

positions and their specific locations and the applied averaging time. The reproducibility

concerns differences encountered between measurements done at different test facilities by

different operators using different measurement equipment.

Concerning reproducibility, significant differences can be observed in the sound reduc-

tion index when measured in different laboratories, especially at low frequencies [3, 4, 5, 6].

Here, the specific modal behavior of the different rooms and samples can significantly in-

fluence the measured sound insulation. Therefore the sound insulation depends on room

dimensions, aperture dimensions, aperture placement and the panel boundary conditions.

In order to improve the inter-laboratory reproducibility and the overall repeatability of

the measurement results, guidelines were elaborated for the construction of test facilities

and for the specific measuring procedures [7, 8]. After the development of accurate sound

intensity probes, the intensity method was elaborated as an alternative for the classical

pressure method [9]. Experimental research into the reproducibility of sound insulation

measurements has been continued with several round robin tests on lightweight and heavy

walls [10, 11, 12]. Recently, the standards related to the pressure method were updated

[13, 14, 15]. Pedersen et al. [1] proposed a new intensity method to improve the repeata-

bility and reproducibility at low frequencies (50-160 Hz), which was incorporated in ISO

15186-3 [16].

Currently, a revision of ISO 717 is proposed [17]. This standard defines procedures to
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determine single-number quantities from sound insulation spectra. In the present stan-

dard, the weighted sound reduction index Rw and spectrum adaptation terms C and Ctr

are determined from the sound insulation spectrum between 100 Hz and 3150 Hz. Spec-

trum adaptation terms for an enlarged frequency range (50-5000 Hz) may be calculated

according to an informative annex. An important change in the revision is that low

frequencies (50-80 Hz) are always included in the procedure to determine the suggested

single-number quantities, Rliving and Rtraffic. The equivalents of Rliving and Rtraffic are

Rw + C50−5000 and Rw + Ctr,50−5000, respectively. This has prompted discussions about

the uncertainty of measurement procedures at the lower frequencies and the uncertainty

of the new descriptors [18, 19]. Based on measurement results, Scholl et al. [17] conclude

that in general, an inclusion of the low frequencies leads to only minor changes of the

uncertainties, but there are cases where the uncertainty increases noticeably. The uncer-

tainty of the current and newly suggested single-number quantities has also been studied

numerically [20]. For small windows and heavy, concrete walls, the uncertainty was not

significantly changed. For double lightweight constructions, for which the single-number

quantities are determined in the lowest frequency bands, however, the uncertainty was

increased noticeably. As a result, larger safety margins will be needed in the acoustic

design of lightweight constructions.

According to ISO 140-2 [21], the reproducibility value of the pressure method increases

from 5.5 dB at 200 Hz to 9 dB at 100 Hz, corresponding to a standard deviation of 2.0

and 3.2 dB, respectively. Below 100 Hz, the standard deviation is even larger. To min-

imize the increase in the standard deviation by the inclusions of low frequencies in the

determination of the single-number quantities, the use of more reliable measurement pro-

cedures at low frequencies is necessary. It is also important to know whether the use

of different measurement methods leads to systematic differences. Systematic differences
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between the pressure method and the classical intensity method according to ISO 15186-1

[9] have been discussed by several authors [22, 23, 24, 25]. The intensity method typically

yielded lower sound insulation values at the low frequencies than the pressure method,

which can be partly explained by the Waterhouse correction [26]. The results in [25] indi-

cated that the reproducibility of the sound intensity method was better for windows with

high sound insulation because of problems with flanking transmission through the wall in

which the window was fixed in the pressure method. ISO 15186-3 [16] states that the re-

producibility of the adapted intensity method is, for all frequencies, estimated to be equal

to or better than that found with the method of ISO 140-3 [8] at 100 Hz. The estimated

reproducibility standard deviation is 2.5 dB at 50-80 Hz and 2.0 dB at 100-160 Hz. These

values are based on 16 measurements on windows and plaster board walls carried out in

four different European laboratories [1]. The measurements were also used to estimate

the average differences between the two methods. In a Nordic round robin test with five

laboratories [18], the reproducibility values for a double glazed window were decreased

significantly by use of the adapted intensity method. The values were in good agreement

with the estimated reproducibility values in the standard. Further round-robin tests or

numerical investigations to confirm these values for the reproducibility and average dif-

ferences, however, are missing to the authors knowledge. Therefore, the repeatability

and reproducibility of the different laboratory measurement methods and the systematic

differences between the methods are numerically investigated by means of an extensive

parametric study in this paper.

The organization of this paper is as follows. The wave based transmission suite model

used in the numerical analysis is discussed briefly in section 2. Details about the calcula-

tion of the sound reduction index according to the different standards and the parametric

study are also given. In section 3 and section 4, the model is used to investigate the
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repeatability and reproducibility of sound insulation measurements, respectively. Finally,

systematic differences between the three laboratory measurement methods are discussed

in section 5.

2 Numerical analysis

2.1 Wave based transmission suite model

Previously, a wave based model has been developed to describe the direct sound trans-

mission through multilayered walls between two reverberant rooms [27, 28]. With this

model, the sound insulation of rectangular single and double walls placed between two

rectangular rooms can be investigated. The model has been extended to allow for the

investigation of the niche effect on the sound insulation [29].

In the model, flanking transmission is neglected. The side and back walls of the

rooms are assumed rigid, while room damping is introduced by making the acoustic wave

number complex. The plates are assumed homogeneous, isotropic and acoustically thin.

The boundary conditions of the plates are simply supported, clamped or free.

A modal approach, based on the Rayleigh-Ritz method, is adopted to describe the

structural responses. The transverse displacement of the plates is written as an expansion

series. The plate displacement expansion functions are chosen so that they satisfy a priori

the simply supported, clamped or free boundary conditions.

The wave based methodology is used to solve the acoustic part of the problem. The

Wave Based Method (WBM) is a Trefftz-based deterministic prediction method for the

steady-state dynamic analysis of coupled vibro-acoustic systems. A general description

of the method can be found in [30]. In this method, the steady-state pressures are ex-

pressed in terms of a set of wave functions which are solutions of the homogeneous part
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of the Helmholtz equation. The contribution of the wave functions is determined by the

boundary and continuity conditions, which are solved by means of a weighted residual for-

mulation. After the wave function contribution factors are determined, post-processing of

the results gives the properties of interest, like the sound pressure levels or sound intensity

levels.

The wave based transmission suite model has been validated with a number of trans-

mission loss measurements of single and double walls, carried out in the Laboratory of

Acoustics at the KU Leuven [28]. Generally, the agreement between the wave based model

and the measurements was good in a broad frequency range. In the low frequency range,

the dynamic range determined by the modal behavior of the rooms and the walls was well

predicted.

2.2 Calculation of sound reduction indices

2.2.1 ISO 10140-2

The sound reduction index R is determined by following measurement formula [13]:

R = Lpe − Lpr + 10 log
S

Ar
. (1)

Lpe and Lpr are the average sound pressure levels in the emitting and the receiving room,

respectively. S is the area of the free test opening in which the element is installed and

Ar =
0.16Vr

Tr
the equivalent sound absorption area in the receiving room, with Vr the volume

and Tr the reverberation time.

The average sound pressure level in the room is calculated by analytical integration

of the acoustic pressure over the inner room volumes. Alternatively, the average sound

pressure level is determined from a number of microphone positions in the center of the

room (see section 3.1). The microphone positions used in the calculations meet the criteria

given in standard ISO 10140-4 [14].
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2.2.2 ISO 15186-1

The intensity sound reduction index RI is determined by following measurement formula

[9]:

RI = Lpe − 6−
[
LIn + 10 log

Sm

S

]
, (2)

where Lpe is the average sound pressure level in the emitting room, LIn is the average

normal sound intensity level over the measurement surface in the receiving room, S is the

area of the test element and Sm is the total area of the measurement surface.

The average normal sound intensity level is calculated by analytical integration of

the normal intensity at the test panel. The normal intensity is determined from the

pressures and normal velocities at the surface of the test panel. In this case, Sm = S and

LIn + 10 logS gives the true sound power transmitted through the panel. Alternatively,

the average intensity level is determined from a grid of intensity probe positions at a

certain distance from the test panel (see section 3.1).

2.2.3 ISO 15186-3

The intensity sound reduction index RIS is determined by following measurement formula

[16]:

RIS = LpS − 9−
[
LIn + 10 log

Sm

S

]
, (3)

where LpS is the average sound pressure level over the surface of the test element in the

source room, LIn is the average normal sound intensity level over the measurement surface

in the receiving room, S is the area of the test element and Sm is the total area of the

measurement surface.

LpS is calculated by analytical integration of the sound pressure over the surface of

the test element or from a limited number of microphone positions (see section 3.1). The
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wall in the receiving room opposite the test element has to be covered with an efficient

sound-absorbing material, while the other surfaces of the receiving room may not be sound

absorbing in the frequency range 50-160 Hz. In this way, the receiving room is converted

acoustically into a duct with propagating cross-modes above the lowest cut-on frequency.

In the simulations, the back wall of the receiving room is modeled as perfectly reflecting

when determining R. In the calculation of RI and RIS, the back wall of the receiving

room is modeled as perfectly absorbing.

The sound reduction indices are calculated at 81 frequencies per one-third octave

band. The average sound reduction index in each frequency band is calculated from the

summated sound pressure levels Lp,1/3 octave and summated intensity levels LIn,1/3 octave:

Lp,1/3 octave = 10 log

(
81∑
i=1

10Lp,i/10

)
, (4)

LIn,1/3 octave = 10 log

(
81∑
i=1

10LIn,i/10

)
. (5)

The calculation at 81 frequencies per one-third octave band assures the convergence of

the average sound reduction index in the considered frequency bands (50-200 Hz) [28].

2.3 Set-up for parametric study

Five different test elements are considered in the parametric study:

• a 4 mm single glazing,

• a double glazing consisting of two glass panes with thickness 10 mm and 12 mm,

separated by an air cavity of 18 mm,

• a double plasterboard wall with an air cavity of 100 mm and three 12.5 mm thick

plasterboards at each side,

• a 10 cm concrete wall and
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ρ [kg/m3] E [MPa] η [-] ν [-]

Glass 2500 62000 0.025 0.24

Concrete 2400 33000 0.015 0.27

Plasterboard 1200 3540 0.030 0.30

Table 1: Material data (density ρ, Young’s modulus E, loss factor η, Poisson’s ratio ν)

used in the simulations.

• a 15 cm concrete wall.

The material properties used in the parametric study are given in Table 1. The double

glazing and the double plasterboard wall have a theoretical mass-spring-mass resonance

frequency of 120 Hz and 40 Hz, respectively. For the double plasterboard wall, cavity ab-

sorption is taken into account by making the acoustic wave number in the cavity complex,

assuming an equivalent reverberation time of 0.5 seconds. Simply supported boundary

conditions are assumed for all the test elements.

The influence of the number of microphone and intensity probe positions and the

position of the sound source is investigated in a repeatability study in section 3. For

the repeatability study, a simplified model of the reverberant rooms of the Laboratory

of Acoustics at the KU Leuven has been used, as the model has been validated with

measurements performed in these test rooms [28]. The reverberant rooms have a volume

of 87 m3. The dimensions (width × height × length) used for the source and receiving

room are 5.09 m × 4.15 m × 4.12 m. A representative value of 1.5 s is taken for the

reverberation time of the rooms in each frequency band. This meets the requirements of

the standard [15]. Furthermore, the influence of the reverberation time on the predicted

transmission loss is limited [28]. The full-sized test opening has dimensions (width ×

height) 3.25 m × 2.95 m, while the standardized small-sized test opening has dimensions

1.25 m × 1.50 m.
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The reproducibility is analysed in section 4 by simulating five different test facilities.

Furthermore, the relative influence of the source and receiving room dimensions, the plate

dimensions, the aperture position and the aperture dimensions is investigated. For the

reproducibility study, the average sound pressure levels and sound intensity levels are

determined analytically. In this way, within-laboratory variances, caused for instance by

the sampling of the sound field, are excluded from the numerical analysis. The sound

source is placed in the back corner of the source room. In this way every room mode

is excited. The total reproducibility, as measured in round-robin tests, is determined by

the within-laboratory variances and the between-laboratory variance [21]. Therefore, the

effect of the within-laboratory variance on the total reproducibility of R, RI and RIS is

also discussed.

3 Repeatability

3.1 Microphone positions

In the measurement of R and RI , the spatially averaged sound pressure level (SPL) in

the source and/or the receiving room must be determined. Because the sound field is

not ideally diffuse, especially below the Schroeder frequency of the rooms, the sound

pressure must be measured at different locations and averaged. Simmons [31] compared

different methods to measure the room average SPL, both numerically and experimentally.

Alternatively, the average SPL can be measured with a continuously moving microphone.

Averaging over a trajectory, which was investigated by Hopkins [32] and described in

ISO 10140-4 [14], is not considered in the present study.

The variance of the average SPL caused by the sampling of the sound field was investi-

gated by using 20 different sets of microphone positions in the emitting and the receiving
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room. In each case, the average SPL was determined with 5 or 10 microphone positions

in the central part of the room. The minimum separation distances of the standard [14]

were respected. With five microphone positions the distance between any combination of

two microphones, was at least 1.4 m. The standard deviation of Lpe and Lpr is shown in

Fig. 1. The standard deviation of Lpr is smaller than 1 dB in most frequency bands when

using 5 microphone positions. The standard deviation of Lpe is larger below 80 Hz and

smaller at higher frequencies. Doubling the number of microphone positions, as proposed

by the standard [14], improves the repeatability from 100 Hz on, but hardly reduces the

uncertainty in the lowest frequency bands. It must be noted that it was not possible

to locate 10 microphone positions using the minimum distances recommended for mea-

surements at low frequencies [14]. It is difficult to find suitable microphone positions in

the center of the room in order to reduce the strong influence of the room modes at low

frequencies. The inclusion of one microphone position in the corner could improve the

repeatability [31]. The predicted standard deviations are lower than the ones correspond-

ing to the repeatability values given in ISO 140-2[21]. However, round robin tests [10]

also indicated lower values, probably due to the automatic measurement procedures used

nowadays. Furthermore, the theoretical model does not account for the uncertainty due

to calibration errors or fluctuations in the sound field over time.

In the determination of RIS, the average SPL over the surface of the test element has

to be measured. According to the standard [16], LpS has to be measured by multiple fixed

microphone positions evenly but asymmetrically distributed over the entire surface of the

test specimen, including parts close to the edges and corners. The distance between the

test specimen and microphone has to be less than 50 mm. For test elements up to 3 m2,

a minimum number of 6 microphone positions has to be used. For larger elements, a

minimum number of 12 microphone positions is specified.

12



50 63 80 100 125 160 200
0

0.5

1

1.5

2

2.5

frequency [Hz]

st
an

da
rd

 d
ev

ia
tio

n 
[d

B
]

 

 
L

pe
, 5 mics

L
pe

, 10 mics

L
pr

, 5 mics

L
pr

, 10 mics

Figure 1: Standard deviation for 20 different sets of microphone positions of the average

SPL in source and receiving room, determined with 5 or 10 microphone positions.

The uncertainty on the average SPL over the surface of a small test element (with

dimensions 1.25 m × 1.50 m) and a large test element (with dimensions 3.25 m × 2.95 m)

was investigated. In the simulations, niche effects were not taken into account. Figure 2

shows the standard deviation of LpS for 10 different sets of microphone positions, when LpS

is determined with 6 microphone positions for the small test element and 12 microphone

positions for the large test element. The results show that LpS can be determined with

higher repeatability than Lpe, especially at low frequencies, as expected. As a result, the

repeatability of RIS will be better than the repeatability of RI .

In the intensity methods, the average sound intensity level on the receiving side, LIn,

has to be measured. According to the standards [9, 16], it can be determined by scanning

an intensity probe over a measurement surface or measuring the intensity at fixed posi-

tions. If the test specimen is mounted in a niche, the measurement surface is normally

the flat surface of the niche opening. Measurement distances shorter than 10 cm should

be avoided in view of a possibly high reactivity close to the wall.

The error caused by measuring the average intensity level over a measurement grid
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Figure 2: Standard deviation for 10 different sets of microphone positions of the average

SPL over the surface of the test element in the source room, determined with 6 microphone

positions for the small-sized test opening (1.25 m × 1.50 m) and 12 microphone positions

for the full-sized test opening (3.25 m × 2.95 m).

was investigated numerically for the case of the 4 mm glazing (1.25 m × 1.50 m) placed

in a niche. The niche at the receiving side had the same dimensions as the glazing and a

depth of 20 cm. Figure 3 shows the difference ΔLIn = LIn,grid−LIn,ref , where LIn,grid is the

average sound intensity level determined with different measurement grids and LIn,ref is

the true average sound intensity level at the flat surface of the niche opening, determined

analytically. For all measurement grids investigated, the true sound intensity is under-

estimated. When the probe is placed at the opening of the niche, the underestimation

is limited to 0.5 dB. By decreasing the spacing between the probe positions from 30 cm

to 10 cm, the measurement error is only reduced at 80 and 100 Hz. The measurement

error becomes larger when the intensity probe is not placed correctly at the opening of

the niche and consequently, the measurement surface does not totally enclose the test

specimen according to the guidelines [9]. The error increases to 1.5 dB and 3.5 dB when

the probe is placed at 10 cm and 30 cm in front of the niche (i.e. further away from
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Figure 3: Difference between the true averaged sound intensity at the flat surface of the

niche opening (reference) and the sound intensity averaged over different measurement

grids. • Grid spacing of 30 cm, at niche opening. ◦ Grid spacing of 10 cm, at niche

opening, × Grid spacing of 30 cm, 10 cm in front of niche opening. � Grid spacing of 30

cm, 30 cm in front of niche opening.

the test element), respectively. In this case, the radiated sound power is underestimated

because a part of the transmitted power is transported through the gap between the niche

opening and the measurement surface at the sides.

3.2 Source position

The sound reduction index of structures depends on the angle of incidence of the incident

sound waves. Measured and predicted sound reduction index values therefore depend on

the distribution of incident energy over the angle of incidence. This is determined by the

modal composition of the sound field, hence the source position and excitation mechanism

are important [5]. In laboratory measurements, the objective is to make the sound field

which is incident on the test object as diffuse as possible. Furthermore, the sound source

must be placed at such a distance from the test specimen that the direct radiation upon
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Figure 4: Standard deviation for 60 source positions of R (•), RI (×) and RIS (�) of a 4

mm single glazing (solid lines) and a 15 cm concrete wall (dashed lines).

it is not dominant. Annex D of ISO 10140-5 [15] gives a procedure to find loudspeaker

positions that reasonably represent the average of all possible loudspeaker positions in

the source room.

To analyse the influence of the source position on R, RI and RIS, an ideal point source

was placed at 60 different positions in the center of the room, at a minimum distance of

0.7 m from the room boundaries according to the standard [15]. The standard deviation

on the sound insulation of the single glazing and the 15 cm concrete wall are shown in

Fig. 4. The average SPL’s and transmitted sound intensity are calculated analytically.

For the single glazing, the uncertainty caused by the sound source position is the same for

R and RI , but significantly lower for RIS in most frequency bands. A similar decrease in

uncertainty for RIS was found for the double glazing and the double plasterboard wall (not

shown here for brevity). For the heavy concrete wall, the standard deviation is generally

larger. Furthermore, the use of RIS does not improve the repeatability in most frequency

bands.
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4 Reproducibility

4.1 Study for five different test facilities

In this section, the reproducibility of the different laboratory test methods for the sound

reduction index are investigated. Five different test facilities are considered in the analy-

sis. The room dimensions are based on the reverberation chambers of the Laboratory of

Acoustics of the KU Leuven [28] and the four laboratories described in [1]. The reverbera-

tion chambers of the laboratories are modeled as rectangular rooms. The small-sized test

elements are placed in a niche. The niches used in the models for the different laborato-

ries all meet the requirements of ISO 10140-5 [15], but have slightly different dimensions.

For the full-sized test openings (with different dimensions for the different laboratories),

no niche is taken into account. The simulations are carried out for two directions of

transmission, giving in total 10 values for R, RI and RIS.

Figure 5 shows the standard deviations for the five different test elements investigated.

The average SPL’s and intensity levels are determined analytically to eliminate the within-

laboratory variance. The source was placed in the back corner of the source room. In

general, the predicted standard deviations for the pressure method are larger the the ones

corresponding to the reproducibility values given in the standard [21]. More recent round

robin tests [10, 1] also indicated a larger uncertainty at low frequencies. Furthermore,

the wave based model considers the worst case with no diffusers in the rooms. For most

test elements, the standard deviation decreases with increasing frequency. For the 15 cm

concrete wall, the standard deviation is still very large at 200 Hz because the wall has

very few eigenmodes in the considered frequency range. The standard deviation for the

small-sized test elements is smaller than that of the large walls. This is in agreement with

results of round robin tests [1]. Furthermore, the uncertainty for the double glazing is
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larger than that for the single glazing from 80 Hz on. For the single glazing, the standard

deviation of R is twice as large as the standard deviation of RIS. The standard deviation

of RI lies in between these values. For the double glazing, the standard deviation of RIS

is also the lowest, but the difference with the other methods is smaller. For the concrete

walls, however, the reproducibility of the intensity methods is not better than that of

the pressure method. The standard deviation of RI and RIS is even larger than that

of R in some frequency bands. This is in agreement with round robin test results for

sand limestone walls, which indicated a similar reproducibility for the pressure and the

intensity method at low frequencies [33]. For the double plasterboard wall, RI has the

highest standard deviation. The standard deviation of RIS is approximately 1 dB smaller

than that of R between 50 and 80 Hz, while no difference is seen at higher frequencies.

In measurements, the true average SPL’s and intensity levels are not known. Estima-

tions based on a limited number of sensor positions increase the uncertainty (see section

3.1). To analyse the influence on the reproducibility, the sound reduction indices were

also determined from averages over a limited number of sensor positions. For Lpe and

Lpr, 5 microphone positions were used. For LpS, a total number of 6 and 12 microphone

positions was used for the small-sized and large test elements, respectively. LIn was deter-

mined over a grid with a separating distance of 30 cm. The results for the single glazing

and the double plasterboard wall are shown in Fig. 6. It can be noticed that for the sin-

gle glazing, the standard deviation of R is increased due to within-laboratory differences,

with an average increase between 0.5 and 1.5 dB. For RI and RIS, the standard deviation

is not changed significantly. The repeatability study has indeed shown that the average

SPL and intensity level at the surface of the small test elements can be determined more

accurately than the average SPL in the rooms. For the double plasterboard wall, the

increase of the standard deviation of R is smaller (0 to 0.5 dB), whereas the standard
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deviation of RI and RIS is increased by 0.5-1 dB and 0.5 dB, respectively. For the large

test elements that do not entirely cover the partition wall and where no niche is present,

the measurement surface used in the predictions does not totally enclose the test element.

Therefore, the average intensity levels are less accurate in this case.

In the next subsections, the relative importance of different parameters like the room

dimensions, the plate dimensions, the aperture position and the aperture dimensions

(niche effects) is investigated. Each parameter is varied exclusively without affecting

other parameters. The niche effects of the test opening were not taken into account when

investigating the influence of the room dimensions, the plate dimensions and the aperture

position, The average SPL’s and intensity levels were determined analytically to eliminate

the within-laboratory variance. The source was placed in the back corner of the source

room.
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(a) R according to ISO 10140-2
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(b) RI according to ISO 15186-1
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(c) RIS according to ISO 15186-3

Figure 5: Standard deviation for 5 different test facilities, for two directions of transmis-

sion, of a 4 mm single glazing (•), a double glazing (×), a double plasterboard wall (�),

a 10 cm concrete wall (�) and a 15 cm concrete wall (♦).
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(a) 4 mm glazing
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(b) Double plasterboard wall

Figure 6: Standard deviation for 5 different test facilities, for two directions of transmission

of R (•), RI (×) and RIS (�). Analytical determination of average SPL and intensity

level (solid lines) and SPL and intensity level averaged over a limited number of sensor

positions (dashed lines).
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4.2 Influence of room dimensions

The room dimensions determine the eigenfrequencies of the sending and the receiving

room and in this way the modal coupling between the modes in both rooms. Therefore,

the sound transmission through a structure will depend on the dimensions of the source

and the receiving room.

The effect of the source room dimensions and receiving room dimensions were anal-

ysed separately. The pressure and intensity sound reduction indices for the different test

elements were calculated for 50 different source rooms and 50 different receiving rooms.

While varying the dimensions of one room, the dimensions of the other room (width

4.0 m, height 3.4 m, length 5.25 m) and the plate dimensions (1.25 m × 1.5 m for the

small elements and 3.25 m × 2.95 m for the large elements) were fixed. All rooms had a

volume of at least 50 m3 as specified in the standard [15]. For all the rooms, a frequency

independent value of 1.5 s has been used for the reverberation time so that the require-

ments of the standard [15] are met. Furthermore, the influence of the reverberation time

on the predicted transmission loss is negligible compared to the influence of the room

dimensions [28].

Figure 7 shows the influence of the source room dimensions on the sound reduction

index of the single glazing, the 15 cm concrete wall and the double plasterboard wall.

The standard deviation of R of the single glazing decreases from 2.5-3 dB below 100 Hz

to 1 dB at 200 Hz. The standard deviation of RI and RIS is respectively 0.5 dB and 1 dB

lower in most frequency bands. The standard deviation of R of the double plasterboard

wall has a constant value around 3 dB. The standard deviation is decreased by 1-1.5 dB

for both intensity methods. For the double glazing, the simulations also showed a smaller

standard deviation for the intensity methods (not shown here for brevity). For the 15 cm

concrete wall, the uncertainty is larger with standard deviations of 5 to 6 dB below 80
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Figure 7: Standard deviation for 50 source rooms (volume > 50 m3) of R (•), RI (×) and

RIS (�) of a 4 mm single glazing (solid lines), a double plasterboard wall (dotted lines)

and a 15 cm concrete wall (dashed lines).

Hz and 2 to 3 dB at higher frequencies. Furthermore, the use of the intensity method

does not assure a decrease in the uncertainty. The same trend was observed for the 10 cm

thick concrete wall. For heavy walls with a low modal density, the transmission loss shows

a strong modal behavior in the lowest frequency bands. A change in room dimensions

will affect the geometrical coupling between the plate and room modes, resulting in a

significant change in the transmission loss of heavy walls. As the uncertainty is caused by

the modal behavior, a change of measurement procedure will hardly solve the problem of

reproducibility in this case [5].

Figure 8 shows the influence of the receiving room dimensions on the sound reduction

index of the single glazing, the 15 cm concrete wall and the double plasterboard wall. The

results for the other test elements are not shown for brevity. For the pressure method, the

uncertainty related to the receiving room dimensions is very similar to the uncertainty

caused by the source room dimensions for all the test elements investigated. This can be

expected because the SPL difference is influenced by the modal behavior of both the source
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Figure 8: Standard deviation for 50 receiving rooms (volume > 50 m3) of R (•), RI (×)

and RIS (�) of a 4 mm single glazing (solid lines), a double plasterboard wall (dotted

lines) and a 15 cm concrete wall (dashed lines).

and the receiving room. The modal behavior of the receiving room is much less important

in the intensity method due to the absorbing back wall and the direct measurement of

the transmitted sound power. The standard deviations for RI and RIs are the same.

For all the test elements investigated, the standard deviations for the intensity methods

are smaller than 2 dB. Measurement results in [1] indicated that the smaller standard

deviation for the intensity methods is mainly caused by the absorbing back wall in the

receiving room.

4.3 Influence of plate dimensions

According to ISO 10140-5 [15], laboratory measurements of walls must be carried out in a

full-size test opening with an area of approximately 10 m2, with the length of the shorter

edge being not less than 2.3 m. Here, the influence of the plate dimensions of the large test

elements is investigated. Glazing and windows are placed in a standardized small-sized

test opening with dimensions 1.25 m × 1.50 m, so the reproducibility for these elements
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Figure 9: Standard deviation for 21 plate areas (area of 8.5-13 m2) of R (•), RI (×) and

RIS (�) of a double plasterboard wall (solid lines), a 10 cm concrete wall (dashed lines)

and a 15 cm concrete wall (dotted lines).

is not influenced by the plate dimensions.

Simulations were carried out for 21 plates with varying dimensions. The plates had

an area between 8.5 and 13 m2. In each case, the smallest edge was minimal 2.4 m.

The dimensions of the source room (width 5.0 m, height 3.9 m, length 5.25 m) and the

receiving room (width 5.0 m, height 3.9 m, length 3.75 m) were kept constant. In each

case, the test element was placed in the middle of the common wall.

Figure 9 shows the influence of the plate dimensions on the sound reduction index

of the double plasterboard wall, the 10 cm concrete wall and the 15 cm concrete wall.

The plate dimensions have a large influence on the sound transmission, especially for the

heavy concrete walls which have very few eigenmodes in the frequency range of interest.

Therefore, the standard deviations are very large for R, RI and RIS for the concrete walls.

The 15 cm concrete wall has the lowest modal density and thus the highest standard

deviations. This is in agreement with the results of a round robin test for two sand

limestone walls (thickness 102 mm and 210 mm), where the standard deviations of the
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heavier wall were the highest [33]. Comparison with Fig. 7 and Fig. 8 shows that the

standard deviations for the 15 cm concrete wall are larger in this case. Also for the double

plasterboard wall, the uncertainty related to the plate dimensions is more important than

the uncertainty related to the dimensions of source and receiving room. The results also

indicate that the influence of the plate dimensions cannot be decreased by use of the

intensity method. For the 15 cm concrete wall, the standard deviation is even increased.

At low frequencies, where the bending wave length of the walls is of the same order of

magnitude as the wall dimensions, the sound transmission is strongly affected by the plate

dimensions. Even if it were possible to measure the incident and transmitted sound power

correctly, the problem of reproducibility remains [5, 28].

4.4 Influence of aperture position

Not only elements that change the modal composition of the sound field in the source or

the receiving room - like the room dimensions or the source position - but also factors

that change the modal coupling between the two rooms, influence the sound transmission.

Geometrical coupling is determined by the geometry of the interface, the dimensions of

the aperture and the position of the aperture. In this subsection, the influence of the

position of the aperture for small test elements is investigated. In the next subsection,

the effect of the dimensions of the aperture is studied.

Simulations were performed with 15 different positions of the aperture for the single

and double glazing. The minimum distance between the small-sized test opening and any

wall, floor or ceiling of either room is 500 mm as specified in the standard [15]. Niche

effects of the test opening were not taken into account. The dimensions of the source

room (width 4.25 m, height 3.1 m, length 5.6 m) and the receiving room (width 4.25 m,

height 3.1 m, length 4.6 m) were kept constant.
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Figure 10: Standard deviation for 15 different aperture positions of R (•), RI (×) and

RIS (�) of a 4 mm single glazing (solid lines) and a double glazing (dashed lines).

Figure 10 shows the influence of the aperture position on the sound reduction index of

the single and the double glazing. For the single glazing, the standard deviation decreases

monotonically from 4-6 dB at 50 Hz to 0.5-1 dB at 200 Hz. Furthermore, the uncertainty

of RIS is systematically lower than that of R and RI . The standard deviation of the

sound insulation of the double glazing is larger than that of the single glazing above the

mass-spring-mass resonance frequency of about 120 Hz.

4.5 Influence of aperture dimensions (niche effect)

The position of the plate in the aperture can have a significant influence on the sound

reduction index, known as the niche effect [29]. The niche dept and the element placement

can change the sound reduction index of single panels with more than 5 dB and the sound

reduction index of double panels with more than 8 dB, especially below coincidence. For

the measurement of windows and glazing, a detailed description of the test aperture and

test element placement in the niche is prescribed to eliminate differences caused by the

niche effect as much as possible [13, 15]. The test opening for windows and glazing should
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Figure 11: Standard deviation for 20 different aperture dimensions of R (•), RI (×) and

RIS (�) of a 4 mm single glazing (solid lines) and a double glazing (dashed lines).

have a maximum depth of 500 mm, with staggered niches with a reflective finish. The

larger niche should be 60 mm to 65 mm wider at the sides and the top. The niche depths

on each side of the test element must be different and should be in the ratio 2:1.

Here, simulations were carried out for 10 different aperture dimensions. The test

openings had a total depth of 300 mm, 400 mm and 500 mm. The test elements were

placed in the opening at a position 1:3, 1:2 and 2:3. A staggered niche with a step of

60 mm or 65 mm was simulated. Simulations were performed with both the larger and the

smaller niche placed at the source room side, giving a total of 20 simulation results. The

aperture position, the source room dimensions (width 4.1 m, height 3.0 m, length 5.7 m)

and the receiving room dimensions (width 4.1 m, height 3.0 m, length 4.5 m) were kept

constant.

The standard deviation of the sound insulation of the single and the double glazing

is shown in Fig. 11. Overall, the standard deviation is smaller than 2 dB because the

variation in the niche dimensions allowed by the standard is limited. At 80 and 100 Hz,

however, the standard deviation forR and RI is significantly larger. This large uncertainty
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is caused by a systematic difference of 5 to 10 dB between the simulations with the larger

niche at the sending and the receiving side, respectively. For RIS, the orientation of the

staggered niche has much less influence. This may be explained by the fact that the

niche will affect the SPL distribution over the test element, which is incorporated in the

measurement of RIS, because the SPL at the surface of the test element is measured.

4.6 Discussion of results

The results of the reproducibility study can be used to better understand the standard

deviations predicted for the five test facilities in section 4.1.

For the single and the double glazing, the uncertainty is similar for all the parameters

investigated (room dimensions, aperture position and aperture dimensions). The standard

deviation for the source room dimensions is somewhat higher, especially for the double

glazing. Because the uncertainty of RIS is smaller than that of R for all these parameters,

the reproducibility of RIS will be better for small-sized test elements. This is in line with

measurement results on small-sized test elements [1, 18].

The more complex behavior of the double glazing typically yields a higher variability

in sound reduction index results compared to the single glazing results. Measurements

on a single and double steel panel showed a similar trend [25]. Especially above the

mass-spring-mass resonance frequency, the sound reduction index is more sensitive to

the parameters investigated. Because the sound transmission through double glazing is

strongly dependent on the angle of incidence in this frequency range, the influence of

the source room dimensions, the aperture position and the aperture dimensions - which

determine the directional distribution of incident energy - is more pronounced [27, 28].

For the heavy concrete walls, the uncertainty caused by the plate dimensions is the

most important. The influence of the source room dimensions and the plate dimensions
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on R, RI and RIS is similar. Only the influence of the receiving room dimensions is

decreased for the intensity method. Therefore, the global reproducibility of RIS is not

better than that of R or RI for this type of walls with a low modal density.

For the double plasterboard wall, the influence of the source room dimensions, re-

ceiving room dimensions and plate dimensions on R is similar, with standard deviations

between 2.5 dB and 3.5 dB in all frequency bands. The standard deviation of RIS for the

room dimensions is reduced to 1.5 to 2 dB, but stays the same for the plate dimensions.

As a result, the global reproducibility of RIS is only slightly better than that of R. Cal-

culations with a modal model showed a similar trend [1]. Results from round robin tests

on two double walls [1], however, showed a larger improvement when using the adapted

intensity method of ISO 15186-3.

5 Systematic differences

The calculations performed in the reproducibility study were used to analyse the sys-

tematic difference between the sound reduction index R, the intensity sound reduction

index RI and the intensity sound reduction index RIS. Systematic differences between

the pressure method and the intensity method are expected [1] because of (i) the dif-

ference in the measurement of the transmitted power, (ii) the increase of absorption in

the receiving room in the intensity method and (iii) the suppression of flanking transmis-

sion in the intensity method. The wave based model allows to investigate the first two

causes theoretically, while the effect of flanking transmission is disregarded in the model.

For RIS, further systematic differences are expected because the incident sound power is

determined from the SPL at the surface instead of the room average SPL.
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(a) RI −R. The thick line is the Waterhouse correc-

tion factor according to Table B.1 of ISO 15186-1.
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(b) RIS −RI
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(c) RIS − R. The thick line is the estimated average

difference according to ISO 15186-3.

Figure 12: Systematic differences between R, RI and RIS (average of all simulations in

the reproducibility study) for a 4 mm single glazing (•), a double glazing (×), a double

plasterboard wall (�), a 10 cm concrete wall (�) and a 15 cm concrete wall (♦).
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Figure 12 shows the average difference between the three measurement methods for

all the simulations carried out in the reproducibility study of section 4. Figure 12(a) gives

the difference between R and RI . RI is lower than R at all frequencies. The differences

decreases from 5-9 dB at 50 Hz to 1-2 dB at 200 Hz for the different test elements. This

systematic difference is partly related to the Waterhouse correction in the receiving room

[26]. In the pressure method, the transmitted sound power is underestimated because it is

based on the average SPL in the inner volume of the room. Furthermore, the absorptive

back wall in the receiving room changes the modal behavior of the receiving room and

thus the sound transmission.

The difference between RI and RIS lies between +3 dB and -3 dB below 100 Hz and

decreases to 0.5 dB at 200 Hz [see Fig. 12(b)]. The difference is caused by the different

measurement of the incident sound power. As a result, it depends only on the aperture

dimensions and position, while the type of test element has no significant influence. For

the large test elements, RIS is systematically higher than RI . When the partition under

test is the entire wall between the rooms, the incident intensity is underestimated by ISO

10140-2 and ISO 15186-1 due to the additional incident intensity near the edges [34, 35].

In the adapted intensity method, this increased intensity near the edges is accounted for

because the SPL is measured over the entire surface of the test element, including the

edges and corners.

The total difference between R and RIS is shown in Fig. 12(c) for the different test

elements. RIS is lower than R for all elements in all frequency bands. The difference is

generally larger than the average difference given in ISO 15186-3 [16], which is based on

measurements on windows and double plasterboard walls. This may be partly explained

by the fact that the true intensity levels have been used in the simulations. The intensity

level measured in front of the panel is typically lower than the true value (see section 3),
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thereby overestimating the sound reduction index. Furthermore, sound absorption by the

test element or the niche boundaries, which was disregarded in the model, also leads to

an underestimation of the true intensity in measurements [36].

6 Conclusions

A wave based model has been used to investigate the fundamental repeatability and

reproducibility of sound insulation measurements according to ISO 10140-2 (R), ISO

15186-1 (RI) and ISO 15186-3 (RIS). An extensive parametric study has further shown

the relative importance of measurement procedures (sensor and source positions) and

geometrical parameters (room dimensions, plate dimensions, aperture dimensions and

aperture placement).

The predicted repeatability of the intensity methods is better than that of the pressure

method, because it is more difficult to accurately determine the average SPL in the

receiving room than the averaged sound intensity. The repeatability of RIS is even better

because the uncertainty on the average SPL at the surface of the test elements is smaller

than that on the average SPL in the source room, and the source position has less influence

on the measurement results of RIS. For intensity measurements, care should be taken that

the measurement surface totally encloses the test element. Otherwise, the transmitted

intensity can be underestimated by more than 3 dB.

The overall reproducibility of RIS is predicted to be better for small test elements

like single and double glazing, because the uncertainty caused by factors that change the

incident sound field - like the source position, the dimensions of the source room and the

dimensions of the aperture - is significantly larger for R and RI than for RIS. For large,

heavy test elements, like concrete walls, the reproducibility in the lowest frequency bands

is not improved by use of ISO 15186-3, because the plate modal behavior is dominating
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the sound transmission. For double plasterboard walls, the theoretical uncertainty is de-

creased by 1 dB by use of ISO 15186-3, because the plate modal behavior is less important

for lightweight constructions. The values of 2.5 dB specified in the standard, however,

are not reached according to the simulations.

Both the intensity methods yield systematically lower sound insulation values than

the pressure method below 200 Hz. The predicted systematic differences between the

intensity methods and the pressure method are higher than the values specified in the

standards.

Finally, some statements can be made concerning the uncertainty of the proposed

single-number quantities, Rliving and Rtraffic. If the lowest frequency bands determine

the single-number quantities, which is the case for double lightweight constructions, the

uncertainty of the new single-number quantities will be higher than that of the current

descriptors. The simulations show that the use of the intensity method of ISO 15186-3

does not significantly improve the reproducibility for this type of structures. Furthermore,

the lowest frequency bands would become even more important in the determination of the

single-number quantities because RIS is systematically lower than R at low frequencies.

The reproducibility of RIS is better than that of R and RI mainly for small test elements.

As the extension of the frequency range, however, does not significantly increase the

uncertainty of the single-number quantities for these structures [17, 20], the measurement

uncertainty at low frequencies may be of less importance.
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