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The Rayleigh Integral Method, the Integral TransformMethod and the Discrete Calculation Method are all
vibration velocity-based measurement methods to determine the radiated sound power from planar
objects. Even thoughall these threemethods are based onawell-established theoretical background,which
has been known for long time, they are only now gaining popularity in the building acoustics field and the
building acoustics community is still rather new to them. They offer advantages compared to the standard
methods specially in the low frequency range or on special applications with articulated boundary condi-
tions. In this paper, we want to summarize the three methods in one place to highlight their different the-
oretical foundations. We present a numerical benchmark of these three methods, based on a simple panel
with varying boundary conditions, highlighting similarities anddifferences between them. In a second step,
we compare the radiated soundpower levels obtainedby the threemethodswith results obtainedbya stan-
dard measurement procedure according to the ISO 10140-3, under excitation by an ISO tapping machine.
Finally, we present the application of the methods to determine the in-situ impact noise level of a floor
structure: a complex system with challenging boundary conditions. The results show a good agreement
between all the tested methods, as long as the respective requirements are satisfied. The results also
demonstrate how the vibration velocity-basedmeasurementmethods can have a broader application com-
pared to the standard laboratory method and deliver additional information on complex test objects.

� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Building acoustic measurements are generally carried out
according to appropriate standards. When looking at the impact
sound insulation the relevant standards for laboratory measure-
ments is the ISO 10140-3 [1]. The well-known measurement
method described therein is based on impact excitation by means
of an ISO tapping machine and measurement of the sound pressure
level in the receiving room. The accuracy of the results in the low
frequencies is limited because the sound field is not diffuse. This
point is rather critical considering that frequencies below 50 Hz
are of great importance when considering impact sound insulation
and annoyance in lightweight buildings [2]. Because of this and the
fact that scanning laser vibrometers and multichannel measure-
ment systems are nowadays available in many laboratories, hybrid
experimental methods based on vibration velocity measurements
are becoming increasingly popular. They are indeed complemen-
tary to the standard methods since they offer increased accuracy
at low frequencies and set less stringent requirements to the mea-
surement environment. This last point is an advantage also com-
pared to intensity measurements, that require a highly damped
receiving room.

The sound power radiated by a vibrating element can be evalu-
ated, from the experimental measurement of the vibration velocity
over its surface, by means of at least three different approaches:
the Rayleigh Integral Method (RIM) [3], the Discrete Calculation
Method (DCM) [4] and the Integral Transform Method (ITM) [5].
All the three methods have been proven to be accurate and reliable
to determine the sound power radiated from planar objects, at
least if certain requirements are fulfilled [6–13]. The study pre-
sented in this paper was driven by two main motivations: i) in
the building acoustics community these methods are still rather
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new, and the differences and respective peculiarities are not well
known. A thorough and systematic comparative analysis of this
methods is still missing and might help to spread the knowledge
about them. ii) These methods were previously employed to eval-
uate the acoustic performance of building elements, either acous-
tically or mechanically excited, also comparing the obtained
results with results determined by standard sound pressure mea-
surements. However, to the authors’ best knowledge, the applica-
tion of these methods to determine the impact sound level
generated by an ISO tapping machine has never been thoroughly
investigated.

This paper has three main objectives: i) to provide a systematic
and critical comparison of the three measurement methods RIM,
DCM and ITM, ii) to evaluate the accuracy and the reliability of
these methods to measure the impact sound insulation of complex
building elements, with articulated boundary conditions, excited
by the ISO tapping machine. The validation was performed by com-
paring the results of the methods under investigation with labora-
tory measurements performed according to the standard ISO
10140-3; iii) to investigate to what extent the boundary conditions
of the considered structure might represent a limitation for the
investigated method.

Firstly, we prepared a finite element (FE) model of a thin alu-
minium plate and calculated the vibration velocity distribution
over the plate surface. From this data, we calculated the radiation
efficiency of the plate with the three different methods. These
results were used to benchmark the three methods, in order to
identify limitations, differences and similarities. Moreover, the
effect of varying boundary conditions was also investigated to
identify possible shortcomings of each method, especially regard-
ing the ITM. Secondly, we measured the impact sound level of a
floor element in an acoustic laboratory with the traditional mea-
surements according to the ISO 10140-3 standard and we recorded
in parallel the vibration velocity. Assuming perfect diffuse field
conditions, we converted the impact sound level in radiated sound
power and compared the obtained values with the results deter-
mined by the hybrid methods. The analysis allowed us to asses
whether RIM, ITM and DCM are reliable alternative to the standard
methods for determining the impact noise level under excitation
with an ISO tapping machine. Finally, we present an application
example. We considered here a timber hollow-box floor installed
on the mock-up of a structural system with moment resisting con-
nections. We compared the radiated sound power under impact
excitation measured in-situ by DCM and ITM with that measured
in the lab following ISO 10140-3. We compare the results and dis-
cuss the differences obtained.

In the next section, the three hybrid investigated approaches
are introduced. Section 3 describes in detail the methodology
adopted and the experimental setups. Section 4 presents the
results and finally Section 5 includes the conclusions.
2. Measurement methods

2.1. Measurements according to ISO 10140-3

The standard ISO 10140-3 provides the procedure and the
requirements to perform laboratory measurements of impact
sound level. This standard is well-known, and we shall recall here
just a few elements for the sake of clarity and ease of reference.

The laboratory setup comprises two rooms, placed one above the
other, separated by the floor under test. The excitation source is
placed at several positions on top of the floor and the soundpressure
level is measured in the lower room. The normalized impact sound
pressure levels Ln are calculated from the energy averaged sound
pressure levels in the receiving room and the measured reverbera-
tion times. In this study, an ISO tapping machine, described in the
ISO 10140–5, was used as impact source. According to the standard,
the normalised impact soundpressure level Ln is determined bynor-
malising the measured sound pressure level Li with respect to the
equivalent absorption area A in the receiving room:

Ln ¼ Li þ 10 log
A
A0

dBð Þ ð1Þ

where A0 = 10 m2. The normalised impact sound pressure level
determined according to the standard procedure can be converted
to a sound power level using the following equation, based on a dif-
fuse field assumption [13,14]:

LW ¼ Ln þ 4 dBð Þ ð2Þ
The assumption is strictly valid above the Schroeder Frequency,

in our case above ~200 Hz.
The limitations of this approach are related to the sound field in

the receiving room. At low frequencies the sound field in the
receiving room is not diffuse leading to a large standard deviation
in the measurements. It has been also shown that due to strong
modal coupling between floor element and receiving room, the
accuracy in the determination of the floor properties might be lim-
ited [7]. Moreover, further limitations are of more practical charac-
ter, e.g. the size of the laboratory opening and the mounting of the
floor element, which is generally limited to boundary conditions
close to simply supported.

2.2. Rayleigh Integral Method

The Rayleigh Integral Method (RIM) is one of the classical
approaches used to describe the sound radiation from a planar
object, describing it in terms of a sum of point sources [3,14–16].
The sound pressure p at a point R at a time t can be calculated from
the complex normal surface velocity bv n rsð Þ on the vibrating surface
S at the position rs with following relation:

p R; tð Þ ¼ j
q0c0k0
2p

I
S

bv n rsð Þ � ej xt�k0rð Þ

r
dS ð3Þ

or in its discretized form:

p R; tð Þ ¼ j
q0c0k0
2p

X
i

bv n rs;i
� � � ej xt�k0rið Þ � Si

ri
ð4Þ

where q0 is the density of air, c0 is the speed of sound in air, x is the
angular frequency, k0 is the acoustic wavenumber, ri = |R � rs,i| indi-
cates the distance between the plate’s vibrating element i with area
Si and the position R, j is the imaginary unit.

We can use Eq. (4) to calculate the sound pressure distribution
over an imaginary hemisphere centred around the vibrating sur-
face. Then, we can calculate the radiated sound power W by inte-
grating the root mean square sound pressure p2 over the surface
of the hemisphere O [6,14]:

W ¼
I
X

p
�2

q0c0
� dX ð5Þ

or in its discretized form:

W ¼
X
i

p
�2

i �Xi

q0c0
ð6Þ

The above equations are valid only under the assumption of a
locally plane wave field and under free-field conditions. The
requirement of a locally plane wave imposes that the radius of
hemisphere, over which the sound pressure is computed, is suffi-
ciently large. Also, the discretisation of points over the hemisphere



S. Conta et al. / Applied Acoustics 169 (2020) 107457 3
surface must be fine enough to capture the details of the sound
radiation pattern. Both aspects can be easily checked by a trial
and error procedure and verification that the results do not depend
on the settings of the calculation. Alternatively, one could calculate
the sound intensity directly at the interface between the fluid and
the vibrating element (z = 0, with z the cartesian axis perpendicular
to the panel surface) and integrate over its surface [7]. The two
approaches are equivalent. The second approach requires a slightly
more advanced mathematical formulation but avoids the calcula-
tion over the large amount of points on the sphere. In the current
paper, we used the first approach.

The spatial discretisation of the radiating plate must consider
the Nyquist-Shannon sampling theorem and the velocity of the
bending waves propagating through the panel. The requirements
of the theorem must be fulfilled over the whole frequency range
of interest. If Dx, Dy are the size of the ith element of the plate
and kb,x, kb,y are the wavelength of the bending waves in the panel
along the x and y direction respectively:

Dx <
kb;x
2

;Dy <
kb;y
2

: ð7Þ
2.3. Integral Transform Method

The Integral Transform Method is an alternative classical
approach to the determination of the radiated sound power from
planar objects and its theoretical approach was already described
by Heckl in [5]. Williams and Maynard described the same method
and discussed the details of its implementation in [17].

The sound power W radiated by a surface S can be calculated
from the sound pressure p(x,y,z = 0) = ps(x,y) on the surface of
the vibrating structure and from the complex normal surface
velocity bv n x; yð Þ on the vibrating surface S at the position (x,y) with
the well know relation [18]:

W ¼ 1
2
Re

ZZþ1

�1

ps x; yð Þbv n x; yð Þ�dxdy
8<
:

9=
; ð8Þ

which corresponds to integrating the sound intensity over the radiat-
ing surface. By using the Rayleigh-Parseval theorem and the expres-
sion for the sound pressure from a plane radiator described as a sum
of plane waves [5], the above equation can be rewritten as [18]:

W fð Þ ¼ 1
2
q0c0
4p2 Re

ZZþ1

�1

k0 fð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20 fð Þ � k2x � k2y

q bv kx; ky; f
� ��� ��2dkxdky

8><
>:

9>=
>;

ð9Þ
where the dependency on the frequency f is explicited, bv kx; ky; f

� �
is

the complex vibration velocity of the plate surface expressed in the
wavenumber domain, i.e. the 2-D Fourier transform of plate vibra-
tion velocity, k0 is the wavenumber in air and kx; ky are the
wavenumber components of the structural waves in the plate,
respectively along the x and y direction.

For the purpose of this paper, we implemented the procedure
following the approach presented in [11], which we refer the
reader to for the implementation details. For ease of reference,
we indicate here the discretized form of Eq. (9) for the radiated
sound power W:

W cð Þ ¼ 1
2
q0c0
4p2

Re
XMa

a¼1

XMb

b¼1

k0 cð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k0 cð Þ2 � aDkxð Þ2 � bDky

� �2q bv a;b; cð Þ�� ��2Dx2Dy2
8><
>:

9>=
>;DkxDky

ð10Þ

where c indicates the discrete frequency step, a, b are the coordi-
nates in the wavenumber domain, Ma ¼ zp l

Dx and Mb ¼ zp w
Dy repre-
sent the number of samples in the wavenumber domain with
l�w the dimensions of the plate, with zp the zero padding factor
required in the 2-D Fourier transform; Dx;Dy is the grid size of
the vibration velocity measurements (i.e. the dimensions of the
plate divided by the number of grid points in the respective direc-
tions) and Dkx ¼ 2p

zpl
;Dky ¼ 2p

zpw
is the resolution in the wavenumber

domain. In the practical usage of this relationship, the vibration
velocity in the wavenumber domain will be calculate with a 2-D
Fourier transform of the measured vibration velocity field at each
frequency step c. Many of the practical challenges are shared here
with acoustic holography. An example is the use of the zero padding
to reduce wraparound errors and obtain an adequate aperture size
[17,19,20]. It is interesting to note here that Williams and Maynard
already showed that the use of zero padding does not create any
limitation with respect to the plate boundary condition, even in
the extreme case of all the edges in a free condition (F-F-F-F BCs).

The measurement of the vibration velocity on the plate under-
lies the Nyquist-Shannon sampling theorem requirements for the
Integral Transform Method in the same manner as it is for the
RIM. Further aspects must be considered when assessing the limit
of validity of the ITM method: they include the bias error, the
bending wave velocity in the measurement object and the decay
of the side lobes.

The bias error is due to the numerical singularity that arises
whenever the wavelength or a multiple of it matches the size of
the aperture. This problem can be tackled either by refining the
numerical procedure to contain the singularity [11,17] or by fur-
ther increasing the zero padding factor. Both approaches deliver
comparable results.

To discuss the further requirements of ITM, it is helpful to intro-
duce a few diagrams. Fig. 1 shows typical wavenumber plots
obtained during the analysis procedure with the ITM. In the
wavenumber versus frequency diagram (a) we recognise the dis-
persion curve of the structural waves kb, highlighted by the dashed
line. For reference, the wavenumber of the soundwaves in air k0 is
plotted as a solid line. A closer look at selected frequencies reveals
the specific features of the spectrum (diagrams b and c of Fig. 1):
the main peaks represent the vibrational modes of the plate. The
side lobes are given by the finite size of the panel and the boundary
conditions, which also have a strong influence on their decay. From
Eq. (10), it follows that only the area within the radiation circle
with radius k0 contributes to the sound radiation. In Fig. 1a, the
same area is that between the two solid lines. Therefore, the side
lobes are a major contribution to the radiated sound power, espe-
cially for frequencies below the critical frequency fc. Considerations
about aliasing must include the side lobes. As a good rule of thumb,
to avoid aliasing the side lobes must decay considerably before
reaching kmax.

Fig. 2 shows idealized curves for the following three cases and
the respective upper limits of the method. Case a): the frequency
fmax at which the structural wave dispersion curve reaches the limit
kx;max ¼ p

Dx (determined by the Nyquist-Shannon theorem require-
ments on the grid spacing) is well below the critical frequency fc
of the ITM. In this case fmax is the upper limit of validity of the
ITM. The limit might be slightly lower depending on the measure-
ment setup and the boundary conditions. In the case of orthotropic
plates, or a different grid size along the x and the y direction, the
lowest frequency limit must be considered. Case b): the critical fre-
quency fc is close to the frequency f0 at which the wavenumber of
sound waves in air reaches the limiting wavenumber: k0 = kmax. In
this case f0 is the upper limit at which the ITM method delivers
reliable results. This limit is best visualised by looking at Fig. 1c
and considering that i) the sum of Eq. (10) is performed over the
whole wavenumber domain showed by the diagram and ii) the
surface within the radiation circle k0 contributes to sound radia-



Fig. 1. Typical wavenumber plots obtained by the ITM. a) wavenumber spectrum along the y direction for kx = 0 as a function of the frequency, b) wavenumber spectrum at
the frequency step 190 Hz (note that the kx and the ky is adapted for better readability), c) wavenumber spectrum at the frequency step 3476 Hz. fc = 4000 Hz, ky,max = 150 rad/m,
f0 = 6000 Hz.

Fig. 2. Key elements to assess the requirements when applying the ITM method. a) show the case where fmax is below fc; b) fc and f0 are close to each other on a logarithmic
scale; c) fc is much smaller than f0. The blue line is the dispersion curve of the sound waves in air. The red line is the dispersion curve of the structural waves in the plate. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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tion. The limit describes the situation where the circle reaches the
boundaries of the diagram. For higher frequencies, a portion of the
circle would be outside of the diagram boundaries causing an
information loss and hence possibly corrupting the results. As for
the previous case, the limit might be slightly lower depending on
the measurement setup and the boundary conditions. Case c):
the critical frequency is much lower than the upper frequency
limit: fc � f0. The ITM delivers reliable results also above f0. The
reason for this is that for frequencies f � fc the kernel K in Eq.
(10) approaches unity:

K a;b; c½ 	 ¼ k0 cð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k0 cð Þ2 � aDkxð Þ2 � bDky

� �2q ! 1 for f � f c ð11Þ
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This relaxes the requirement set by the Nyquist-Shannon theo-
rem and aliasing can be effectively exploited to extend the mea-
surement range well above the limit f0. The results in Section 4.2
show an example of this case.

Both in case a) and b), the upper limit must be evaluated consid-
ering both the bending wave speed and the decay of the side lobes
in the wavenumber spectrum. This is highlighted in Fig. 2 with the
symbol A, indicating the distance between kx,max and the curve kb,x,
and the grey area indicating the range where this two lines
approach. This distance must be sufficient to let the side lobes
decay before reaching kx,max. This distance is dependent on the
tested object, its boundary conditions and the measurements set-
tings. An example of the importance of this assessment is pre-
sented in Section 4.1, when discussing the grid size required by
the all-free-edges (F-F-F-F) boundary conditions.

The ITM offers the advantage of delivering additional material
information (e.g. structural wave velocity in the plate) compared
to the other methods presented in this paper [13]. Additionally,
the measured vibration velocity could also be used to investigate
the sound intensity radiated from the element with the supersonic
intensity technique [21], which uses the very same data and pro-
cessing procedure implemented for the ITM.

2.4. Discrete Calculation Method

The Discrete Calculation Method (DCM) is a hybrid approach,
proposed by Hashimoto [4] in order to experimentally evaluate
the sound power radiated by a planar vibrating structure based
on the radiation impedance concept. As the two previous methods,
it requires the complex normal vibration velocity bv n;i x; x; yð Þ to be
measured on a grid of points i evenly distributed over the vibrating
surface. The sub-elements associated to each measurement posi-
tion are considered as equivalent radiating pistons; their self Zii

and cross radiation impedances Zij can be analytically computed
as:

Zii ¼ q0c0si 1� J1 2k0aið Þ
k0ai

þ S1 2k0aið Þ
k0ai

� �
ð12Þ

Zij ¼ q0c0k
2
0sisj

2p
2
J1 k0aið Þ
k0ai

� �
2
J1 k0aj
� �
k0aj

� �
sink0d
k0d

þ i
cosk0d
k0d

� 	
ð13Þ

The area of the ith equivalent piston element is si, while ai is its
equivalent radius and d is the distance between the ith and jth ele-
ments, while J1 represents the first order Bessel’s function, and S1 is
the Struve’s function.

Under the assumption of a baffled plate radiating in the free
field, the radiated sound power can be determined from the veloc-
ity distribution and the self and mutual radiation impedances as:

W ¼
X

i
Re Ziið Þ v ij j2 þ

X
j
Re Zijv iv j

� �h i
ð14Þ

where we omitted the subscript n to improve the readability of the
equation. In order to obtain the root-mean-square (rms) radiated
sound power, as for the RIM and the ITM, the DCM requires as input
data the rms complex velocity.

As indicated in the original paper [4], the requirements set by
the Nyquist-Shannon theorem must be fulfilled up to at least the
critical frequency when the DCMmethod is used. Above the critical
frequency the grid size plays only a minor role on the accuracy of
the results.

3. Methodology

As stated in the introduction, we want to accomplish three main
tasks: i) numerical benchmark the RIM, ITM and DCM on a simple
object considering different boundary conditions, ii) compare the
radiated sound power obtained with these three advanced hybrid
methods with the radiated sound power determined by impact
sound pressure measurements in a standard sound transmission
test facilityand iii) to test these three advanced methods on a com-
plex setup and evaluate possible advantages compared to standard
laboratory measurements.

In this section, we present the details of the tested setups.

3.1. Benchmark the methods with different boundary conditions

The first task is to benchmark RIM, ITM and DCM on a simple
object, i.e. a thin aluminium plate, with different boundary condi-
tions (all edges clamped C-C-C-C, all edges simply supported S-S-S-
S, all edges free F-F-F-F, two opposite edges simply supported and
two free S-F-S-F). This shall highlight possible limitations or arte-
facts due to the specific methods.

An aluminium plate (Young’s modulus Ealu = 7.1 � 1010 N/m2,
density qalu = 2700 kg/m3, Poisson’s ratio m = 0.33, damping factor
g = 0.03) with dimensions 0.5 m � 0.6 m � 0.003 m was modelled
in the FEM software Abaqus/CAE 2017 (Fig. 3). We used C3D8 gen-
eral purpose linear brick elements with a maximum mesh size of
0.01 m, which is 10 times smaller than the bending waves wave-
length in the aluminium plate at 6000 Hz. The calculations were
performed as a steady state linear perturbation with a resolution
of 10 Hz from 10 Hz to 5650 Hz so that the results could be eval-
uated in 1/3 octave bands from 20 Hz to 5000 Hz. The excitation
was a harmonic point force distributed over four adjacent nodes
at the position x = l/4, y = w/4. The vibration velocity of the nodes
on the bottom face was stored on 120 � 100 grid and evaluated
on a variable subset of points, as described in Section 4.1.

The vibration velocity distribution data set produced by the
numerical simulation was then fed to Matlab scripts implementing
the three methods.

When applying the RIM method, we used a calculation sphere
with radius 10 m and 1600 points evenly distributed on its surface.

When applying the ITM method we used a fixed zero-padding
factor zp = 20 for all grid sizes.

3.2. Measurements according to ISO 10140-3

This experimental investigation was performed according to
ISO 10140-3 standard on a complex floor structure. The vibration
velocity on the bottom side of the plate was measured in addition
to the sound pressure in the receiving room.

A timber hollow-box floor element with dimension 2.4 m � 3.
7 m � 0.5 m was installed in the vertical sound transmission test
facility at the SINTEF acoustic laboratory in Oslo (Fig. 4). The
cross-section geometry of the element is shown in Fig. 5 along with
the key elements of the measurement setup. The hollow part of the
element was partly filled with gravel with a surface mass of
approximately 100 kg/m2. The floor structure was simply sup-
ported on the two short sides with an interposed resilient stripe
(Sylomer SR55) and free on the two long sides (S-F-S-F).

The floor element was excited at four positions with a standard
tapping machine. The sound pressure was measured in the receiv-
ing room (V = 200 m3) with one microphone on a rotating boom at
two positions according to ISO 10140-3. The reverberation time
was measured accordingly. The radiated sound power was calcu-
lating using Eqs. (1) and (2) and averaging energetically the four
tapping machine positions according to the standard.

With the same setup, the acceleration in the vertical direction
was measured on the bottom surface of the floor element on a
10 � 13 points measurement grid, corresponding to a spacing
0,24 m � 0,28 m (Fig. 5). The corresponding wavenumber limits
are: kx,max = 13 rad/m, ky,max = 11 rad/m; f0 = 595 Hz (y-direction).



Fig. 3. FE model of the aluminium plate in Abaqus. The mesh (black continuous lines), the evaluation grid (dashed yellow lines), the point load (yellow arrow) and the
boundary conditions (C-C-C-C) are shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Three moments of the installation of the test floor into the lab opening: a) positioning of the element (note the S-F-S-F boundary conditions), b) filling of the remaining
space with 150 mm concrete and c) sealing of the volume with mineral wool and plasterboard.

Fig. 5. Schematic of the measurement setup showing the cross section of the
measurement objects, the accelerometer positions and the excitation positions. All
dimensions in cm.
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The critical frequency fc for this element was determined in (13) as
fc ffi 250 Hz. In terms of ITM requirements, this experimental setup
is an example of the condition showed in Fig. 2c.

One line (10 points) of the grid was measured at a time, then the
tapping machine was moved to the next position and the proce-
dure repeated. After all the excitation positions were covered, the
accelerometers were moved to the next line. One additional
accelerometer was kept fixed for the whole measurement session
as phase reference. The radiated sound power was then calculated
for each tapping machine position and the results averaged ener-
getically. The same set of data was analysed with the three meth-
ods RIM, ITM and DCM.

When applying the RIM method, we used a calculation hemi-
sphere with radius 10 m, discretised with 1600 points evenly dis-
tributed on its surface. When applying the ITM method we used a
zero-padding factor zp = 60.

3.3. Application example

Finally, the three methods were tested on a complex setup to
evaluate their performance in a ‘‘practical” case. The in-situ radi-



Fig. 6. Measurement test-rig used for the application example.
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ated sound power measured on the complex setup was compared
to the radiated sound power determined in laboratory to assess
how the laboratory boundary conditions affect the results.

The same floor element, which was tested in the OSLO labora-
tory, was also installed on the mock-up of a structural system
based on moment resisting frames. The mock-up was composed
by the floor element mounted on four glulam columns with dimen-
sions 0.4 m � 0.45 m � 5 m by means of threaded rods and metal
brackets. The setup is shown in Fig. 6, while the reader may refer to
[13] for detailed information on the system.
Table 1
Requirement fulfillment criteria for RIM, ITM and DCM.

RIM criteria: Dx <
kb;x
2 ;Dy <

kb;y
2 @ maximum frequency of interest fmax,i

ITM criteria: fmax,i < f0 as per case b) in Fig. 2
DCM criteria: Dx <

kb;x
2 ;Dy <

kb;y
2 @ critical frequency fc

Table 2
Key quantities to evaluate the criteria in Table 1.

Maximum frequency of
interest:

fmax,i = 5623 Hz, to cover the 5000 Hz 1/3
octave band

Critical frequency: fc = 4000 Hz
f0 (frequency where

k0 = kmax):
k0 @ fmax,i: 104 rad/m

Bending waves @ fmax,i: vb,max,i = 408 m/s, kb,max,i = 0.072 m,
kb,max,i = 87 rad/m

Bending waves @ fc: vb,c = 343 m/s, kb,c = 0.086 m, kb,c = 73 rad/m

Table 3
Evaluation of the criteria given in Table 1, based on the quantities provided in Table 2.

Dimensions aluminium panel: l = 0.5 m, w = 0.6 m

Grid points 15 � 10
Dx, Dy (m) 0.033 0.060

kb;max;i
2

0.036 0.036

RIM Criteria: fulfilled not fulfilled

kmax (rad/m) 94 52
f0 (Hz) 5100 2833
ITM Criteria: not fullfilled not fullfilled

kb;c
2

0.043 0.043

DCM Criteria: fulfilled not fulfilled
We used the same accelerometer configuration and measure-
ment procedure described in Section 3.2. The radiated sound
power was determined by the three methods RIM, ITM and DCM.
It shall be noted here that the influence of the airborne excitation
on the bottom plate due to the noise radiated by the tapping
machine exciting the top plate and the corresponding reverberant
sound field in the facility was negligible, as discussed in [13].

4. Results

4.1. Assessment of the grid size

In Table 1, we summarize the criteria for the evaluation of the
requirements on the grid size for the three methods. In Table 2,
we provide the key quantities for the evaluation and in Table 3,
we present the criteria assessment for the aluminium plate under
investigation evaluated with three different grid sizes: 15 � 10,
30 � 25 and 60 � 50.

We calculated the radiated sound power Lw,grid with the three
methods RIM, ITM and DCM for the boundary conditions CCCC,
SSSS, SFSF, FFFF and the three different grid sizes: 60 � 50,
30 � 25 and 15 � 10 points. Taking as reference the grid
60 � 50, we calculated the level difference

DLW ¼ LW;60x50 � Lw;gridX dBð Þ ð15Þ
The results obtained for each case are presented in Fig. 7.
For all the three methods, the results presented in Fig. 7 show a

strong dependency of the grid size on the BCs. For the CCCC BCs, no
difference is observed between the results obtained with the grid
size 60 � 50 and 30 � 25 as expected, since both grid sizes fulfill
the criteria over the whole frequency range of interest. The ITM
method and the DCM method deliver reliable results even with
the larger grid points spacing, which do not fulfill the criteria for
the highest frequencies within the range of interest. The Rayleigh
method seems to be the most sensitive to the grid size, showing
the largest deviations with the smallest grid. With SSSS BCs, small
deviations appear for all methods but well within ±1 dB, if the cri-
teria are fulfilled. When the BCs are changed to SFSF and FFFF the
deviations increase to more than ±2 dB with the grid size 30 � 25
even though it does fulfill the spatial sampling criteria. The finest
considered grid points spacing seems to be required to obtain
accurate results.

4.2. Benchmark the methods with varying boundary conditions

Fig. 8 shows the radiation index Lr of the aluminium plate

Lr ¼ 10 log10 r ð16Þ
30 � 25 60 � 50
0.017 0.024 0.008 0.012

0.036 0.036 0.036 0.036

fulfilled fulfilled fulfilled fulfilled

188 131 377 262
10,200 7083 20,400 14,167
fulfilled fulfilled fulfilled fulfilled

0.043 0.043 0.043 0.043

fulfilled fulfilled fulfilled fulfilled



Fig. 7. Difference in the radiated sound power DLW obtained from different grid sizes for the CCCC, SSSS, SFSF, FFFF BCs, with the methods RIM, ITM and DCM. Grid sizes:
30 � 25, 15 � 10. The differences are calculated by taking the finer grid 60 � 50 as reference.

Fig. 8. Comparison of the radiation efficiency calculated with the three methods RIM, ITM and DCM for following boundary conditions: C-C-C-C, S-S-S-S, S-F-S-F, F-F-F-F. Grid
size: CCCC and SSSS: 30 � 25; FFFF and SFSF: 60 � 50.
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where r is the radiation efficiency calculated from the vibration
velocity distribution obtained from the FE simulation. The three
methods were used to calculate the radiation efficiency: ITM,
DCM and RIM. The four diagrams present following boundary con-
ditions: all edges clamped (CCCC), all edges simply supported
(SSSS), two opposite edges simply supported and two free (SFSF),
all edges free boundary conditions (FFFF). Based on the results pre-
sented in Section 4.1, we used the grid size 30 � 25 for CCCC and
SSSS and 60 � 50 for FFFF and SFSF.

The calculated radiation efficiencies show the expected beha-
viour (see e.g. [22]) and the results from the three methods show
a good agreement. However, it is helpful to plot the differences
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between the curves to gain a more detailed view. The two dia-
grams in Fig. 9 presents the differences in the radiation efficiency
for each set of BCs obtained respectively as:

aÞ DLr ¼ Lr;RIM � Lr;ITM dBð Þ ð17Þ

bÞ DLr ¼ Lr;RIM � Lr;DCM dBð Þ ð18Þ
where the subscript indicates which method was used to calculate
r. In the diagrams, we also highlight the ±2 dB range using black
dashed lines.The comparison between RIM and ITM shows devia-
tions mainly within ±2 dB in the whole frequency range of interest,
even though at a few frequency bands the discrepancies are up to
3 dB and in the 3150 Hz 1/3 octave band the deviation is even lar-
ger. The same observation can be made for all BCs, even though, the
deviations seem to increase with FFFF BCs. The comparison between
RIM and DCM shows a good agreement and highlights a slightly
increasing deviation between the results as the frequency increases.
The discrepancies between the methods might be related to the
near field generated by the excitation used: excitation by a har-
monic concentrated force as in this case, generates a strong near-
field comparable to that generated by a shaker in an experimental
setup [23]. A nearfield is a local feature of the vibrational field. Local
features are described by the high frequency components of the
spectrum and due to the finite size of the grid these features can
be reproduced only to a limited extent [16]. The sensitivity of the
methods to these effects is different due to their different mathe-
matical implementation and it might be worth of further
investigation.

As we have seen in the previous section, the grid size must be
adapted to the BCs for all the three investigated methods. Possible
deviations from the reference radiated sound power might happen
at different frequencies for the different methods and the different
BCs. This prevent us from making an absolute reliability ranking of
these methods.

The ITM results could be further investigated by studying the
wavenumber spectra. Each color plot in Fig. 10 shows the vibration
Fig. 9. Differences between radiation efficiency r calculated by a) RIM and ITM and
b) by RIM and DCM, for different boundary conditions. Grid size: see Fig. 8.
velocity wavenumber spectrummultiplied with the kernel K, given
in Eq. (11), in the format kx (longitudinal direction) versus fre-
quency at ky = 0. At each frequency step the amplitude was normal-
ized to the maximum in the same frequency step. Data are shown
in dB with a 10 dB range. The black dashed line shows the
wavenumber for bending waves calculated according to the thin
plate theory. The solid white line indicates the wavenumber of
the sound waves in air. The area within the two white lines con-
tributes to sound radiation. The plots are presented for two bound-
ary conditions and two grid sizes: a) CCCC, 30 � 25; b) FFFF
30 � 25; c) CCCC, 60 � 50; d) FFFF, 60 � 50.

The diagrams a) and c) in Fig. 10 clearly show the dispersion
curves of the bending waves and higher order lamb waves. The
curves in a) and c) are nearly identical confirming that a 30 � 25
grid is in this case appropriate to avoid aliasing effects with CCCC
BCs. The diagrams b) and d) in Fig. 10 differs strongly in the area
between the two white solid lines (e.g. the features highlighted
with the red arrows in b)). This indicates that a 30 � 25 grid is
in this case not sufficient to avoid aliasing effects with FFFF BCs.
A larger 60 � 50 grid is then mandatory to obtain reliable results.
An even larger grid or higher zp might slightly improve the accu-
racy of the results but at a higher computational cost.

4.3. Measurements according to ISO 10140-3

In Fig. 11, we compare the radiated sound power level, obtained
from sound pressure measurements performed in a sound trans-
mission test facility according to the standard ISO10140-3 (ISO),
with the results obtained from vibration velocity measurements,
performed on the very same setup and analysed with the RIM,
ITM and DCM approaches. In the upper diagram the sound power
level Lw obtained by each method is presented. As explained in
Section 2.1, the impact noise level obtained by the standard
method was converted to a radiated sound power level assuming
a perfectly diffuse sound field, by means of Eq. (2). To ease the
comparison, we show in the lower graph the respective difference
between each curve and the ISO curve.

We observe, in general, a good agreement between the methods
within the frequency range in which the requirements of the meth-
ods are fulfilled. We observe that below 125 Hz the vibration
velocity-based measurement methods are in close agreement with
each other but clearly deviate from the results based on sound
pressure measurements. The limitation here are not the measure-
ment methods, but the diffuse field assumption, which is required
to convert the sound pressure levels into the radiated sound power
levels. This assumption is not valid at low frequencies in our mea-
surement setup. The requirements set by the Nyquist-Shannon
theorem are met up to approximately 500 Hz on this setup [13].
We clearly observe that the Rayleigh methods fails above this fre-
quency, due to the introduced aliasing effects. ITM and DCM still
deliver reliable data as expected. Above 4000 Hz, both the DCM
and the ITM deviate from the standard results but they agree with
each other. We suspect that this has to do with the experimental
setup and the mounting of the accelerometers.

It is interesting at this point to compare the results presented in
Fig. 11 with the results presented in Figs. 8 and 9. The results from
the experimental setup show smaller deviations between the
methods as compared to the results from the numerical simula-
tion. In fact, the deviations between ITM and DCM are well within
±2 dB in the experimental situation, while the ±2 deviation was
exceeded in several frequency bands in the numerical simulation
results. One possible reason for the better agreement might be that
in the experimental case no near field effects are expected, mainly
because of the larger distance between excitation point and mea-
surement points [23]. In addition, the larger spatial extension of
the experimental excitation (the length of the tapping machine is



Fig. 10. Wavenumber spectrum of the product K � v (Eq. 10) plotted for ky = 0, normalized to the maximum amplitude at each frequency step. BCs and grid sizes: a) CCCC,
30 � 25; b) FFFF 30 � 25; c) CCCC, 60 � 50; d) FFFF, 60 � 50. In b) the red arrows mark the aliasing effects. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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0.5 m) compared to the point excitation of the simulation was
probably able to excite a larger number of modes within the con-
sidered frequency range, smoothening the peaks and the dips
caused by the resonances. The averaging between tapping machine
excitation position goes in the same direction. Both aspects possi-
bly reduce the discrepancies between the methods.

These results demonstrate that all three methods RIM, ITM and
DCM are valuable alternatives to the standard method to deter-
mine the radiated sound power of a planar object due to impact
excitation. Neither the boundary conditions, nor the sequential
excitation by the tapping machine at several positions, nor the
shifting of the accelerometers over the measurement grid appear
to be limiting factors to the application of the methods.
4.4. Application example

As an application example, we present in this section the results
obtained by ITM and DCM for the same floor element installed in
two different situations: in a standard laboratory setup (Oslo)
and on a moment resisting frame (CVGS). We exclude RIM from
the comparison in this case due to its limited frequency range of
validity.

Fig. 12 shows the radiated sound power obtained for the same
floor in the two different situations by ITM (a) and DCM (b).
Both methods deliver results in close agreement and can iden-
tify the specific radiation properties of the tested setups. The radi-
ated sound power obtained in the Oslo laboratory and at CVGS are
almost identical above 500 Hz. Below 500 Hz, the modal behaviour
of the floor elements on the two setups differs because of the dif-
ferent boundary conditions and this affects the radiated sound
power. Between 100 Hz and 500 Hz the radiated sound power level
is up to 3 dB higher with the CVGS BCs. Between 50 Hz and 100 Hz
the radiated sound power level is up to 4 dB lower with the CVGS
BCs. In the 31.5 Hz 1/3-octave band and below 25 Hz forced vibra-
tion introduced by the undampened columns of the CVGS setup
determine the high radiation peaks. Both the ITM method and
the DCM method can catch these features.
5. Conclusions

We presented three measurement methods suitable to deter-
mine the radiated sound power from planar objects and bench-
marked them in the special case of mechanical excitation, either
by a point force or by a tapping machine. We discussed in detail
the limit of validity of the methods and presented relevant
examples.

The comparison of the methods was firstly performed based
on numerical data computed for an aluminium plate with vary-



Fig. 11. Comparison of the three methods RIM (Rayleigh), ITM, DCM with the
radiated sound level obtained from the impact sound level measured according to
the standard ISO10140-3 on a S-F-S-F lab setup.

Fig. 12. Sound power level measured in the acoustic lab (Oslo) and ‘‘in situ” (CVGS)
with ITM a) and DCM b).
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ing boundary conditions. The benchmarking of the three meth-
ods RIM, ITM and DCM on such a simple object showed a gen-
eral good agreement between the methods over the whole
frequency range of interest, with discrepancies mainly within
±2 dB, even though higher deviations were found in certain fre-
quency bands. The required grid size resulted to be dependent
on the BCs for all methods. F-F-F-F boundary conditions requires
a finer grid to accurately evaluate the radiated sound power
compared to boundary conditions restraining the edges to a
higher degree.

The three considered methods were then applied to an experi-
mental data set, measured in laboratory conditions on a complex
floor structure under impact excitation by a tapping machine.
We compared the sound power levels computed by means of these
three hybrid methods with the sound power obtained from sound
pressure measurements in a standard sound transmission test
facility according to the ISO 10140-3 standard. A good agreement
between the methods was found from 20 Hz to 4000 Hz, as long
as the validity requirements of the methods were fulfilled. No lim-
itations were observed due to the sequential repositioning of the
tapping machine or the position shifting of the accelerometers.

Finally, the ITM and DCM methods were applied to a complex
experimental setup, showing that they provide accurate results
and they are consistent with each other also for in situ conditions.
We showed that these methods can be used to obtain accurate
information on the specific experimental setup. This is an advan-
tage compared to the standard laboratory setup, since they require
reduced practical constraints.
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