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Summary

This study investigates the vibro-acoustic characterisation of lightweight building elements within

an alternative test rig, developed in order to speed up the measurement procedure by reducing the

size of the samples. Not so many years ago, building construction concerned mostly heavyweight

and massive structures, although nowadays lightweight elements are often preferred. Sustainability

and energy e�ciency requirements have contributed in the development and widespread use of new

building technologies and materials. In order to properly design acoustically comfortable buildings by

using recently developed prediction models, such as the EN 12354 standards for example, it is neces-

sary to accurately characterise each partition. A reliable characterisation of the elastic and damping

properties of a certain building element is fundamental to determine the input data necessary for

the simulation of its acoustics performance. This aspect is mostly underestimated and the designers

often uniquely rely on database values. However, in order to apply simulation models to complex

structures, such as inhomogeneous and non-isotropic elements or multilayer systems, it is indispens-

able to adopt homogenisation techniques and characterise the elastic and damping properties within

the entire frequency range of interest. In this paper an experimental setup to investigate elastic and

acoustic properties of lightweight panels, which are usually required as input data in prediction mod-

els, is presented. The test rig has been developed for a rectangular element with a surface area of

approximately one square metre. One inhomogeneous plywood panel has been characterised, by mea-

suring the plate response due to a mechanical excitation with accelerometers. The structures' elastic

properties have been experimentally evaluated, by means of a wave correlation technique. Moreover

the radiation e�ciency of the mechanically excited plate has been determined. The obtained results

are presented, and the advantages and drawbacks of this approach are discussed.

PACS no. xx.xx.Nn, xx.xx.Nn

1. Introduction

Lightweight elements are increasingly preferred to tra-
ditional heavyweight solutions in several �elds. This
is the case also in the building construction indus-
try, since lightweight solutions often allow to reduce
construction time and costs. Moreover, environmental
concerns are becoming of primary importance within
the industry and lightweight timber structures rep-
resent an eco-friendly building technology. However,
lightweight building elements have received criticisms
related to their acoustic performance, usually negli-
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gible with traditional massive structures, which can
have a signi�cant in�uence on indoor acoustic com-
fort. Several prediction models have been developed
in the last decade to investigate sound transmission
in buildings. In fact nowadays several tools to pre-
dict sound transmission in buildings can be found:
either the computationally expensive �nite element
FE and boundary element BE software [1], or simpli-
�ed algorithms, based for example on wave-based ap-
proaches, such as transfer matrix method TMM [2],
or on the statistical energy analysis SEA [3]. More-
over, the EN 12354 [4] has been recently updated
and re�ned in order to be suitable also to investigate
lightweight structures, as described in ref. [5]. In or-
der to obtain accurate numerical results it is of fun-
damental importance to have reliable input data to
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Table I. Geometric characteristics of the investigated ply-
wood panel

Lx [m] Ly [m] h [m] ρ [kg/m3]
0.980 1.180 0.015 400

characterise the investigated elements, such as their
elastic and damping properties, or certain acoustic de-
scriptors like for example sound radiation e�ciency.
Reliable data can be obtained experimentally from
vibro-acoustic measurements of the investigated el-
ement. Laboratory measurements on building parti-
tions are usually performed on large samples, with a
surface area of approximately 10 m2, in order to �t
the test window of the sound transmission facility, as
described in the standard 10140-5 [6]. Such a large ge-
ometry is convenient in order to determine the sound
insulation provided by the element, although it repre-
sents a disadvantage when other acoustic or mechani-
cal descriptors have to be experimentally determined.
A test rig has been designed to characterise the dy-
namic behaviour of lightweight building partitions on
a small sample, which allows to reduce both the mea-
surement time and the costs for the samples supply.
From the measured dynamic response the vibrational
mode shapes of the structure, its elastic properties
and its radiation e�ciency were determined. The ob-
tained results were validated with the experimental
data evaluated by using other traditional experimen-
tal approaches. The test rig used for the vibro-acoustic
analysis, the experimental procedures and the inves-
tigated structure are presented in section 2.1. The de-
termination of the structural elastic properties and
the sound radiation e�ciency are described in sec-
tions 2.2 and 2.3 respectively. Finally the results are
shown, discussed and validated in section 3.

2. Experimental Measurements

2.1. Test rig and experimental setup

The used test rig is constituted by a steel frame, in
which a small rectangular sample, with a surface area
of approximately 1 m2, can be mounted clamping all
four boundaries. The experimental investigation pre-
sented in this paper refers to a 15 mm thick plywood
board made of 5 thin plies, whose physical and geo-
metric properties are given in Table I. The adjustable
height at which the sample can be suspended from
the �oor allows to place an electro-dynamic shaker
underneath it, representing the exciting source. The
shaker, connected to the board by means of a stinger
which terminates with a small metal plate glued to
the panel's surface, was driven by an exponential sine
sweep signal generated from 30 Hz to 6000 Hz. The
shaker was encapsulated within a wooden box, inter-
nally lined with porous material in order to reduce the

sound �eld generated by the shaker, which could in-
�uence the measurements. The dynamic response was
measured in several positions over the sample's sur-
face by using PCB 352C22 miniature accelerometers.
The acquired signals were then convolved with the
inverse �lter of the sine sweep to obtain the impulse
responses IR of the structure [7]. In order to guarantee
the same relative phase relationship between the sig-
nals acquired by non-simultaneous measurements, the
IRs obtained by the the accelerometers placed on the
panel surface were aligned in time with a reference IR
obtained from an accelerometer placed as reference on
the shaker's stinger. The complex acceleration spec-
tra can be obtained from the IRs by means of a fast
Fourier transform algorithm. The entire measurement
procedure, form the signal generation to the acqui-
sition and the processing of the measured responses,
was controlled by means of in-house implemented soft-
ware developed in the LabVIEW environment.

2.2. Determination of the elastic properties

The elastic properties of a structure can be experi-
mentally evaluated by means of several di�erent tech-
niques based either on modal-based methods [8], or
on wave propagation analysis, performed both within
the audible frequency range [9, 10] and in the ultra-
sound domain [11]. Besides, the dispersion relation in
the wavenumber domain can be obtained by applying
a spatial Fourier transform to the complex spectra of
the vibrational �eld measured on a certain number of
points on the sample surface [12]. Otherwise, with the
same purpose it is also possible to apply wave corre-
lation methods [13]. One of the most commonly used
approaches is known as inhomogeneous wave corre-
lation method IWC [14]. This method was applied
in order to evaluate the elastic properties of the in-
vestigated plywood panel. The vibrational �eld was
measured on 21 points equally spaced at ∆x = 1 cm
apart, along di�erent directions in line with the ex-
citation position. For each angular frequency ω the
complex spectra w̃ (ω, x) is correlated to an inhomoge-
neous propagating wave õ (x, kr, ki) = −i (kr + iki)x,
by the function:

I (kr, ki) =

∣∣∣∑N
i=1 w̃ (ω, xi) õ (xi, kr, ki)

∣∣∣√∑N
i=1 |w̃ (ω, xi)|2

∑N
i=1 |õ (x, kr, ki)|

2
(1)

The structural wavenumber is determined by max-
imising the function I (kr, ki) given in Eq. 1. The real
part kr of the complex wavenumber is strictly asso-
ciated to the elastic properties of the panel, while its
imaginary part ki is proportional to the structural
damping. Being interested in the panel elastic char-
acteristics, rather then in its damping, the imaginary
part has been neglected: ki = 0, even though it could
be determined by using an iterative process as sug-
gested in [15]. The tested structures is not homoge-
neous, but constituted by a number of thin wood plies.
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For this reason the structural wavenumbers were eval-
uated along �ve di�erent directions in order to inves-
tigate the panel anisotropy.

2.3. Radiation e�ciency evaluation

Radiation e�ciency σ is a well know acoustic descrip-
tor used to de�ne the capability of a structure to con-
vert vibrational energy into sound waves propagating
in the surrounding �uid. It provides useful informa-
tion about the investigated element and is required
in many computational models as input data. It is
de�ned as:

σ =
W

ρ0c0S 〈v2〉
(2)

where
〈
v2
〉
is the mean square vibration velocity of

the panel, S its surface area in square metres and ρ0
and c0 represent the �uid density and speed of sound
respectively. The experimental evaluation of the radi-
ation e�ciency can be a�ected by a large uncertainty,
mostly due to the fact that the radiated sound power
W is a not directly measurable but needs to be derived
from other measurable quantities. In building acous-
tics the sound power radiated by a vibrating surface is
generally determined from the measured sound pres-
sure by assuming a perfectly di�use sound �eld. This
is a quick experimental procedure, even though it is
not very reliable at low frequencies, where the sound
�eld is unlikely to be perfectly di�used, but is gov-
erned by the room modal response.

Alternatively, it is possible to derive the radiated
sound power from sound intensity measurements. The
average sound intensity is determined by scanning the
vibrating surface with either a p-p probe (which mea-
sures the sound pressure with two calibrated micro-
phones) or a p-u probe (which measures the sound
pressure and particle velocity). This is a widely used
approach which provides reliable results when the
sound intensity probes are used in an anechoic en-
vironment. However, its accuracy is a�ected by a re-
verberant sound �eld, especially at low frequencies.
The radiated sound power can also be determined by
means of hybrid methods from the measured vibra-
tion velocity and numeric computation. From the vi-
bration velocity v (ω, rS) measured over a number of
points rS distributed over the panel surface, it is pos-
sible, by applying the Rayleigh integral [17, 16], to
compute the sound pressure p (ω, r) radiated at the
position r in the semi-in�nite �uid domain:

p (ω, r) =
iωρ0
2π

∫∫
S

v (ω, rS)
e−ikR

R
dS (3)

where R represents the distance between the posi-
tion rS on the panel surface and the position r in the
acoustic domain and k0 is the acoustic wavenumber.
Form the sound pressure evaluated at each measured

Table II. Geometric characteristics of the investigated ply-
wood panel

Kirchho�'s interpolation
Eθ=0 [Pa] 1.67E+09
Eθ=π/8 [Pa] 1.40E+09
Eθ=π/4 [Pa] 1.18E+09
Eθ=3π/8 [Pa] 1.27E+09
Eθ=π/2 [Pa] 1.37E+09

position over the panel surface p (ω, rS) and the com-
plex conjugate of the vibration velocity v∗, it is pos-
sible to determine the active sound intensity radiated
by the plate as:

I (ω, rS) =
1

2
Re {p (ω, rS) v∗ (ω, rS)} (4)

the radiated sound power can thus be computed by
integrating the sound intensity over the panel surface:

W (ω) =

∫∫
S

I (ω, rS) dS (5)

An alternative approach, known as discrete calcu-
lation method (DCM) [18], computes the radiated
sound power from the complex vibration velocity,
measured on a grid of N points evenly spaced over
the plate's surface, and the numerically computed self
Zii and mutual radiation impedance Zij :

W (ω) =

N∑
i=1

[
Re {Zii} |vi|2 +

N∑
j=1

Re
{
Ziiviv

∗
j

}]
(6)

Both approaches assume a ba�ed panel radiating
in a semi-in�nite space, neglecting thus the room's
in�uence. In order to evaluate the plywood panel's
radiation e�ciency, the vibration velocity was mea-
sured on the investigated panel surface over a grid of
120 points evenly spaced 10 cm apart.

3. Results and discussion

3.1. Structural wavenumbers and elastic

properties

The elastic properties of the investigated panel
were determined from the experimental structural
wavenumbers measured along di�erent directions:
i.e. 0, π/8, π/4, 3π/8 and π/2. The experimental
wavenumbers obtained by maximising the function
given in Eq. 1 were �tted using Kirchho�'s disper-
sion relation for thin plates plates, as shown in Fig-
ure 1. The �tting algorithm provides the estimated
elastic modulus associated to the propagation direc-
tion, as reported in Table II. Like other timber layered
structures, the investigated panel exhibits a slightly
anisotropic behaviour, with the greatest elastic mod-
ulus along the direction parallel to the external layer
�bres orientation: θ = 0, while along the diagonal di-
rections smaller elastic moduli were found.

Euronoise 2018 - Conference Proceedings

- 643 -



frequency [Hz]

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

w
a

v
e

n
u

m
b

e
rs

 [
ra

d
/m

]

0

10

20

30

40

50

60

70

k
exp

k
!t,Kirchho"

Figure 1. Mounting condition of the investigated CLT
plates

3.2. Plate dynamic response and radiation

e�ciency

From the complex dynamic response, measured on
a grid of 120 points, it is possible to visualise the
mode shapes of the mechanically excited panel. Fig-
ure 2 shows, as an example, the plate's resonant
modes identi�ed between 30 Hz and 300 Hz. The
experimental radiation e�ciency, evaluated from the
plate dynamic response by using the DCM approach
[18], is given in Figure 3 in terms of radiation index
Lσ = 10 log σ. In the low frequency range the radi-
ation behaviour is governed by the plate modal re-
sponse. The lower radiation mode, identi�ed by the
peak around 44 Hz, is associated with the �rst plate
resonance. A rising number of structural modes con-
tribute to sound radiation as the frequency increases.
The critical condition, representing the frequency at
which the structural wavenumber propagating along
any possible azimuthal direction of the plate is equal
to or smaller than the acoustic wavenumber propagat-
ing in the air, is found between 2000 Hz and 2500 Hz,
where the curve of the radiation index exhibits a sharp
peak. The critical condition has been consistently ver-
i�ed by comparing the structural wavenumbers kθi
along the �ve investigated directions with the acoustic
wavenumber k0. As shown in Figure 4, the �rst coin-
cidence, associated with the direction θ = 0, is found
around 2000 Hz, while the last coincidence, which also
represents the critical condition, falls around 2400 Hz
and is associated with the propagation angle θ = π/4.

3.3. Results validation

In this section, the results previously presented are
compared with the experimental data obtained by
standard techniques, in order to verify the reliability
of described procedure. The radiation index Lσ,DCM
determined by means of the DCMmethod from the vi-
bration velocity, measured on a grid of points, is com-
pared in Figure 3 to the radiation index Lσ,S.Int. ob-

tained from sound intensity measurements, performed
on the same structure using a p-p probe into the ane-
choic chamber at the Engineering Department of the
University of Ferrara. It should be noticed that in this
latter case it is not possible to use a sine sweep ex-
citation signal, therefore the shaker was driven by a
white noise instead. Also considering that two di�er-
ent excitation signals were used, a good agreement
is shown between the two curves, even though the
radiation index obtained from sound intensity mea-
surement is noisier than the results determined by us-
ing the DCM approach; moreover, the peak associated
with the critical condition is less emphasised, mean-
ing that a lower radiated sound power was measured
by using the sound intensity probe.

To further validate the proposed methodology, the
same panel was also investigated into the sound trans-
mission test facility for small elements of Adler Evo
acoustic laboratories, in Turin, Italy. In this case it
was possible to acoustically excite the panel. Two
sources were used to generate the incident sound �eld
within the reverberant emission room, driven with a
white noise signal. The sound pressure exciting the
plate was measured by means of two rotating micro-
phones, while, on the semi-anechoic receiving side, the
radiated sound intensity was measured by scanning
the panel's surface with a p-p probe. The plate trans-
mission loss TL was determined as:

TL = Lp,1 − Li − 6 (7)

where Lp,1 = 20 log (p1/p0) is the sound pressure mea-
sured in the emitting room (dB re 20µPa) and Li
is the sound intensity level measured on the receiv-
ing side (dB re 10−12W). Moreover, in order to com-
pute the radiated sound power, the panel's dynamic
response was measured over a grid of points equally
spaced 5 cm apart, as described in the previous sec-
tions. In Figure 5 the radiated sound power level
spectrum LW,DCM , computed from the surface vibra-
tion velocity using the DCM approach, is compared
with the sound power level LW,S.Int. determined from
sound intensity measurements. A very good agree-
ment is found between the spectra levels obtained
from the two approaches within the entire frequency
range.

The panel's experimental transmission loss TL, de-
termined from eq. 7 is shown in Figure 6 both in nar-
row frequency and in one-third octave bands. The crit-
ical condition, identi�ed by the dip around 2000 Hz
is consistent with the �ndings obtained from sound
radiation and wavenumber analysis.

4. CONCLUSIONS

In this paper, an alternative test rig to perform a
vibro-acoustic analysis on a lightweight panel, possi-
bly used in building construction, has been presented.
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Figure 2. Experimental mode shapes of the investigated plate, identi�ed between 30 Hz and 300 Hz
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Figure 3. Experimental radiation index of the plywood
panel: comparison DCM and sound intensity results.
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The investigated element, mounted in a steel frame
clamping all four boundaries, was excited by a shaker
driven with a sine sweep signal, while the panel's dy-
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Figure 5. Sound power levels radiated by the plywood
panel acoustically excited by a white noise signal deter-
mined from the experimental sound intensity and vibra-
tion velocity.

namic was determined by measuring the structural
impulse responses, associated with several positions
distributed on the panel's surface, with miniature
accelerometers. The elastic properties of a plywood
board were determined by applying a wave correla-
tion method from the plate's response measured along
a line of points aligned with the excitation position,
for di�erent directions. At the same time, the vibra-
tion velocity measured over a grid of points evenly
distributed over the panel surface, was mapped in
order to visualise the resonant mode shapes of the
structure. Moreover, it was possible to determine the
panel's radiation e�ciency by using a hybrid method
which combines experimental data and numerical cal-
culation, obtaining results which were consistent with
the radiation e�ciency evaluated from sound inten-
sity measurements. The coincidence region of the non-
isotropic investigated structure identi�ed from the
structural wavenumbers is consistent with the one
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Figure 6. Sound transmission loss of the plywood board;
comparison between experimental data (both in narrow
band and one-third octave band) and results from transfer
matrix method (one-third octave band).

highlighted by the radiation e�ciency. In order to
further validate the entire procedure, additional mea-
surements of the radiated sound power with acous-
tic excitation and sound transmission were performed.
Once again, no signi�cant di�erences were shown be-
tween the radiated sound power derived from sound
intensity measurement and the sound power com-
puted from the experimental vibration velocity. Re-
sults of sound sound transmission loss measurement
were consistent with the �ndings obtained by investi-
gating the structural wavenumbers and sound radia-
tion. It has been shown that it is possible to perform
a vibro-acoustic characterisation of a lightweight par-
tition on a small sample, inserted into a steel frame,
obtaining reliable results and reducing time and costs.
This setup can be useful to quickly characterise the
structural elastic properties needed in sound radiation
or sound transmission prediction models.
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