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N.B. Roozena, D. Urbánb,c, E.A. Pianad, C. Glorieuxa

aLaboratory of Acoustics, Soft Matter and Biophysics, Department of Physics and Astronomy, KU Leuven, Celestijnenlaan 200D, 3001
Leuven, Belgium.

bCzech Technical University in Prague, Faculty of Electrical Engineering, Department of Physics,Technicka 2, 16627 Prague, Czech
Republic.

cSlovak University of Technology in Bratislava, Faculty of Civil Engineering, Department of Materials Engineering and Physics,
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Abstract

One of the common ways to increase the energy performance of existing buildings is to add a thermal insulation layer
to their façade elements, which in turn is covered by a thin protecting cement plaster. Such an arrangement is com-
monly known as External Thermal Insulation Composite System (ETICS). This article studies the effect of an ETICS
implementation induced mechanical resonance mechanism, which results in a loss of performance in the sound insulation
spectrum. A mitigating approach is proposed, which is based on an array of dynamic vibration absorbers that were
designed to counteract the decrease of the sound reduction index. Using a wavenumber domain approach combined
with unit cell FEM-modelling employing Bloch-Floquet boundary conditions, numerical predictions are presented for
the sound reduction index. A number of different dynamic vibration absorber designs were tested on a silicate cement
brick wall in a transmission loss facility. The predictions are in good agreement with experimental data obtained by
classical, microphone based acoustic isolation measurements and laser Doppler vibrometry.

Keywords: ETICS, sound reduction index, mass-spring-mass resonance, locally resonant metamaterials, FE method,
laser Doppler vibrometry

1. Introduction

Environmental protection and reduction of energy use
are among the main issues to tackle on the roadmap
towards a sustainable future. European directive
2010/31/UE on the energy performance of buildings states
that edifices account for 40% of total energy consumption
in the European Union (EU). Therefore the energy perfor-
mance of buildings needs to be enhanced. A common way
to improve the thermal insulation of building façades is the
use of an External Thermal Insulation Composite System
(ETICS), which basically consists in adding a layer of ther-
mal insulation material (e.g. expanded polystyrene) to the
base wall, and covering it by a protecting layer of plaster.
Unfortunately, as a consequence of the plaster and ther-
mal insulation layers mechanically acting as a mass-spring
system, the accompanying mechanical resonance typically
leads to a dip in the sound insulation spectrum in the low
frequency range (usually  500Hz), which, in the presence
of outdoor traffic noise, is worsening the indoor acoustic
comfort.

While the ISO 12354-1 [1] standard mentions the nega-
tive effect of ETICS resonances, especially when the mass-
spring-mass resonance frequency lies above 200 Hz (see

Table D.3 of ISO 12354-1), scientific papers addressing
this issue are scarse. Miskinis et al. [2] reported that a
thermal layer made from expanded polystyrene (EPS), not
covered by a plaster layer, does not influence the acoustic
performance of a wall. The authors also mentioned that
a finishing plaster layer is required to protect the EPS,
and that it is providing additional sound insulation in the
higher frequency range (i.e. above the ETICS resonance
frequency). Although they reported the mass-spring-mass
resonance frequencies for the tested ETICS walls, they did
not quantify the sound reduction index at these resonance
frequencies. Santoni et al. [3] developed a numerical model
for the sound reduction index that takes into account the
mechanical connections (dowels) that fix the thermal in-
sulation of ETICS systems to the bare wall. However,
they did not discuss the deterioration of the acoustic per-
formance in the lower frequency range. In earlier publi-
cations, the present authors addressed the deterioration
of the sound reduction index R at the mass-spring-mass
resonance of the ETICS system using numerical models
[4, 5]. Experimental evidence of the occurrence of the dip
in the sound reduction index was given in [6]. The present
work addresses the use of an array of dynamic vibration
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absorbers, sometimes also referred to as a locally resonant
metamaterial structure, to counteract ETICS resonance
induced dip in the noise reduction index.

A dynamic vibration absorber, DVA in short, basically
consists of a seismic mass suspended on a spring - damper
system. The same kind of device is sometimes also referred
to as a tuned mass damper (TMD) [7]. The difference be-
tween a DVA and a TMD lies in the incentive for their use.
A TMD is used to reduce the amplitude of the harmonic
response of mechanical systems subject to tonal excita-
tions. A DVA is typically used for wideband damping or
for counteracting a large number of resonances in a wide
frequency range. For a TMD, the natural frequency of the
device is tuned to the tone of the excitation and its inter-
nal damping is set to be as low as possible. In case of a
DVA, the resonance frequency of the device is tuned to a
frequency in the range of modal frequencies that need to
be suppressed and its internal damping is chosen to min-
imise the broadband resonant response of the controlled
mode(s) [7].

Application of TMDs has shown to be very successful
in noise mitigation strategies of propeller driven aircrafts
where the fuselage is excited by strong aeroacoustic sound
fields that are radiated by the propellers, causing high inte-
rior sound pressure levels. The generated sound spectrum
consists of pure tones at the blade passing frequency and
its harmonics. Fokker Aircraft [8] reported TMD induced
sound reductions of the interior noise levels in the order of
8 to 10 dB at the fundamental blade passing frequency of
102 Hz. This went at the cost of (about 25kg) extra weight,
which is limited though, as the mass increase is reasonably
small with respect to the total mass of the aircraft and
the huge amount of absorbing material otherwise needed
to obtain these reductions. The steady (controlled) rota-
tional speed of the propeller, and thus fixed blade passing
frequency, makes the use of TMDs the most appropriate
choice in this specific case, giving large noise reductions
at rather low frequencies. These reductions can also be
achieved at take-off and landing conditions, by keeping
the rotational speed of the propeller constant under all
circumstances (and controlling the thrust by varying the
propeller blade pitch when needed).

In case of broadband noise issues, DVAs are more suit-
able. Droz et al. [9] used DVAs to improve the sound
reduction index of an aircraft fuselage panel. Experimen-
tal tests using a diffuse acoustic field showed that by us-
ing DVA resonators a reduction of up to 10 dB could be
achieved at and around the ring mode frequency at the
cost of about 5% mass increase of the fuselage panel. In
another application, a DVA array with a subwavelength
spacing was used to reduce the noise radiation of a car
dash panel structure [10]. Different types of DVAs were
used, tuned at three different frequencies, in an effort to
obtain an improvement over a broader frequency range.
Reductions of 5 - 13 dB were obtained.

Since façades are exposed to broadband acoustic exci-
tation, and since the insulation dip in ETICS systems is

pretty broad, DVAs are most appropriate. The question
remains at which resonance frequency the DVAs should
be tuned and how much internal damping gives the best
result. These basic questions were addressed in the clas-
sical work of Ormondroyd and Den Hartog [11]. In this
work, optimum values to minimise the displacement re-
sponse of the host structure were given for the natural
resonance frequency of DVAs and TMDs and their damp-
ing ratio. The natural resonance frequency fDVA of the
DVAs (as well as TMDs) should be tuned according to
the expression fDVA � f0{p1 � µq, where f0 is the reso-
nant frequency of the host structure to be damped and
µ is the ratio of the seismic mass of the DVA to the
(modal) mass of the host structure. The optimal damping
of the DVA, according to Ormondroyd and Den Hartog,
is ηDVA � a3µ{p4p1 � µq3q, where ηDVA is the structural
loss factor of the DVA resonator. For more recent publica-
tions about the classic tuning theory of Ormondroyd and
Den Hartog, see Thompson [12, 13]. These well established
tuning laws can be straightforwardly employed to control
the response at low resonance frequencies, provided that
the modal overlap is not greater than unity [7].

In a numerical study, Van Belle [14] investigated the
impact of internal structural damping of a DVA on the
sound reduction index of infinite as well as finite plates.
The work confirmed expectations that increasing damping
broadens the frequency range where the DVA influences
the sound reduction index, but reduces the peak of the
sound reduction index improvement that can be obtained
by DVAs.

De Melo Filho et al. [15] developed a thermoformed
panel that incorporates DVAs to increase the sound re-
duction index in a specific frequency band. The low cost
thermoforming production process is widely used, bringing
resonant metamaterials closer to industrial applications.

A number of works focused on the improvement of the
acoustic performance of panels or building partitions. For
instance, Milica et al. [16] improved the sound reduction
index of a single particle board by means of a periodical
array of DVAs to counteract the coincidence dip in the
insulation spectrum. Similarly, in a numerical study Liu
et al. [17] used DVAs to improve the noise insulation of a
sandwich plate around the coincidence region.

This paper focuses on the use of DVAs to counteract
the mass-spring-mass resonance dip of ETICS systems.
To the knowledge of the authors, no works addressing
this specific application of DVAs have been published till
now. In the present article, the effect of DVAs on the
sound reduction index of ETICS walls is demonstrated nu-
merically and experimentally. The numerical simulations
combine a wavenumber domain approach with unit cell
FEM-modelling employing Bloch-Floquet boundary con-
ditions. The combined use of a Bloch-Floquet model with
a wavenumber domain approach to compute the transmis-
sion loss of a wall, is new to the knowledge of the authors
as well.

The paper is organized as follows. Section 2 describes
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acoustic measurements carried out in a transmission loss
facility on a 10m2 ETICS wall to reveal its behaviour and
describe the ’ETICS dip’ effect. In section 3 the wavenum-
ber Fourier approach that is combined with unit cell FEM-
modelling, using Bloch-Floquet boundary conditions, is
presented. The method is applied to an ETICS wall in
order to obtain a better understanding of the physical phe-
nomena involved. The design of the DVAs is presented in
Section 4. Section 5 reports on measurement results of
the ETICS wall without and with DVAs. The results were
obtained by laser Doppler vibrometry and by microphone
based acoustic insulation measurements according to ISO
10140-2 [18]. Conclusions are presented in Section 6.

2. Acoustic characteristics of ETICS walls

The sound reduction index of a silicate cement brick
wall with and without ETICS cladding was measured in
the transmission loss facility of the KU Leuven acoustics
laboratory according to the ISO 10140-2:2010 [18] stan-
dard. The volume of both source and receiving rooms was
approximately 87 m3. The dimensions of the test opening
were 3.30 � 3.00 m2.

Two loudspeakers were used simultaneously in the
source room, facing the two corners opposite to the test
opening. Pink noise ranging from 63 Hz up to 5 kHz was
adopted, with a total sound pressure level of 108 dB ref.
20 µPa.

The sound reduction index was measured twice, switch-
ing source and receiving rooms. According to reciprocity
of acoustic wave propagation, the two sound reduction in-
dices should be the same. However, small deviations can
occur due to the non-diffusiveness of the acoustic fields,
to the uncertainty in the measurement of the sound pres-
sure levels in the source and in the receiving rooms and to
the uncertainty of the reverberation time measurements in
the receiving room caused by the limited number of mea-
surement points. A numerical average of the two sound
reduction index measurements was therefore taken.

The wall under test consisted of the following layers, see
Fig. 1, mid graph, from left to right:

� gypsum plaster, thickness 3mm, density 750kg/m3;

� silicate cement brick wall, brick dimensions
300x200x200 mm, thickness 200 mm, weight
per brick: 22.23 kg, density: 1855 kg/m3;

� gypsum plaster, thickness 3mm, density 750kg/m3;

� Expanded polystyrene (EPS) thermal insulation, den-
sity 17 kg/m3, thickness 140 mm;

� reinforcement adhesive mortar based on lime and ce-
ment, thickness 7mm, density 1450 kg/m3, with inte-
grated reinforcement.

Details of the silicate cement brick wall being assembled
in the opening separating the two rooms are shown in Fig.
1. The silicate cement brick wall was resting on the walls

3 mm 
plaster

7 mm 
plaster
with
reinforce-
ment

200 mm
silicate

cement
brick wall

140 mm
EPS

370 mm thick concrete walls
left and right chamber

Rubber vibration isolation mat

Figure 1: Construction of the ETICS wall in the test opening of the
measurement facility at KU Leuven. Photos were taken after the
silicate cement brick wall was build (plaster and EPS not applied
yet).

(a) Wall without plaster (b) Wall with plaster

Figure 2: Silicate cement brick wall with and without plaster.

(a) Application of glue to the
plastered silicate cement brick
wall

(b) Application of the EPS
blocks to the glue

Figure 3: Gluing the EPS blocks to the silicate cement brick wall.

of one of the rooms only. The rubber vibration isolating
mat between the source and receiving rooms, which was
intended to minimize flanking transmission, was kept free.

A picture of the erected silicate cement brick wall is
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shown in Fig. 2a. Figure 2b shows the wall finished with
plaster.

The EPS thermal insulation blocks were glued to the
silicate cement brick wall, spreading glue across the entire
surface (see Fig. 3). In this way, there was no need to
make use of dowels to mechanically connect the EPS layer
to the silicate cement bricks.
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Figure 4: Sound reduction index R of the bare wall and the ETICS
wall, in (a) 1/3rd octaves, and in (b) 1/24th octaves.

The measured sound reduction spectra, obtained ac-
cording to the ISO 10140-2 standard, on (i) the bare wall
(gray solid line), (ii) the ETICS wall two weeks after the
installation of the EPS+mortar coatings (blue solid line)
and (iii) the ETICS wall 2 months after the installation
of the EPS+mortar coatings (blue dashed line), are shown
in Fig. 4, in 1/3 (a) and 1/24 octave bands (b). Below
200 Hz, the trend of the sound reduction index for the bare
wall is relatively flat. Above this frequency the curves fol-
low a slope of 6 dB/octave. The spectra for the ETICS
configurations follow roughly the same trend, but in addi-
tion they exhibit a mass-spring-mass resonance dip around

320 Hz. The loss of the sound reduction index in the 1/3
octave band at 315 Hz is about 10 dB. The frequency re-
gion were the ETICS wall influences the behaviour of the
bare wall ranges between 250 Hz and 400 Hz. In order
to mitigate this ETICS induced loss of performance, two
types of DVA were designed and tested. This aspect is
discussed in the following sections.

3. Theoretical modelling

3.1. ETICS walls

In order to obtain a better understanding of the physics
involved in the ETICS induced acoustic isolation dip, nu-
merical models of the ETICS wall were built. Section 3.1.1
discusses the modelling of the structural dynamic response
to airborne sound of the wall featuring an ETICS system.
Section 3.1.2 discusses the modelling of the acoustic radi-
ation of the vibrating wall by means of a Rayleigh integral
in the wavenumber domain.

3.1.1. Structural response

The structural dynamics of the ETICS wall was mod-
elled by means of a finite element model with Bloch-
Floquet boundary conditions.

One of the first applications of Bloch-Floquet theory
[19] in the finite element method was reported in 1995
[20]. Nowadays, the method is widely used in the anal-
ysis of periodic structures to increase computational effi-
ciency without compromising accuracy. It should however
be noted that the model assumes the structure to be spa-
tially periodic, and thus of infinite lateral dimensions. This
assumption limits the predictive capacity of the model for
real life structures having finite dimensions. Nevertheless,
the study of the wave propagation characteristics for an
infinite wall can give valuable information.

Bloch-Floquet’s theorem [19, 21] states that the prop-
agation of a wave from cell to cell does not depend on
the cell location within the periodic structure. Following
Hussein [22], the displacements of adjacent Representative
Elementary Volumes (REVs) of the periodic structure can
be written as

u pr� d,kq � u pr,kq eipkTdq (1)

where r � tx, y, zu is the position vector, u � tux, uy, uzu
is the displacement vector, d � tdx, dy, dzu is the lattice
spatial periodicity vector, k � tkx, ky, kzu is the wave vec-
tor, and i � ?�1. The real part of the wave vector k is in-
versely proportional to the phase velocity, while the imag-
inary part reflects the attenuation of the wave. By virtue
of Bloch-Floquet’s theorem, wave propagation through the
entire periodic structure can be described by considering a
single REV, with obvious reductions of the computational
effort.
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Figure 5: Representative Elementary Volume, REV, of the ETICS
wall with DVAs.

Young’s density loss tick-
modulus factor ness
[GPa] [kg/m3] [-] [m]

Silicate cement 12.3 1855 0.05 0.2024
Expanded Polystyrene 3.6e-3 14 0.15 0.160
Reinforced adh. mortar 10 1450 0.08 0.007

Table 1: Material properties and thicknesses used in the finite ele-
ment model.

As the ETICS wall is a relatively thin-walled struc-
ture compared to the structural wavelength at the fre-
quencies of interest1, only waves propagating in the lat-
eral x- and y- directions need to be considered. For the
sake of simplicity, in the present work the waves are as-
sumed propagating in the lateral x-direction only. The
geometry of one REV is presented in Fig. 5, showing the
layered structure, typical of an ETICS wall. The spatial
periodicity vectors dx and dy have a length (i.e. the di-
mension of the REV in those directions) of 0.31 m and
0.28 m, respectively. The silicate cement wall (200mm,
1855 kg/m3) and the two plaster layers (each 3mm, 750
kg/m3) on each side of the wall are modelled as a sin-
gle layer with a density of 1855 kg/m3 and a thickness
of (200�1855+2�3�750)/1855=202.4 mm, thus yielding
the same mass per unit area. The materials properties
and thicknesses of the ETICS wall components used in the
model are listed in Table 1. The material properties were
taken from [24] and from the manufacturer of the silicate
cement blocks. Poisson’s ratio was assumed to be 0.33 for
all materials mentioned in the table. The material proper-
ties and dimensions used in the model are representative
of the configuration tested and are described in Section
5. The finishing plaster layer that protects the EPS is a

1Using the classical Love-Kirchhoff thin shell theory, the prop-
agation speed for bending waves cB � ?

1.8cLhf , where cL �a
E{ρp1 � ν2q is the longitudinal propagation speed, f is the fre-

quency, and h is the thickness of the shell. The factor 1.8 is an
approximate number for 2π{?12. For a wall with the properties
listed in Table 1, the wavelength to thickness ratio, f{hcB , is larger
than 7 for frequencies below 500 Hz, which implies that the thin shell
theory is, by approximation, sufficient to account for waves running
in x-direction for frequencies below 500 Hz. See [23] for more de-
tailed considerations on the validity of the Love-Kirchhoff thin shell
theory.

reinforced type of adhesive mortar, and will be called like
that hereafter.
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Figure 6: Dispersion curves of the ETICS wall. Crosses (blue and
red): Bloch-Floquet model of ETICS wall. Solid curves: analytical
dispersion curves for the silicate cement wall only (blue solid curve)
and for the layer of reinforced adhesive mortar only (red solid curve)
obtained with Love-Kirchhoff’s thin plate theory.

Solving the eigenvalue problem for varying prescribed
wavenumbers kx, enforced as Bloch-Floquet boundary
condition, the dispersion curves can be derived [25]. In
the solution of the eigenvalue problem, the real part of the
scanned wavenumber kx was prescribed and the resulting
eigenfrequencies were allowed to be complex to include
damped modes in the analysis. The results of the Bloch-
Floquet computations are shown in Fig. 6. This figure
also shows the Love-Kirchhoff’s thin plate theory results
for the silicate cement wall only and the layer of reinforced
adhesive mortar only cases.

Two asymptotic waves occur for the lower and higher
wavenumbers, i.e. the waves of the ETICS system that
are dominated by the dynamics of the silicate cement wall
(blue solid curve) and the layer of reinforced adhesive mor-
tar (red solid curve) respectively.

Figure 6a shows that the group velocity cg � Bω{Bk
approaches zero for the resonances close to 320 Hz. This
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corresponds to the mass-spring-mass resonance frequency
of the ETICS wall, i.e. the mode where the layer of rein-
forced adhesive mortar and the silicate cement wall act as
masses, and the EPS layer acts as a spring.

The graph with the total loss factor 2 η of the com-
puted eigenmodes as function of wavenumber kx (Fig. 6b)
shows that the modes that are dominated by the silicate
cement wall (blue crosses) have a loss factor η of about
0.05, corresponding to the silicate cement loss factor given
in Table 1. The modes at higher frequencies, which are
dominated by the layer of reinforced adhesive mortar (red
crosses), converge to a loss factor η of about 0.08, which
corresponds to the plaster loss factor. Interestingly, for the
modes at frequencies around 320 Hz, the mass-spring-mass
eigenfrequency (red crosses) exhibits a loss factor of about
0.15, corresponding to the one assumed for EPS. This be-
haviour can be explained by the large deformations in the
EPS layer for this eigenmode.

Finally, Fig. 6c shows the frequency dependence of the
phase velocity of the bending waves, c � <pωq{k. The in-
tersection (see inset figure) of the dispersion curve with
the speed of sound in air, 343 m/s, corresponding to the
lowest coincidence frequency fc (also known as the criti-
cal frequency), occurs at approximately fc=115 Hz, well
below the mass-spring-mass resonance frequency.

The numerically predicted coincidence frequency for the
ETICS wall assembly is in good agreement with the analyt-
ically computed coincidence frequency for the bare silicate

cement wall, which equals [32] fc � c20
2π

b
ρsh

Eh3{p12p1�ν2qq �
115Hz, using c0=343 m/s and the material properties of
the silicate cement wall as listed in Table 1. From this
result it can be concluded that the coincidence effect of
the silicate cement wall with ETICS is dominated by the
dynamic behaviour of the silicate cement wall.

The measurement results in Fig. 4a show a minimum of
the sound insulation index R of the bare wall in the 125
Hz 1/3rd octave frequency band, which is in agreement
with the above identified coincidence frequency. The wall
with ETICS shows a minimum plateau in the 100 and
125 Hz 1/3rd octave frequency bands. However, the mea-
surement data are not conclusive at this point. The large
measurement uncertainty is due to the non-diffusiveness of
the sound fields in sending and receiving rooms, with com-
monly known difficulties to determine the sound insulation
index R at low frequencies [27, 28]

Using the finite element model with Bloch-Floquet
boundary conditions, the structural response of the ETICS
wall assembly to a plane incident airborne sound wave was
calculated for different frequencies and angles of incidence.

Figure 7 shows the magnitude of the velocity response
of the wall to an acoustic plane wave impinging the wall
as a function of frequency and angle of incidence β. Here
β � 0 radians corresponds to the normal incidence case

2Note that the loss factor η � =pω2q{<pω2q � 2=pωq{<pωq for small
values of η [26], where ω is the complex eigenvalue.

and β � π{2 radians corresponds to the grazing incidence
case (see Fig. 5). While varying the angle of incidence,
in accordance to the boundary conditions, the structural
wavenumber was forced to be equal to the projected acous-
tic wavenumber of the exciting field, also called the trace
wavenumber:

kx � k0 sinpβq � ω sinpβq
c0

(2)

where k0 is the acoustic wavenumber in air, and c0 is the
speed of sound in air (343 m/s).
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Figure 7: Numerically predicted velocity response of the ETICS wall
due to acoustic excitation as a function of frequency and angle of
incidence β.

For β � π{2 radians, a peak in the response of the
wall occurs at the critical frequency (fc � 115 Hz). For
lower angles of incidence, the coincidence frequency shifts
to higher values. For instance, at β = 0.6458 rad (37 deg)
a peak in the response occurs at 280 Hz, for which the
projected wavenumber or trace wavenumber equals kx �
3.08 rad/m, cx � 2πf{kx=571 m/s. All coincidence related
peaks are caused by a resonance of the wall with ETICS,
dominated by the silicate cement wall motion (blue crosses
in Fig. 6a,6c).

Around a frequency slightly above 320 Hz, correspond-
ing to the mass-spring-mass ETICS resonance, an increase
in the velocity response occurs for all the angles of inci-
dence (see Fig. 7). This increase is smaller than the re-
sponse at the silicate cement wall-dominated eigenmodes,
as the model assumes that the mass-spring-mass resonance
has a higher loss factor (η=0.15) as compared to the one
of the silicate cement wall-dominated modes (η=0.05).

3.1.2. Acoustic response computation in wavenumber do-
main using Bloch-Floquet FEM model

In this section, the wavenumber domain approach is
combined with the unit cell FEM-modelling approach
that uses Bloch-Floquet boundary conditions to compute
the sound reduction index R of the ETICS wall. The
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wavenumber Fourier approach was originally developed by
Heckl in 1977 [29] and later on it has been widely used in
acoustics [30, 31]. In applied mechanics the method is re-
ferred to as the integral transform method (ITM) [33].

For brevity, the dependence on the angular frequency ω
is omitted hereafter. The velocity of the wall in wavenum-
ber domain, 9Uz, can be computed from

9Uz pkx, kyq �
¼
S

9uz px, yq e�ipkxx�kyyqdxdy (3)

where 9uz is the velocity of the wall measured in normal
direction (z-direction), kx and ky are the wavenumbers
in x- and y-directions, and S is the surface of the baffled
wall. From 9Uz, the acoustic pressure P in the wavenumber
domain at the receiving side of the wall can be computed
from [31]

P pkx, kyq � ρ0c0k0
kz

9Uz pkx, kyq (4)

where ρ0 is the density of air and kz is the acoustic
wavenumber in normal direction to the wall, with

kz �
b
k20 � k2x � k2y (5)

From the acoustic pressure and the acoustic particle ve-
locity, which is equal to the structural velocity of the wall,
the acoustic intensity and thus the radiated active sound
power Π can be calculated by the following Rayleigh inte-
gral solved in the wavenumber domain [31]

Π � ρ0c0k0
8π2

»
Sr

| 9Uz pkx, kyq |2
kz

dkxdky

� ρ0c0k0
8π2

»
Sr

| 9Uz pkx, kyq |2b
k20 � k2x � k2y

dkxdky

(6)

where Sr is the area inside and including the radiation
circle, defined as k2x � k2y � k20.

In the Bloch-Floquet approach, the velocity field is cal-
culated at a discrete number of spatial points and within
the REV only. For the model used, the REV had a dimen-
sion of |dx|=0.31 m and |dy|=0.28 m. The structural re-
sponse was calculated for frequencies from 20 Hz to 500 Hz
for all angles of incidence. The enforced (trace) structural
wavenumbers kx range from 0 up to the wavenumber in
air at 500 Hz, which equals k0 � 2π500{c0=9.16 rad/m.
Thus, in this specific case, the trace wavenumber varied
between 0 and 9.16 rad/m, which corresponds to wave-
lengths ranging from infinity down to λ � 2π{k0 = 0.68
m. These wavelengths, even the smallest ones, are (much)
longer than the characteristic dimensions of the REV. For
this reason the calculation of the structural velocity field
in the (discrete) wavenumber domain based on the veloc-
ity computed in the REV domain only cannot be done
accurately. The wavenumber resolution ∆kx � 2π{dx =
22 rad/m is rather poor, being larger than the maximum
structural wavenumber kx.

This problem can be resolved [25] by periodically repli-
cating the discrete velocity field beyond the REV and ex-
ploiting Bloch-Floquet’s theorem. Applying Eq. 1 in the
x-direction, the replication process can be written as

9u px� ndxq � 9uREV pxq eipnkxdxq, n � 1...N (7)

where 9uREV is the velocity vector for the REV, and N
is an integer number that is large enough (typically) to
obtain a representation of the waves allowing a reason-
ably accurate transformation to the wavenumber domain.
In practice, for calculating the radiated sound power by
means of the approach outlined above, only the velocity in
the z-direction, 9uz, is required.
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Figure 8: Numerically predicted normal component of the velocity
field of the vibrating ETICS wall with DVAs, replicating the REV
solution N=8 times in x-direction, for a frequency f=300 Hz, angle
of incidence β=30/180*π rad, kx=2.75 rad/m and λx=2.29 m. The
inset shows the velocity field within the REV only (dimension 0.31
m � 0.28 m).

To illustrate this procedure, Fig. 8 shows the velocity
field of an ETICS wall featuring a set of dynamic vibra-
tion absorbers (DVAs). The particular effect of DVAs will
be discussed in more detail in Section 3.2. The graph
was obtained by using a replication factor N=8, thus ex-
panding the solution in the spatial x-direction up to 8 �
0.31 m= 2.48 m. Using this replication factor, about one
wavelength can be observed for the frequency and angle of
incidence considered (λx=2.29 m in this specific case), thus
allowing to make a valid conversion to wavenumber domain
by taking a spatial Fourier transform over the replicated
domain. In order to allow for a robust Fourier transform
over a wide range of frequencies and angles of incidence, a
replication factor N � 256 was used in subsequent calcu-
lations, thus expanding the spatial computational domain
to a length of 256 � 0.31 m = almost 80 m. Using this
replication factor, the wavenumber domain resolution ∆kx
equals 2π{Ndx = 0.08 rad/m. In addition, a Hanning win-
dow in the x-direction was applied to reduce leakage.

An example of the wavenumber domain representation
of the considered spatial field using N=256 is shown in
Fig. 9 for f=300 Hz and β=30 deg (corresponding with
λx=2.29). The figure also shows the radiation circle k2x �
k2y � k20. Note that wave components outside the radiation
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(a)

(b)

Figure 9: Spatial dependence of the numerically predicted normal
velocity component of he vibrating wall, for a frequency f=300 Hz,
an angle of incidence β=30/180�π rad, kz=2.75 rad/m and λx=2.29
m. Spatial Fourier transform taken after replicating the REV solu-
tion 256 times along the x- and y-directions. The radiation circle
k2x � k2y � k20 is indicated by a solid blue circle. (a) Linear scale; (b)
Logarithmic scale.

circle are evanescent waves [30], which do not contribute
to the active sound power, and thus do not need to be
considered in the radiated sound power calculations (cfr
Eq. 6). Also note that the side-skirts visible in Fig. 9b
are caused by the wiggles at y=0 m and at y=0.18 m that
can be noticed in Fig. 8. These anomalies are due to the
presence of the DVAs that were used in this model, as will
be discussed further in Section 3.2.

Whilst, for clarity, Fig. 9 shows a wavenumber spectrum
for which the solution at REV-level was replicated in both
x and y-directions, in practice, replicating the wave field in
x-direction only is sufficient. The reason is that only plane
waves propagating in x-direction have been considered, us-
ing a Bloch-Floquet boundary condition. This implies that

the Bloch-Floquet boundary condition in y-direction reads
u px, y � d, zq � u px, y, zq, which means that the wave-
field as shown in Fig. 8 is repeated indefinitely in the
y-direction. Thus, taking the discrete Fourier transform
in y-direction using the REV-solution only (without repli-
cating in y- direction), gives exact results in wavenumber
domain for that part of the (2D) transform.

By means of Eq. 6, the radiated sound power can be
computed from the velocity fields. The intensity of the
acoustic field impinging the wall is given by

pivn � pivi cospβq � p2i cospβq
ρ0c0

� p2bl cospβq
4ρ0c0

(8)

where pi is the incident pressure, pbl is the blocked pressure
(pbl � 2pi), vn is the acoustic particle velocity normal
to the wall, and vi is the acoustic particle velocity along
the wave vector of the incident wave. Thus, the sound
reduction index R of the ETICS wall can be computed as

R � 10 log10

�
p2blS cospβq

4ρ0c0Π



(9)

where S is the surface area of the wall.
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Figure 10: Numerically predicted sound reduction index R (solid
curves) and mass-law predicted sound reduction index (dashed
curves). The ETICS dip is predicted at a frequency of approximately
320 Hz.

The resulting sound reduction index is shown in Fig. 10
for a number of angles of incidence β. For comparison, the
figure also shows the mass-law predicted sound reduction
index [32, 34]

Rmass�law � 10 log10

�
1 �

�
ωρs cospβq

2ρ0c0


2
�

(10)

where ρs is the mass per unit area of the wall. At low fre-
quencies, well below the coincidence frequency, the curves
coincide, providing a validation of the numerical approach
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for low frequencies. A number of dips in the sound re-
duction index R of the ETICS wall can be observed.
Two types of dip occur: one typically occurs due to the
ETICS mass-spring-mass resonance (indicated by the ar-
row ’ETICS’ in Fig. 10), which has a fixed frequency of
about 320 Hz. The other is related to the coincidence dip
(indicated by the arrow ’Coincidence’ in Fig. 10), and
depends on the angle of incidence.

It should be remarked that, for the computation of the
sound reduction index R of a relatively simple ETICS wall
without DVAs, it is not necessary to use the procedure of
replicating the data and exploit the Fourier-domain ap-
proach as defined by equations 3 - 6. In such a case the
simple plane-wave model the problem reduces to the trans-
mission of an obliquely incident sound field through an
unbounded flexible partition, for which R is given by [32]

R � 10 log10

�
p2bl cos2pβq

4ρ20c
2
0   9u2z ¡



(11)

where pbl is the blocked surface pressure and 9uz is the
computed velocity in normal direction to the wall (e.g.
as shown in Fig. 7) and  ¡ denotes spatially averaging.
However, in the presence of DVAs the structural wave-
fields, and thus also the acoustic wavefields, become more
complex (cfr. Fig. 8). To capture these effects the Fourier-
domain approach is the appropriate method.

3.2. ETICS walls with DVAs

In this section, numerical results derived from an FE-
model of the ETICS wall including DVAs are presented.
The same calculation approach as the one described in
the earlier sections was used. The DVAs were modelled
as damped spring-mass systems, where the spring and the
seismic mass were made of solid elements, in contact with
the reinforced adhesive mortar layer placed over an area
of about 0.5 m2. The two important parameters charac-
terising a DVA are the weight of its seismic mass and the
resonance frequency. For the spring, we assumed a fixed
structural loss factor η=0.44, corresponding with the mean
damping factor of DVA Type 1 and Type 2. The choice
of the elastic-damping material and the description of the
two types of DVA will be discussed in Section 4.

An REV of the ETICS wall as illustrated in Fig. 5 was
modelled, including the DVA that is mounted on the layer
of reinforced adhesive mortar of the ETICS wall. Bloch-
Floquet boundary conditions were applied, making the
structure infinite in lateral directions as explained in Sec-
tion 3.1.1. The DVAs were positioned at inter-distances
indicated by tdx, dyu. The seismic mass of the DVA is
denoted by mDVA.

The classical tuning laws of Ormondroyd and Den Har-
tog can be straightforwardly employed to control the re-
sponse at low resonance frequencies provided that the
modal overlap is not greater than unity [7]. Considering
the results obtained from the previous section (Fig.6 in
particular) it can be concluded that these conditions are

met. Referring to figs. 6, 7 and 10 it can be observed that
the mass-spring-mass resonance of the ETICS system is
situated around 320 Hz. In the numerical model discussed
in this section the DVAs were initially tuned at the ETICS
mass-spring-mass resonance frequency fDVA=320 Hz.
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Figure 11: Dispersion curves ETICS wall with DVAs tuned at
fDVA=320 Hz, seismic mass mDVA=0.146 kg, µsc = 0.45%, µml
= 17% (DVA resonance frequency of 320 Hz indicated by dashed
lines in subfigs a and c), for a DVA inter-distance in the x-direction
of 0.31 m. Crosses (navy blue, cerise and purple): Bloch-Floquet
model of ETICS wall. Solid curves: analytical dispersion curves for
the silicate cement wall only (blue curve) and for a layer of reinforced
adhesive mortar only (red curve), obtained by Love-Kirchhoff’s thin
plate theory.

In the theory of Omondroyd and Den Hartog, µ is de-
fined as the ratio of the seismic mass of the DVA to the
modal mass of the host structure. Here we introduce
two more straightforward mass ratios that will be used
throughout the paper. The mass increase due to the pres-
ence of the DVAs, relative to the mass of the silicate ce-
ment wall and relative to the reinforced adhesive mortar

9



layer, denoted by µsc and µml, respectively, are defined as

µsc � mDVA

ρschscdxdy
(12)

µml � mDVA

ρmlhmldxdy
(13)

where ρsc and ρml is the mass density of silicate cement
and the mortar layer, respectively, and hsc and hml is the
thickness of the silicate cement wall and the mortar layer,
respectively.

Solving the Bloch-Floquet eigenvalue problem for the
ETICS wall with DVAs with a seismic mass mDVA of 0.146
kg and a DVA inter-distance of tdx, dyu � t0.31, 0.28um
yields the results shown in Fig. 11. Using the mate-
rial properties and thicknesses listed in Table 1, the rel-
ative mass increase amounts µsc = 0.45%, µml = 17%,
in this case. The modal mass µ is about 20%. The re-
sults are compared with analytical solutions for (i) the
silicate cement wall only and (ii) a layer of reinforced ad-
hesive mortar (solid curves), both computed by means of
Love-Kirchhoff’s thin plate theory. Compared to the bare
ETICS wall, which exhibits a single mass-spring-mass res-
onance (Fig. 6), in this case two resonances occur, one at
250 Hz and one at 385 Hz. This reflects the presence of two
eigenmodes, for which, respectively, the seismic mass of
the DVA vibrates in-phase (the lower eigenfrequency) and
oppositely (the higher eigenfrequency) with the ETICS-
system.
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Figure 12: Numerically predicted frequency dependence of the
velocity response of the ETICS wall with DVAs to perpendicu-
larly incident (β=0 rad) airborne sound, tdx, dyu � t0.31, 0.28um,
fDVA=320 Hz, mDVA=0.146 kg, µsc = 0.45%, µml = 17%.

Figure 12 shows the spectrum of the structural response
of the wall to perpendicularly incident (β=0 rad) airborne
sound, evaluated at a point of the plaster just in between
two DVAs and the response of the seismic mass of the
DVAs. The above mentioned resonances at 250 Hz and
at 385 Hz are clearly visible, although, due to damping,
the maximum amplitudes occur at slightly lower frequen-
cies. A minimum in the response of the plaster occurs in

between the two resonance frequencies. The plaster and
seismic mass vibrate in phase at and below the first res-
onance frequency, and in counterphase at and above the
second resonance frequency, confirming the phenomenol-
ogy mentioned above.

(a) f=240 Hz. (b) f=360 Hz.

Figure 13: Numerically predicted spatial velocity field of the
ETICS wall with DVAs, in response to perpendiculary incident
(β=0 rad) airborne sound, tdx, dyu � t0.31, 0.28um, fDVA=320 Hz,
mDVA=0.146 kg, µsc = 0.45%, µml = 17%. DVAs positions are in-
dicated by black solid lines. Symmetry lines are indicated by black
dashed lines.

The spatial vibration patterns, as computed by the
Bloch-Floquet model, are shown in Fig. 13 for the two
peak frequencies. The span-of-control of the DVAs, i.e. the
spatial region for which a reduction in the vibration levels
can be obtained, is limited, due to the finite (low) stiffness
of the 7mm layer of reinforced adhesive mortar. Interest-
ingly, Fig. 12 shows that at 240 Hz the DVA is vibrating
at a much higher level than the layer of reinforced adhe-
sive mortar, ’pulling’ the layer of adhesive mortar with
in-phase-vibrations, whilst at 360 Hz, the DVA is vibrat-
ing at about the same level as compared to the layer of
reinforced adhesive mortar (out-of-phase).
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Figure 14: Numerically predicted velocity response of the ETICS
wall with DVAs due to acoustic excitation as a function of frequency
and angle of incidence β, tdx, dyu � t0.31, 0.28um, fDVA=320 Hz,
mDVA=0.146 kg, µsc = 0.45%, µml = 17%.

Following the same approach as in the previous section,
the structural response to an incident plane acoustic wave
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of the ETICS wall featuring the DVA was calculated. Fig-
ure 14 shows that the minimum in the response in between
the two resonance frequencies, at 250 Hz and 385 Hz, oc-
curs for all angles of incidence.
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Figure 15: Numerically predicted sound power radiated by
the ETICS wall wihout and with DVAs (dx=0.28m, dy=0.31m,
fDVA=320 Hz, mDVA=0.146 kg, µsc = 0.45%, µml = 17%) due
to normal incident (β=0 rad) plane wave acoustic excitation as a
function of frequency.

Using a wavenumber Fourier transform (section 3.1.2)
the sound power radiated by the acoustically excited
ETICS wall with DVAs was calculated, replicating the ve-
locity field in the x-direction, using a replication factor
N=256 and a Hanning window. As the ETICS-dip occurs
at a fixed frequency, independently from the angle of in-
cidence β (see Fig. 10), the further analysis is restricted
to a normally incident acoustic wave. Figure 15 shows the
sound power Π radiated by the ETICS wall with DVAs,
employing Eq. 6. The sound power radiated by the ETICS
wall without DVAs is shown as a reference.

The reduction of the radiated sound power around
320 Hz, i.e., the resonance frequency of the DVA’s on a
fixed base, is evident. This is a known behaviour of DVA’s:
at the (fixed-base) resonance frequency of the DVA a vi-
bration reduction of the structure to which the DVA is
attached, is obtained. However, this happens at the ex-
pense of an increased vibration, and hence radiated sound
power, below and above the (fixed-base) DVA resonance
frequency. In this case, at 250 Hz the seismic mass is res-
onating in-phase with the wall, while at 385 Hz the seismic
mass is resonating out-of-phase with respect to the wall.

Fig. 15 shows the sound power Π computed from the
velocity field including and excluding the motions of the
seismic mass. In the latter case the sound radiation of
the seismic mass was not taken into account. In the fre-
quency region around 250 Hz (plaster and seismic mass
vibrating in-phase) the seismic mass contributes to the ra-
diated sound power, while in the frequency region around
385 Hz (plaster and seismic mass vibrating out-of-phase)

the seismic mass reduces the radiated sound power due to
constructive interference.
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Figure 16: Numerically predicted sound reduction index R for nor-
mally incident (β=0 rad) airborne sound, for a DVA resonance fre-
quency fDVA=320 Hz, and for varying DVA inter-spacing. (a) Fixed
seismic mass m=0.146 kg. (b) Fixed mass ratio µsc = 0.45%, µml
= 17%, corresponding to a modal mass ratio µ = 20%.

Figure 16a depicts the numerically predicted sound re-
duction index R for normally indicent airborne sound for
different inter-distances and a fixed mDVA and varying the
inter-distances tdx, dyu. The smaller the inter-distances
tdx, dyu, the higher the sound reduction index R around
320 Hz, as a result of the larger modal mass ratio µ. In
Fig. 16b the inter-distance is varied while keeping the
modal mass-ratio µ (� µml) constant. From this figure it
can be concluded that the inter-distances tdx, dyu should
be chosen wisely. A very small inter-distance leads to good
results, but a large number of DVAs is impractical.

The span of control is defined as the spatial region for
which a reduction in the vibration levels can be obtained.
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For too large inter-distances the performance of the DVAs
diminishes, as a consequence of the limited span of control
of the DVAs (see also discussion on Fig. 13 earlier in this
section).

(a) dx=dy=0.2m,
mDVA=0.0655 kg, f1=254.2 +
18.7i Hz (η=7.4%).

(b) dx=dy=0.2m,
mDVA=0.0655 kg, f2=387.8 +
28.3i Hz (η=7.3%).

(c) dx=dy=0.4m,
mDVA=0.262 kg, f1=216.0 +
14.3i Hz (η=6.6%)

(d) dx=dy=0.4m,
mDVA=0.262 kg, f2=334.6 +
23.7i Hz (η=7.1%)

Figure 17: Numerically predicted eigenmodes (deformed shapes)
of ETICS wall with DVAs, Bloch-Floquet boundary conditions
corresponding to β=0 rad (yielding z-direction motions only),
fDVA=320 Hz. In all cases µsc = 0.45%, µml = 17%, corresponding
to a modal mass ratio µ = 20%. Color scale indicates the vibration
amplitude. Only one quarter of the model shown.

The effect of the limited span of control is illustrated in
more detail in Fig. 17, which shows the two coupled eigen-
modes of the ETICS wall with DVA for a small and a large
inter-spacing tdx, dyu, keeping the modal mass ratio µ con-
stant (as in Fig 16b). The span of control is limited due
to the finite (low) stiffness of the 7mm layer of reinforced
adhesive mortar. For the inter-distance dx=dy=0.2 m, the
first two eigenfrequencies occur at 254 Hz and 388 Hz, cor-
responding to the two dips in the sound reduction index
R shown in Fig. 16b for this case. For the inter-distance
dx=dy=0.4 m, the first two eigenfrequencies occur at sig-
nificantly lower frequencies; 216 Hz and 335 Hz. Also at
these eigenfrequencies a dip in the sound reduction index
R can be observed. The reason why the eigenfrequencies
shift down in frequency when increasing the inter-spacing
tdx, dyu is that the the stiffness of the layer of reinforced
adhesive mortar is decreasing due to its local deformation
as illustrated in Fig. 17c and 17d. These effects are related
to the reduction of the span of control of the DVAs with
increasing inter-spacing causing a shift of the frequency
with maximum impact on the sound reduction index R
towards lower frequencies. Using a too large inter-spacing
also reduces the performance of the DVAs, as results from

the deformation pattern shown in Fig. 17c,17d.
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Figure 18: Numerically predicted sound reduction index R for nor-
mally incident (β=0 rad) airborne sound, a fixed seismic mass
mDVA=0.146 kg, dx=dy=0.3 m, modal mass ratio µ=20%, and vary-
ing resonance frequency fDVA

In the analysis discussed above, the DVAs were tuned
at fDVA=320 Hz, equal to the ETICS mass-spring-mass
resonance f0. As mentioned above, according to Ormon-
droyd and Den Hartog [11] the resonance frequency of the
DVA should be tuned slightly below the natural frequency
of the host structure f0: fDVA � f0{p1 � µq. This implies
that the optimal tuning frequency equals 320 / (1 + 0.2)
= 270 Hz. In order to study the impact of the resonance
frequency of the DVA on the noise reduction index R, an
additional analysis was performed, as discussed below.

Considering the results shown in Fig. 18 a tuning of
the DVA to 320 Hz might be seen as an optimum tuning
frequency, as this tuning gives the optimum increase of R
at the frequency where the ETICS system has a minimum.
However, in the original optimisation used by Omondroyd
and Den Hartog, the criterion to choose the optimal value
for fDVA was to tune the DVA in such a way that the mag-
nitude of the displacement response at the two dips in R
that are caused by the two resonances of the coupled DVA-
wall system are equally low [35]. This occurs at a tuning
frequency between fDVA=280 Hz (dash-dotted cure) and
320 Hz (dashed curve). However, the limited span of con-
trol of the DVAs also causes a shift of the frequency with
maximum impact on the sound reduction index R towards
lower frequencies, as explained in the previous paragraph.

It is also true that for practical reasons, the inter-
distances tdx, dyu are preferred to be as large as possible in
order to reduce the number of DVAs required. In addition,
the negative effects of the DVAs dips in R caused by the
two resonances of the coupled system should not be too
deep, whilst at the ETICS resonance frequency the sound
reduction index R should preferably be as high as possi-
ble. Taking into account all these considerations, the inter-
distance tdx, dyu= t0.31, 0.28um is considered the maxi-
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mum distance and a seismic mass mDVA=0.146 kg (corre-
sponding to a modal mass-ratio µ=20%, µsc = 0.45%, µml
= 17%) is considered the minimum weight of the seismic
mass that would allow for reasonable effects of the DVAs.
According to the classical tuning laws the optimal damping
reads ηDVA �a3µ{p4p1 � µq3q, which gives ηDVA �0.3.
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Figure 19: Numerically predicted sound reduction indexR for normal
incident (β=0 rad) plane wave acoustic excitation. Solid curves:
DVAs mounted at silicate cement wall side. Dashed curve: DVAs
mounted at plaster side.

Needless to say that the DVAs should be mounted on
the plaster side, and not on the base wall of the massive
ETICS wall. For the sake of illustration, the numerical
simulations were repeated for a case in which the DVAs
are mounted at the silicate cement wall side. Fig. 19
shows that the seismic mass of the DVAs need to be much
higher when mounted on the silicate cement wall side. Ac-
tually, the mass of each single DVA needs to be 8.28 kg
for tdx, dyu=0.3 m, µ=0.2. Since the sound reduction in-
dex below the coincidence region is strongly influenced by
the mass per unit area of the wall, the added mass also
gives a slightly higher sound reduction index R at lower
frequencies (20 � log10p1.2q � 1.6dB).

4. Tuning and manufacturing of the DVAs

As the measurements presented in Section 2 showed that
the ETICS-dip occurs in the frequency range 250 - 400
Hz, DVAs were designed and constructed to compensate
as much as possible for the reduced noise reduction in-
dex R in this frequency range. In the previous section
minimum requirements for the DVAs were derived on the-
oretical grounds. However, in real life, the realisation of
a DVA based on commercial items is bounded by practi-
cal constraints like the available types of materials for the
spring, and the available dimensions (and thus weights) of
available seismic masses.

During the experimental campaign two DVA-types were
tested. Both types of DVA consisted of an elastic material

(a) EPS based DVA Type 1

(b) Sorbothane based DVA
Type 2a

(c) Sorbothane based DVA
Type 2b

Figure 20: DVA Types 1, 2a and 2b.

and a seismic mass. The elastic materials used were re-
spectively Expanded Polystyrene (EPS) and Sorbothane
(from Sorbothane, Inc., Kent, Ohio, USA). The seismic
mass consisted in an assembly of so-called ”Fender” wash-
ers. Details of the EPS based DVA, denoted as DVA Type
1, are listed in Table 2. The Sorbothane-based DVA was
tested in two configurations, denoted by DVA Type 2a and
type 2b. These differed in the weight of the seismic mass
(See Table 2 for details). A picture of the different types
of DVA is shown in Figure 20.

DVA Type 1 contained only 1 Fender washer as seismic
mass. DVA Type 2a and type 2b contained a seismic mass
that was composed of a number of Fender washers. The in-
terface washer (i.e the one in contact with the Sorbothane
material) was the same for both the type 2 DVAs, hav-
ing an inner diameter of 20 mm and an outer diameter of
54 mm. In addition to the interface washer, Type 2a had
two Fender washers with dimension 80mm outer, 22 mm
inner diameter, 5 mm thickness. Figure 21a shows a num-
ber of assemblies of this type. Type 2b contained only one
additional Fender washer of the same type. The washers
were glued together by means of Loctite 415. Sorbothane
material is quite sticky and self-adhesive, which allowed
the washers to be mounted to the disk without using glue.

4.1. Modal analysis results

Modal analysis tests were performed to determine the
fundamental resonance frequencies and the loss factors of
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Type 1 Type 2a Type 2b
Elastic material EPS Sorbothane 30 DURO Black
thickness 5 mm 6.35 mm (0.25”)
diameter 76.2 mm (3”)
Seismic mass 1 washer 1+2=3 washers 1+1=2 washers
total weight 146 g 410 g 230 g
interface washer none Idin = 20 mm, Idout = 54 mm

Table 2: Details of DVA Type 1, type 2a and type 2b

(a) Assembled seismic
masses for Sorbothane
based DVAs Type 2a. The
interface washers on top.

(b) Modal analysis testing of
EPS based DVA on a rigid
foundation.

Figure 21: Assembled seismic masses and modal analysis testing.

the different types of DVAs. The spring-element of the
DVA was rigidly mounted on a heavy, thick floor (Fig.
21b). The measured transfer functions, from hammer force
to acceleration, are shown in Fig. 22. The loss factors η
of the fundamental resonance frequencies of the two DVA
types were determined using the half power bandwidth
approach [36].

The resulting eigenfrequencies and loss factors are sum-
marized in Table 3. It turns out that Sorbothane based
DVAs are much more damped than the EPS based ones.
The high damping of Sorbothane was the main reason
to select this material as elastic layer of Type 2 DVAs.
Note that the squared ratio of the eigenfrequencies of DVA
Type 2a and Type 2b ( (426 Hz/323 Hz)2=1.74 ) corre-
sponds well with the ratio of the seismic masses of Type 2a
and Type 2b ( 0.410 kg/0.230 kg=1.78 ), thus confirming,
to some extent, the linearity of the Sorbothane spring.

As concluded in theoretical Section 3.2, the maximum
allowable inter-distance equals tdx, dyu= t0.31, 0.28u m,
and the minimum weight of the seismic mass equals
mDVA=0.146 kg (corresponding to a modal mass-ratio
µ=20%, µsc = 0.45%, µml = 17%). The optimal DVA
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(b) Sorbothane based DVA
Type 2a and Type 2b

Figure 22: Modal analysis transfer functions, DVA on rigid founda-
tion

DVA Type Eigenfrequency [Hz] Loss factor η [-]
1 319 0.157
2a 323 0.73
2b 426 0.61

Table 3: Eigenfrequencies and loss factors of DVA Type 1, 2a and
2b.

(a) 100 DVAs (b) 100 DVAs, detailed
view LDV scan area

Figure 23: EPS based DVAs Type 1 mounted on the wall

natural frequency is about fDVA=320 Hz, and the optimal
loss factor of the DVA equals ηDVA=0.3. To this respect,
Type 1 DVA satisfies the natural resonance frequency very
well. However, its damping is too low (see Table 3), as
compared to the optimum predicted by the classical tun-
ing law. DVA Type 2, on the other hand, has a bit too
high amount of damping. Its natural resonance frequency
is fair for Type 2a and a bit too high for Type 2b. The seis-
mic mass of Type 1 DVA (146 gram, see Table 2) is equal
to the minimum weight from a theoretical point of view.
The seismic mass of Type 2b DVA (230 gram) is a bit too
high, and the seismic mass of DVA Type 2a (410 gram)
is much higher than the minimum weight given in Section
3.2. It should be noted that a higher seismic mass gives,
according to the predictions, a bigger impact on the sound
reduction index R.

The DVAs were mounted on the plaster side of the
ETICS wall as suggested in the previous section. The
inter-spacing of the DVAs was gradually varied, starting
from a course grid up to a fine grid, allowing to investigate
the effect of the inter-spacing from an experimental point
of view. The DVAs were mounted along a regular grid, as
shown in Fig. 23 and Fig. 24. An interspacing tdx, dyu
between the DVAs of 64 cm, 64 cm interlaced (resulting
in an effective interspacing of dx � dy=0.64m{?2=0.45m)
and 32 cm was used for the 5 � 5 = 25 DVAs, 10 � 10 in-
terlaced=50 DVAs and 10 � 10=100 DVAs configuration,
respectively. The configurations tested are summarized in
Table 4.

5. Measurement results on ETICS wall with DVAs

Measurements on the ETICS wall were conducted to
determine the effect of the DVAs in terms of vibrational
and acoustic response to airborne sound. The wall was ex-
posed to pink noise in the sending room of a transmission
loss facility, as described in Section 2. The vibrational re-
sponse was measured by means of a scanning laser Doppler
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(a) 25 DVAs (b) 50 DVAs

(c) 100 DVAs (d) 100 DVAs

Figure 24: Sorbothane based DVAs Type 2 mounted on the wall

DVA # of DVAs dx,dy µsc µml
(Eq.12) (Eq.13)

Type 1 25 (5�5) 0.64 m 0.1% 3.5%
(146g) 50 (10�10 interlaced) 0.45 m 0.2% 7%

100 (10�10) 0.32 m 0.4% 14%
Type 2a 25 (5�5) 0.64 m 0.3% 10%
(410g) 50 (10�10 interlaced) 0.45 m 0.5% 20%

100 (10�10) 0.32 m 1% 39%
Type 2b 100 (10�10) 0.32 m 0.6% 22%
(230g)

Table 4: DVA configurations tested.

measurement system (discussed in Section 5.1). The noise
reduction index R was measured according to ISO 10140-2
(discussed in Section 5.2).

5.1. Laser Doppler vibrometry results

The response of the ETICS wall was measured at the
receiving side of the structure by means of an in-house
developed scanning laser Doppler vibrometer system com-
prising a single head laser Doppler vibrometer, Polytec
OFV-505, a Polytec controller OFV-5000, and a dual-axis
scanning mirror system from Thorlabs. The vibrational
response was measured along an area of 1.32 m � 1.20 m,
in the bottom right corner of the 3.30 m � 3.00 m wall,
as shown in Fig. 25. A limited portion of the ETICS wall
was measured to reduce the measurement time. The vi-
brational response was measured every 4 cm along a 2D
grid of 33 (horizontal) � 30 (vertical) points, n=990 points
in total. The response of each DVA in the measurement
area was measured as well using 4 points per seismic mass.
Signals were recorded at a sampling rate of 44.1 kHz. As
the highest frequency of interest of the LDV measurements
is especially around the eigenfrequency of the DVAs, the
data could be downsampled to 4.41 kHz before processing
in order to reduce the amount of storage required. An ac-
celerometer at a fixed position on the wall (plaster side),
in the bottom right, about 15 cm from the edges, was used
as a reference signal r to reconstruct the phase of the re-
sponse. The frequency response function Hri between the

response of the structure at point i, i � 1...n, as mea-
sured by the LDV, relative to the reference signal r, can
be estimated using the optimal estimate [37]:

Hir pωq � Sir pωq
Srr pωq (14)

where the cross-spectra between the response of the struc-
ture at n positions and the reference signal are denoted by
Sir pωq, and the autospectrum of the reference signal by
Srr pωq. The estimates for Sir pωq contain the phase infor-
mation between the responses at points i, with i � 1...n,
and the reference response at point r, from which the mu-
tual phase differences between the responses at pairs of
points i and j, with i, j � 1...n, can be determined as

Hij pωq � Sir pωq
Sjr pωq (15)

The autospectrum of the reference signal can be estimated
by taking the average from the n measurement passes [38],

xSrryn � 1

n

ņ

i�1

Srrpiq , (16)

yielding an improved signal to noise ratio as compared to
each individual autospectrum Srrpiq (theoretically a factor?
n) [39, 38]. In combination with the frequency response

functions Hri for different locations i, the averaged veloc-
ity response function vi (units: [ms�1]) at each individual
point i, can be estimated as [38]:

vi � Hri

a
xSrryn (17)

Each transfer function Hri in Eq. 15 was computed using
a record length of 2.6 s (yielding a frequency resolution
df=0.385 Hz), 16 averages with 75% overlap (total mea-
surement time 13 s) and using a Hanning window. The to-
tal measurement time for the set of n=990 points, adopted
for the measurements, was somewhat less than 6 hours (in-
cluding the transfer time of the measurement data and the
waiting time to stabilize the mirrors). The computed ve-
locity response vi at each point on the surface of the wall
(Eq. 17), including its phase information, forms the ba-
sis of the following analysis, in which emphasis is put on
the results obtained for DVA Type 2. In Section 5.2 the
ISO 10140-2 results are presented for both DVA types 1
and 2.

The operational deflection shapes of three configurations
tested (ETICS wall without DVAs, ETICS wall with 50
DVAs Type 2a and ETICS wall with 100 DVAs Type 2a)
are shown in Fig. 26 for a single narrow band frequency
close to the ETICS mass-spring-mass resonance frequency.
The DVAs clearly reduce the vibration levels.

Figure 27 presents the spatially averaged vibration level
for the ETICS wall and for the ETICS wall with Type 2
DVAs as measured by the LDV. The 1/12th octave band
spectra show that, for Type 2a DVA, the reduction in the
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(a) 25 DVAs (b) 100 DVAs

Figure 25: LDV scan area. Retro-reflecting pieces of tape used to
increase the optical reflection are clearly visible due to camera flash.

vibration level is roughly occurring in the frequency range
from 250 Hz up to 320 Hz. This frequency range is below
the damped resonance frequency of Type 2a DVA, which is
about 323 Hz. This effect can be a consequence of the very
high loss factor η=0.73 of this configuration (see Table 3)
It can also be caused by the limited span of control which
causes the frequency with maximum impact on the sound
reduction index R to be shifted towards lower frequencies,
as observed in the numerical simulations (Section 3.2).

Since Type 2a DVA acts at lower frequencies than an-
ticipated, it was decided to test another configuration,
Type 2b DVA, having a higher eigenfrequency. The latter
was realised by reducing the seismic mass of the DVA (see
Table 2 for details). As expected, in Fig. 27 (dashed
curve), the maximum response occurs at a higher fre-
quency, which is slightly better tuned to the ETICS res-
onance dip, yielding a reduction of the spatially averaged
vibration levels ∆LV of 10 dB at 300 Hz.

The ratio of the vibration levels of the DVA seismic
mass to the vibrations of the wall just around a DVA was
computed by taking the average (complex) value of the
transfer functions at 4 positions distributed on the seismic
mass of one DVA and considering the spatial average of
20 measurement points placed around the DVA. The re-
sulting transfer functions are shown in Fig. 28. At very
low ( 100 Hz) and very high (¡500 Hz) frequencies, the
vibration levels of the DVA seismic mass are the same as
the vibrations levels of the plaster wall (∆LV � 0). Fig-
ure 28b and 28c show that below approximately 280 Hz
the movements of the DVA seismic mass and the wall are
in phase and ∆LV is positive, meaning that the DVA seis-
mic masses are vibrating with a higher amplitude than
the wall. This experimental observation is in full agree-
ment with the numerical simulation results shown in Fig.
12 (Section 3.2). Above approximately 280 Hz, ∆LV is
negative, meaning that the DVA seismic mass is vibrating
at a lower level as compared to the wall, which is also in
agreement with the results shown in Fig. 13.

As the DVAs can have vibration levels that are higher
than the ETICS wall at specific frequencies, in the com-
putation of the spatially averaged vibration levels of the
plaster from the LDV data, the vibrations of the DVA seis-
mic masses were discarded. The results (Fig. 29) show a
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Figure 26: Operational deflection shapes at 297 Hz (narrowband
FFT result), for different wall configurations.
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Figure 27: Spatially averaged vibration levels LV and vibration level
differences ∆LV of the plaster wall, excluding the DVA’s. a) LV
as measured per case. b) Level difference ∆LV relative to the case
(wall+ETICS).
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(c) Unwrapped phase

Figure 28: Vibration of the DVA seismic mass relative to the vibra-
tions of the wall, narrowband FFT spectra. Solid thick curves: wall
with 100 DVAs Type 2. a): Level difference. b) Phase difference. c)
Unwrapped phase difference.
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Figure 29: Spatially averaged vibration levels LV and vibration level
differences ∆LV , computed from LDV data, excluding the DVAs. a)
LV as measured per case. b) Level difference ∆LV relative to the
case (wall+ETICS).

lower vibration level than the one given in Fig. 27, espe-
cially in the frequency range from 200 - 280 Hz. In effect,
omitting the DVA seismic masses and considering the vi-
brations of the plaster layer only, the configuration of 100
DVAs Type 2b gives a reduction of the spatially averaged
vibration levels ∆LV of more than 10 dB in the 280 and
300 Hz 1/12th octave bands (see dashed curve in Fig. 29).

The sound power radiated from the area that was mea-
sured by the LDV scanning system can be calculated by
evaluating the Rayleigh integral (in spatial domain, not
in wavenumber domain as was done in Section 3.1.2) over
this area [27]. In this approach the receiving room was as-
sumed to be a semi-infinite acoustic domain and the test
wall was baffled. The acoustic pressure p pr, ωq at position
r in the acoustic domain, caused by the vibrating surface,
can be calculated as

p prq � iωρ

2π

¼
S

vK prSq e
�ikR

R
dS (18)

where vK prS, ωq denotes the velocity in the normal direc-
tion at position rS of the vibrating surface (e.g. vi in Eq.
17), S denotes the area of the vibrating structure, R is the
distance between r and rS. Since the normal component
of the active acoustic intensity I along the surface S of a
vibrating test wall is given by

I prSq � 1

2
Re rp prSq v�n prSqs (19)

where Re denotes the real part of a complex quantity and
the asterisk denotes the complex conjugate, the total ra-
diated active sound power P can be obtained by

Π �
¼
S

I prSq dS (20)

The computation of p prS, ωq involves a proper handling
of the singularity in Eq. 18 when R � 0, and has been
described in many text books (e.g. [40], see also paper
[27]). Again, for the sake of brevity, in Eqs. 18,19 and 20
the dependence on the angular frequency ω was omitted.

The calculated results in Fig. 30c show that the DVAs
increase the sound radiation up to 3 dB in the frequency
range from 180 up to 250 Hz for DVA Type 2a and up
to 2.5 dB in the frequency range from 200 up to 300 Hz
for DVA Type 2b. Because of this contribution to the
sound radiation at specific frequencies, it is advisable to
incorporate the DVA in the EPS-layer. This concept is
recommended to be implemented for further research, so
that the sound reduction index will not be adversely af-
fected by the sound radiated by the DVAs at its resonance
frequency. This concept was also proposed for the same
reason in a theoretical study by Liu et al. [17] for DVAs
embedded in sandwich structures. In the determination of
the sound reduction index R according to ISO 10140-2 (as
discussed in the next section), a correction has been ap-
plied to eliminate the sound radiation of the DVAs seismic
masses.
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Figure 30: Active sound power LW , computed from LDV data. (a)
including the sound radiation of the DVAs; (b) excluding the sound
radiation of the DVA; (c) difference of subplots a and b.

In conclusion, the laser Doppler measurement campaign
showed that at specific frequencies a reduction of the
spatially averaged vibration level of about ∆LV =10 dB
or more (Fig. 27 and 29, DVA Type 2b, µsc=0.6%,
µml=22%). Using the measured vibration level as a ba-
sis for the computation of the radiated sound power, a
reduction of the radiated sound power ∆LW ranging from
2 to 10 dB was computed when excluding the sound radi-
ation of the DVA seismic masses (Fig. 30). Including the
sound radiation of the seismic masses led to a reduction of
∆LW up to 3 dB.

5.2. ISO 10140-2 results

The results of the measurements performed to assess the
sound reduction index R following ISO 10140-2 standard
are shown in Fig. 31 and 32 for the EPS based Type 1
DVAs, together with the ETICS-wall as a reference. While
the effect of the DVAs Type 1 on the 1/3rd octave bands
is difficult to notice, the effect can clearly be seen in the
better resolved 1/24th octave bands spectra. A sharp im-
provement in the noise reduction index of about 10 dB
occurs at a frequency of 320 Hz, in case of 100 DVAs.
The tested configurations with a lower number of DVAs
turn out not be effective for counteracting the ETICS dip
which can be explained by the limited span of control of
the DVAs. At least 100 DVAs (spacing tdx, dyu=0.32 m)
Type 1 are needed in order to obtain a significant effect,
which is in agreement with the requirement stated in the
theoretical Section 3.2.

The measured sound reduction index results R for the
Sorbothane-based Type 2 DVAs are shown in Fig. 33 and
34. Due to their higher damping ratio, the Sorbothane-
based DVAs have a more broad-band effect as compared
to the EPS based DVAs Type 1. Again, at least 100 DVAs
were required to obtain a significant increase of the sound
reduction index, in agreement with the numerical models
presented in Section 3.2. Using 100 DVAs with a seismic
mass of 410 grams (Type 2a) increases the sound reduction
index in the frequency range from 200 - 300 Hz by about
5 - 7 dB. Using a seismic mass of 230 grams (Type 2b,
mDVA=0.230 kg, µsc = 0.6%, µml = 22%) the improve-
ment shifts this frequency range up to 240 - 350 Hz. This
shift in frequency is in reasonable accordance with the ra-
tio
a

410{230=1.34. In the frequency range from 220 to
285 Hz improvements of the sound reduction index R rang-
ing from 7-10 dB were obtained for 100 DVAs Type 2b (see
Fig. 34).

Configuration Rw C Ctr
wall 53.4 -1.8 -5.7
wall+ETICS 52.2 -2.5 -6.3
wall+ETICS + 25 DVAs, Type 1 52.3 -2.1 -6.0
wall+ETICS + 50 DVAs, Type 1 52.5 -2.3 -6.4
wall+ETICS + 100 DVAs, Type 1 52.6 -2.3 -6.5

Table 5: Single number quantities, EPS based DVAs (Type 1)

19



125  250  500  1k   2k   4k   

1/3
rd

 octave band center frequency [Hz]

35

40

45

50

55

60

65

70

75

80

R
 [
d
B

]

wall+ETICS (1st meas.)

wall+ETICS+25 DVA's type 1

wall+ETICS+50 DVA's type 1

wall+ETICS+100 DVA's type 1

(a) Full frequency range

62   125  250  500  

1/3
rd

 octave band center frequency [Hz]

35

40

45

50

55

R
 [
d
B

]

wall+ETICS (1st meas.)

wall+ETICS+25 DVA's type 1

wall+ETICS+50 DVA's type 1

wall+ETICS+100 DVA's type 1

(b) Zoomed frequency range

Figure 31: Sound reduction index R, EPS based DVAs (Type 1),
in 1/3rd octave bands.
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Figure 32: Sound reduction index R, EPS based DVAs (Type 1),
in 1/24th octave bands.

Configuration Rw C Ctr
wall 53.4 -1.8 -5.7
wall+ETICS 52.2 -2.5 -6.3
+ 25 DVAs, 2a 52.1 (52.1) -2.3 (-2.3) -5.9 (-5.9)
+ 50 DVAs, 2a 53.2 (53.4) -2.2 (-2.3) -5.9 (-6.0)
+ 100 DVAs, 2a 53.9 (54.3) -2.1 (-2.4) -5.8 (-6.0)
+ 100 DVAs, 2b 53.5 (54.1) -1.8 (-2.0) -5.7 (-5.8)

Table 6: Single number quantities, Sorbothane based DVAs (Type
2). Between brackets: corrected for sound radiation of DVAs.

Table 5 and Table 6 present the single number quantities
(SNQs) RW , RW + C and RW + Ctr for the bare wall and
for the ETICS wall with and without DVAs. The SNQs
were determined according to the ISO717-1 standard.

Concerning the uncertainty of the RW values in abso-
lute sense, different works are available in literature for
laboratory and field measurements. According to [41], the
repeatability of the tests for a series of walls with almost
the same mass per unit area of the one considered here,
is 0.2 dB. An evaluation of the uncertainty was made by
Mahn and Pearse in [42]. These authors considered more
than 200 building elements and found, for walls having a
mass per unit area like the ETICS wall considered here,
an uncertainty around 2.5 dB. The uncertainty of the mea-
sured RW values in relative sense, for instance the mea-
sured RW for the ETICS wall with DVAs as compared to
the measured RW for the ETICS wall without DVAs, is
expected to be much more accurate. Repeated measure-

ments on the same wall yielded results that are within 0.1
- 0.2 dB accuracy, which is in agreement with the uncer-
tainty on the repeatability reported in [41]. The results be-
tween different wall configurations often differed less than
1 dB. In order to allow easier comparisons between the re-
sults, the reference curve has been shifted by 0.1 dB steps
and the RW values were expressed using one decimal place.
This is not in compliance with the recommendation of the
ISO 717-1 standard to present the SNQs as a full figure
(no decimal places) is required for certification purposes.
However, in the context of this work, it seems justified to
allow a relative comparison more easily.

For the sake of prediction of further optimized DVA con-
figurations, using the spatially resolved LDV-measurement
data discussed in Section 5.1 (Fig. 30c), we have also simu-
lated the situation where the DVAs would be incorporated
in the EPS layer, so as not to contribute to acoustic radia-
tion (see also Liu et al. [17]). The resulting values for the
SNQs are shown in brackets in Table 6 for DVAs Type 2.
Improvements range from 0.1dB to 0.6dB. .

Figures 35 and 36 give a graphical representation of the
single number quantities. For the SNQs of DVA Type 2,
both the SNQs that follow directly from the sound reduc-
tion index measurements, as well as the corrected measure-
ment data to eliminate the radiation of the DVA seismic
masses are shown.

From the tables and from the figures it can be concluded
that for the EPS based DVAs, RW only slightly increased
from 52.2 dB (ETICS wall) to 52.6 dB (100 DVAs, Type
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Figure 33: Sound reduction index Rpfq, Sorbothane based DVAs
(Type 2), in 1/3rd octave bands.
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Figure 34: Sound reduction index R, Sorbothane based DVAs
(Type 2), in 1/24th octave bands.
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(b) Sorbothane based DVAs Type 2. Non-corrected
SNQs shown in dark and light blue. Corrections for
the sound radiation of the DVAs shown in green and
turquoise.

Figure 35: Single numer quantities Rw and Rw + C.
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Figure 36: Single numer quantities Rw and Rw + Ctr.
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1).
For the Sorbothane-based DVAs, RW increased from

52.2 dB (ETICS wall) to 53.9 dB (100 DVAs, Type 2a),
corresponding with an improvement of 1.7 dB. After cor-
recting for the sound radiation of the DVA seismic masses,
this difference goes up to 2.1 dB (54.3 - 52.2 dB). In effect,
the ETICS wall with DVAs shows a better performance in
RW as compared to the bare wall (53.4 dB).

Summarizing, when considering the corrections for traf-
fic noise, the RW �Ctr difference between the ETICS wall
and the ETICS wall with DVAs Type 2a is 2.2 dB and
2.4 dB, for the standard and for the sound radiation cor-
rected DVAs respectively. Considering the 1/12th octave
spectrum, the sound reduction index R was improved by
7-10 dB in the frequency range from 220 to 285 Hz (see
Fig. 34) using 100 DVAs Type 2b (mDVA=0.230 kg, µsc
= 0.6%, µml = 22%).

6. Conclusions

The article has addressed the problem of the loss of
acoustic performances related to the application of ETICS
systems to façade walls. While having beneficial effects for
the thermal insulation and energy performance of build-
ings, the use of ETICS gives issues from the acoustic in-
sulation point of view, due to a structure related mass-
spring-mass resonance in the low frequency range. The
vibro-acoustic effect of the additional thermal insulation
and finishing layer was analysed by using a finite element
model and applying Bloch-Floquet boundary conditions in
order to solve efficiently the problem.

The use of dynamic vibration absorbers to mitigate the
ETICS induced dip in the acoustic isolation curve was
assessed by simulations and experiments for different de-
sign configurations. It was numerically shown that DVAs
mounted on the layer of reinforced adhesive mortar have
a limited span of control due to the finite stiffness of this
element. This effect sets a maximum to the inter-distance
of the DVAs and thus a minimum on the number of DVAs
needed. As expected, the heavier the seismic mass of the
DVA, the larger the effect on the sound reduction index
R.

Three types of DVAs were mounted in different amounts
on a real scale ETICS wall, built in a sound transmission
suite facility. Because of the limited span of control of the
DVAs, the measurements showed that a minimum number
of 100 DVAs for an area of about 10 m2 is required to
achieve reductions from 7 to 10 dB in terms of the sound
reduction index at the ETICS mass-spring-mass resonance
frequency, at the expense of a mass increase of only 0.6%
(µsc) relative to the weight of the silicate cement brick
wall. In terms of the single number quantity, RW was
improved by about 2 dB.

Spatially resolved Laser Doppler vibration measure-
ments showed that at specific frequencies a reduction of
the spatially averaged vibration level of about ∆LV =10 dB

can be obtained. These meaurements also showed that the
application of DVAs to improve the acoustic performance
of ETICS systems can be further optimized by embedding
the DVAs in between the thermal insulation and the layer
of reinforced adhesive mortar, thus blocking their sound
radiation into the air. As a result, further RW reductions
up to 0.6 dB are possible.
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