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Abstract

This work focuses on the numerical prediction of the sound transmission
of wooden windows in the low frequency range. In this context, the finite
element method is used to solve the multiphysics problem. This choice is
justified by the fact that this approach is suitable for the resolution of fluid-
structure interaction problems in low frequencies, due in particular to its
flexibility in taking into account the coupling between domains and the ge-
ometrical and material complexities of the structures. To reach the desired
objective, experimental modal analyses of the main components of a window,
and then of a complete one, are performed in order to calibrate the numeri-
cal models. Then, a configuration that combines free-fields on both sides of
the structure is employed to evaluate the intrinsic acoustic response of the
window. The numerical results for a symmetric and an asymmetric glazing
are compared to experimental ones to evaluate the efficiency and validity of
the developed models.

Keywords: vibro-acoustics of windows, transmission loss, experimental
modal analysis, numerical model, finite element method, low frequency.

1. Introduction

In order to minimize the disturbances in buildings, it is essential to design
facades having good acoustic performances. In general, building standards
specify the minimum value for the apparent sound insulation value of the
facade [1]. This indicator incorporates the contribution of all its components
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such as walls and windows. The acoustic performance of these components
as well as their assembly influences the overall response of the façade. Nev-
ertheless, the weaknesses in terms of acoustic insulation of a façade remain
mainly air inlets, shutter boxes, glazed parts and windows [2, 3]. Unfortu-
nately, for aesthetic reasons, large windows or even sections of glass walls
are usually used in modern buildings [4]. Therefore, in order to have fa-
cades with satisfactory sound insulation, it is essential to know the acoustic
performance of these elements.

Practically, the sound insulation of a building element is based on its
sound transmission loss (TL). The latter indicator is determined with ex-
perimental tests according to standards [5–8]. The tests are carried out in an
acoustic laboratory using two finite-sized rooms and one or many loudspeak-
ers to create the sound field excitation with the assumption that the flanking
transmission is neglected. The standards assume that, in the two rooms, the
sound field is perfectly diffuse which means that the energy density is the
same on all points of the volume [9]. However, no diffuse field condition can
be expected below the Schroeder frequency [10], since at low frequency range,
the few rooms modes lead to standing waves which dominate the acoustic
field. Utley [11] stated that the prediction of the transmission loss depends
on the characteristics of the rooms of the test laboratory rather than the
intrinsic properties of the structure. Inter-comparisons of the transmission
loss between ISO laboratories [12] and ASTM laboratories [13] evidenced
that considerable differences up to 8 dB were found for frequencies below
Schroeder frequency due to mounting conditions, frames and apertures.

As reported by many authors [14–16], at very low frequencies , theoret-
ical and experimental approaches of the transmission loss through partition
between rooms are highly dependent on the test conditions. In other words,
it means that the predictive TL is valid only for the specific case under exam-
ination. To overcome this difficulty, numerical methods can be considered as
a mean of introducing more representative measurement conditions to study
the particularities of each case. In addition to the energetic approach such
as Statistical Energy Analysis (SEA) or its improved version the Statistical
modal Energy distribution Analysis (SmEdA), many numerical methods are
available to solve the problem of acoustic insulating from which we cite the
Finite Element Method (FEM) and the Boundary Element Method (BEM).
The choice of the adequate one depends on the frequency range of interest
and the computational cost. The SEA introduced in [17, 18] is based on the
statistical energy exchanges of diverse subsystems. Due to the underlying
assumptions taken in this method which can be unrealistic in some cases,
Maxit et Guyader [19] extended it to SmEdA to take into account the modal
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energy distribution. Despite these improvements, the energetic approaches
are reliable only at high and medium frequency range with the view to the
significant uncertainties due to the few resonant modes in each of the subdo-
mains [20]. To this end, an hybrid approach was developed by Shorter and
Langley [21] that combines the finite element method and statistical energy
analysis in a single model. This method consists in modeling the determinis-
tic components with the FEM while the statistical components are described
in terms of their vibrational energy with SEA [21]. However, in low frequen-
cies, the subdomains in the building sector have a high modal behavior. For
this reason, a more accurate prediction of the sound transmission loss can
be reached with the FEM and BEM approaches. Santos et Tadeu [22] con-
sidered that the BEM approach could be a good tool to solve unbounded
problems due to the satisfaction of the far field conditions. Sgard et al. [23]
analysed the transmission loss of a double partition using the FEM for dif-
ferent layers of porous-elastic material mixed with the BEM for the fluid
excitation. Only the FEM has been employed by Maluski and Gibbs [24] to
investigate the sound insulation of a wall and results pointed out a strong
dependence between the TL and the modal behavior of both rooms and of
the partition.This dependence has also been studied and demonstrated in
[25].

Despite the multiplicity of experimental studies, few approaches con-
fronting experimental measurements to numerical simulations for the study
of TL at low frequency for domestic windows can be found in the literatures.
Gimeno [26] studied the acoustic insulation of domestic window. Its nu-
merical results diverge in comparison with the experimental measurements.
Kwapisz et al. [27] used a 3D model, whose results were satisfactory only
from a qualitative point of view compared to the experimental results.
Løvholt et al. [28] studied the effect of windows on the acoustic performance
of walls for frequencies below 100 Hz with also a 3D finite element model.
The modeled square windows is made of aluminum and composed of a single
casement. The numerical results show that the windows control the acoustic
transmission for frequencies from 15 to 30 Hz. The present work concerns the
vibro-acoustic response of a full scale domestic wooden windows composed
of two casements (Fig. 1) for the frequency range up to 630 Hz. The orig-
inality of the proposed research is related to the development of a detailed
numerical model of the windows validated by experimental modal analysis
and used for the prediction of the TL.
Since windows are mainly mounted in the exterior building facades, the
present study is more particularly focused on the transmission of outdoor
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airborne noises which are generally emitted from the traffic corresponding
to low-pitched noise [29].

For this end, in the second section, the studied window is presented in de-
tails. Then, we will detail the numerical model used to determine the sound
transmission loss of the window in witch the source and receiving rooms are
removed. In the fourth section, the identification of the window and the
calibration of its numerical model are discussed. The laboratory measure-
ments of the sound transmission loss is described in section 5. Finally, we
will check the ability of the calibrated numerical model and the proposed
configuration to predict the real vibro-acoustic response of the window in
the low frequency range.

2. Window design description

The schematic of the wooden window under investigation is reported in
Fig. 1. It is a French double-leaf window provided by PASQUET company.
This designation describes the opening mode of the joinery which opens
inside the room with right pulling.
The window is mainly composed of two casements (movable part) which
pivot vertically at the edges and rest on the frame (fixed part) which is
sealed in the wall. Insertion into the latter is done using a support piece
which is a horizontal piece placed on the lower part of the window resting
on the masonry. The mechanical connection between the casements and the
frame is ensured by six hinges and the seal is ensured by a gasket placed all
along the contact surface of these two components.
The closing system is made up of a metal rod and a gear housing which is
operated by means of the handle. The dimensions of the window are 1.45
per 1.48 m2 for a total mass of 76 kg approximately. The window is made
up of about 90 pieces of wood, glass, rubber, metal and other materials.

Each casement of the widow is mainly composed of double glazing incor-
porated into a wooden frame. The glazing is wedged in the rebate which is
the notch made in the thickness of the frame and which is intended to re-
ceive the glazing. The positioning of the glazing is carried out using seat and
peripheral wedges. Depending on the type of the frame, the arrangement of
the wedges varies. The frame of the casement is composed of two leaves and
two sashes whose connection, illustrated in Fig. 2, is provided by a screw
with a sealing piece made of rubber. The section of the leaves and sashes is
presented in Fig. 3.
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Figure 1: Domestic wooden window.

Figure 2: Connection between the leaf and the sash of the casements.
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Figure 3: Details of the casements section.
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The double glazing of the window (Fig. 4) is composed by two panels of
glass separated by a cavity filled with air or a gaz. The panels are linked
together along their perimeters by the edge seal systems. This last consists
of numerous components: the spacer bar, the desiccant and the sealant.
The stainless hollow steel spacer acts as a rigid support in compression to
maintain a fixed distance between the glasses [30, 31]. It is filled with the
desiccants, which are used to dry out the cavity of the double glazing glass.
Typically, they are molecular sieves or a mix of silica gel with molecular
sieves. For the sealant, a dual combination is commonly used. It is com-
posed of a primary sealant placed between the spacer and each glass panels.
It is mainly used to eliminate cavity gas loss and vapor penetration [30, 31].
For this purpose, a synthetic rubber, typically polyisobutylene (PIB), is used.
The secondary seal, which can be silicone, polyurethane or polysulphide, has
several roles for double glazing. In addition to protecting the primary seal
and preventing vapor penetrations into the cavity, it represents the mechani-
cal component for the connection of the spacer [30]. In this study, two double
glazing systems are considered. The first one, noted 6/18/4, is composed of
two panels whose thicknesses are 6 mm and 4 mm, separated by 18 mm
argon cavity. The second system, noted 4/20/4, is composed of two panels
with the same thickness (4 mm), separated by 20 mm argon cavity.

Spacer

Glass panels

Gap

Primary seal

Desiccant

Second seal

(a) (b)

Figure 4: IGU: (a) Nomenclature and (b) Edge sealant system.

3. Numerical prediction of sound transmission loss through a win-
dow

Basically, the sound transmission loss characterizes the acoustic insula-
tion of a structure and it is defined as [14, 32]:

TL = 10 log10

(
Πinc

Πrad

)
, (1)
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where Πinc and Πrad are the incident and the radiated sound power by the
structure, respectively.

In experimental measurements, the acoustic tests are carried out in a
laboratory composed of two reverberant rooms separated by a wall. This
last contains an opening in which the test element is mounted. The incident
and transmitted sound power are determined by measuring the average sound
pressure levels Le and Lr in the emitting and the receiving room, respectively.
So that, for a test specimen whose area is S, the TL is determined as:

TL = Le − Lr + 10 log10
S

A
, (2)

where A is the equivalent sound absorption area in the receiving room.

To reproduce numerically this acoustic experimental tests, several con-
figurations have been studied and analyzed by the authors in ref. [33]. The
configuration where the source and receiving rooms are removed and a per-
fect field is considered in the both side of the structure to test (Fig. 5), turned
out to be the best compromise between precision of results and numerical
cost. In fact, this configuration ensures a perfect diffuseness of the acoustic
field even at the very low frequency range and so avoids the modal behavior
of the two rooms. Additionally, due to its computational efficiency, results
of the TL of different double-glazing issued from this model have been com-
pared to experimental results. For the whole frequency range even for those
below 100 Hz, the comparison showed a good agreement between numerical
and experimental approaches. This configuration, when the baffled structure
is excited by a diffuse field on the emitting side and radiates in a free field
in the receiving one, will be used throughout this work. The structure to be
tested (double glazing or window) is modeled by finite elements method us-
ing a (u, p) formulation. In this case, the radiated sound power is calculated
with the Rayleigh integral method [34].

3.1. Finite elements formulation of the problem
A fully-coupled fluid-structure finite elements model was used in this

work to represent the vibratory behavior of the structure containing a cavity
filled with a gas (double or triple glazing). In this model, the structure is
described by its displacement field u and the cavity by its pressure field p.
The discretization of the variational formulation associated to the problem
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Figure 5: DSF–structure–free field configuration.

[35, 36] leads to this matrix system (see Ref. [37] for details):([
Ku −C
0 Kp

]
− ω2

[
Mu 0

CT Mp

])[
U

P

]
=

[
F

Q

]
, (3)

where Ku and Mu are the structural stiffness and mass matrices, Kp and Mp

are the associated acoustic matrices, C is the fluid-structure coupling matrix,
F is the nodal force excitation and Q is the nodal acoustic excitation. The
structural and acoustic domains are subdivided into finite elements whose
sizes are controlled by the wavelength λ (m) which depends on the frequency
range of interest. For the fluid domain, we consider the acoustic wavelength
defined as λa = c0/f where c0 is the sound speed. For the structure, the
bending wavelength is λf =

√
(2π/f)(D/M)1/4 where D (Pa.m3) is the

bending stiffness andM (kg/m) is the surface mass density. At the interface
between the structure and acoustic domains, coupling interfaces are enforced
and the resolution is performed with direct approach.

3.2. Diffuse sound field formulation
At low frequencies, to treat the problem by respecting the condition of

incident diffuse sound field, it is necessary to model a room whose dimensions
are much larger than the wavelength. This necessity increases the compu-
tational costs. To overcome this problem, a diffuse field is applied to the
structure to be tested which make it possible to avoid the modelling of the
emitting chamber.

To create a diffuse field, the plane wave approach is used [38]. It con-
sists in superimposing an infinity of random plane waves in phase, arriving
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uniformly from all directions and whose propagation vector is oriented to-
wards the structure [34, 39]. This excitation makes it possible to take into
account all the possible incidences without favoring any direction. From this
definition, the pressure field generated by a diffuse field on the structure is
obtained by the integration of the pressure of each plane wave whose angle
of incidence is defined on a half-hemisphere on the incidence side [23], as
shown in Fig. 6. Therefore, the pressure at an observation point marked by
r is defined by:

p(r, t) = Aop

∫ 2π

0

∫ π/2

0
e−j(k.r)ej(ωt+φ)sinϕ dθ dϕ, (4)

where Aop is the amplitude of a plane wave identified in space by longitude
angle θ and colatitude angleϕ, and φ(θ, ϕ) represents the random phase of
the wave.

The incident (or radiated) sound power through a structure surface S is
given by:

Π =
1

2
Re

(∫ ∫
pv∗n dS

)
, (5)

where vn is the normal velocity at any point of the structure, Re is the real
part of a complex number and * indicates the conjugated complex.

Figure 6: Excitation of a structure by an acoustic diffuse field.

According to the normal direction z, the normal velocity vector can be
obtained from the Euler equation and the pressure and it is written in the
form:

vn(r, t, ϕ) =
Aop
ρ0c0

ej(ωt−k.r+φ) cosϕ, (6)
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The substitution of the sound pressure field (Eq. (4)) and the normal veloc-
ity (Eq. (6)) in Eq. (5), the incident sound power by the diffuse field Πd

inc

becomes

Πd
inc =

|Aop|2

2ρ0c0

∫ 2π

0
dθ

∫ π/2

0
cosϕ sinϕdϕ, (7)

In the case where we assume that there are N uncorrelated plane waves with
a constant unit amplitude Aop, the pressure field can be determined from:

p(r, t) =
1√
N

N∑
n=1

e−j(k.r)ej(ωt+φ), (8)

3.3. Rayleigh integral formulation
When the excited structure radiate in an anechoic receiving room and

the modal behavior of this room is negligible, the acoustic sound power radi-
ated by the structure can be calculated using the Rayleigh integral method
without 3D modelling of the receiving room. We recall that the radiated
sound power through a structure area S is given by Eq. (5). The sound
pressure p of a flat plate mounted in an infinite rigid baffle and radiating in
a semi-infinite fluid can be determined with the Rayleigh Integral [40]:

p(ω,M) = ρ0
iω

2π

∫
S2

vn(ω,G)
e−ikr

r
dS, (9)

where G is a point on the plate surface, ρ0 is the mass density of the external
acoustic domain, k is the wave number expressed as ω/c0, c0 is the acoustic
speed of sound,M is a point inside the external acoustic domain and vn(ω,G)
is the normal velocity at point G expressed as vn(ω,G) = v(G,ω) · nS and
where nS is the unit vector normal external to the structure. Thanks to the
previous finite element formulation, the distribution of the normal velocity
on the structure can be determined.

The baffled panel is divided into R rectangular equal elements whose area
is noted Se. The transverse vibration of each element is specified in terms of
the normal velocity at its center position. Assuming that the structural and
the acoustic wavelengths are larger than the dimensions of the element, the
total radiated sound power (Eq. (5)) can be expressed as the summation of
the powers radiated by each element, so that:

Πt =
Se
2
Re
(
vHn p

)
, (10)

where the superscript H denotes the Hermitian transpose, vn and p are the
vectors of complex amplitudes of the normal volume velocity and acoustic
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pressure in all elements. The pressure on each element is generated by the
vibrations of all elements of the panel, so that, its vector can be expressed
by the impedance matrix:

p = Zvn, (11)

where Z is the matrix incorporating the point and transfer acoustic impedance
terms over the grid of elements: Zij = (iωρ0Se/2πrij)e

−ikrij (rij is the dis-
tance between the centers of the ith and jth elements). Due to the reciprocity,
Z is a symmetric matrix. The substitution of Eq. (11) into the expression
for the total radiated sound power Eq. (10) allows to have the following
expression:

Πt =
Se
2
Re
(
vHn Zvn

)
=
Se
4
Re
(
vHn
[
Z + ZH

]
vn
)

= vHn Rvn, (12)

The matrix R is defined as the "radiation resistance matrix" for the elemen-
tary radiators which, for the baffled panel, is given by

R =
ω2ρ0S

2
e

4πc0


1 sin(kr12)

kr12
· · · sin(kr1R)

kr1R
sin(kr21)
kr21

1 · · · sin(kr2R)
kr2R

...
...

. . .
...

sin(krR1)
krR1

sin(krR2)
krR2

· · · 1

 , (13)

This method can be applied to any plane surface in an infinite baffle, in-
dependently of the boundary conditions. It only requires the knowledge of
the surface geometry, the characteristics of the fluid and the velocity field
distribution. In this work, a finite element approach is used to evaluate
this velocity field by using a sufficient number of discrete radiating elements
according to the smallest wavelength to be observed.

4. Calibration of the window’s numerical model

4.1. Experimental Modal Analysis set-up
The characterization of the window’s modal parameters such as the nat-

ural frequencies and the modal shapes is done with the Experimental Modal
Analysis (EMA) whose general set-up is presented by Fig. 7. To this end,
in this study, the suspended window (see Fig. 8), which is 1.45 m wide by
1.48 m high, is meshed into 600 points. Measurements of the acceleration
are done at all the mesh points with an average of three impacts using a laser
vibrometer. For the application of the force, a shaker is used. The EMA is
performed up to 800 Hz with a frequency resolution of 0.5 Hz.
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Figure 7: The general set-up of Experimental Modal Analysis.

For performing the EMA, a home-made Matlab toolbox has been devel-
oped and includes several approaches like LSCF [41] and its polyreference
version [42]. This toolbox consists of several Matlab routines, allowing to
establish the complete modal analysis from experimental data step by step.

To ensure the reliability of the experimental measurements, verification
tests were carried out. These tests concern the verification of the reciprocity
and the verification of the independence to the excitation level:

Figure 8: Suspended window for the EMA.

• Reciprocity

The principle of reciprocity must be verified if the structure is supposed to
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be linear. It means that the FRF measurements of two points must be the
same regardless of which of them is the input or the output. For this, three
cases are studied; the first one where the excitation and the measurement
points, respectively, V1 and V2, are in the opposite glasses. For the second
case, the excitation point is in the the wooden frame and the measurement
point is in a panel glass (C-V). Finally for the third case, the excitation
point P1 and the measurement point P2 are on the same panel glass. The
comparisons of the FRF (Fig. 9) show that the system is linear since the
curves are superposed following the permutation between the excitation and
measurement points.

• Independence to the excitation level

The linearity of the system is also verified by the independence of the transfer
function of the structure following a variation in the excitation energy level.

Several acceleration measurements were taken for different intensities of
force (Fig. 10a). The results of Fig. 10b show that the transfer function
between input and output is unchanged for the frequency range of interest.
Therefore, a linear numerical model can be used for the wooden window.

4.2. EMA of the wooden window
The shaker has been suspended parallel to the structure with an ad-

justable support to optimize its position so that the excitation is always
normal to the structure. The rod used allows the shaker to be connected
to an impedance head. The latter allows a co-localized measurement of the
force and acceleration at the excitation point.

Once the test is completed, ensure that the scanning of the structure by
the laser vibrometer is performed and that the response of all nodes of the
mesh is recorded. In our case, and after several adjustments, a measurement
of all points is obtained (see Fig. 11).

For this test, the shaker excites the window with a white noise whose
energy is concentrated in the frequency band of interest.

Once the experimental modal analyses have been performed, we proceed
to the extraction of the modal parameters that will be used to adjust the
equivalent numerical models of the window and its subsystems.

4.3. Numerical calibrated model
Geometry : We started by proposing the simplest possible designs. The
first proposed design consists of two identical sashes fixed on their con-
tours without adding any other components. The numerical results were

13



100 200 300 400

Frequency (Hz)

-45

-35

-25

-15

-5

5

F
R

F
 (

d
B

, 
r
e
f 

: 
1

 m
/

s
²
/

N
)

P1-P2

P2-P1

(a) opposed glass

100 200 300 400

Frequency (Hz)

-40

-30

-20

-10

0

10

20

F
R

F
 (

d
B

, 
r
e
f 

: 
1

 m
/

s
²
/

N
)

V1-V2

V2-V1

(b) sash-glass

100 200 300 400

Frequency (Hz)

-45

-40

-35

-30

-25

-20

F
R

F
 (

d
B

, 
r
e
f 

: 
1

 m
/

s
²
/

N
)

V-C

C-V

(c) Excitation and measurements
done in the same glass
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Figure 11: Verification of the scanning’s quality of the window by the laser
vibrometer.
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not consistent with those of the experiment. In fact, it has been shown by
Bedon et al [43] that secondary components of the window and the assem-
blies assured by joint have an influence on the EMA results. So that, in the
second proposal, a frame was added to support the first model, again giving
a very rigid model. After improvements, the final model, presented in Fig. 12
is composed of two casements spaced 5 mm apart and linked together by a
wooden plate at the closure. They are placed on the frame by means of a
2 mm thick rectangular joint that extends over the entire contact surface
between the two casements and the frame.

Mesh : The mesh of the equivalent window model is shown in the second line
of the Fig. 12. A compatible mesh between the sashes, bar, joint and frame
has been used with linear hexahedral elements. Since it is recommended
to use 6 linear elements per acoustic wavelength, and 10 elements for the
bending wavelength [44], the final model contains around 141 000 degrees of
freedom.

Casements Wooden 

closure

Joint Frame

Figure 12: Differents components of the window (CAO et FEM model).
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Properties of Materials : The material properties used for the insulating
double glazing, the joint and the wedges are presented in Tab. 1. For the
double glazing, these properties are calibrated from the EMA and details are
presented in a previous paper [33].

Table 1: Mechanical properties of the materials of the insulating double
glazing, the joint and the wedge.

Components Panels Equivalent spacer Joint Wedge

Materials Glass Equivalent material Rubber PVC
E (GPa) 60 0.1 0.1 0.5
ρ (kg/m3) 2450 1523 1200 571

ν 0.23 0.49 0.49 0.3

At this stage, only the wooden’s properties are unknown. The existence
of different types of wood brings great diversity in terms of design. There-
fore, many products are derived from wood in order to reduce intrinsic vari-
ability and make it more homogeneous. These derived products are made
from strips of wood glued and joined together. The reconstitution by gluing
makes the assembled element more reliable and also less anisotropic. As a
result, the wood is considered as transverse isotropic and is described by five
independent components [45]. For this study, the density ρw is calibrated
from the volume and the mass of the frame. A value of 0.3 is fixed for the
Poisson’s ratios and the shear modulus G is chosen as 650 MPa from the
ISO 14080 standard [46]. For the Young’s moduli, the value EL along the
longitudinal axis is obtained from the beam theory. Two bending tests and
a compression one along the three directions (−→x , −→y and −→z ) are carried out
(Fig. 13). As a result, three values are obtained, thus giving an average of
12.5 GPa for EL. For the Young’s modulus ET along the transversal axis, it
is determined from the numerical calibration of the frame’s model using the
EMA and a value of 9 GPa is obtained.

4.4. Results of the model calibration
The first ten experimental and numerical eigenfrequencies as well as the

associated deviations are summarized in the Tab. 2. The relative error of
the first frequency is 0.3%. For the rest of the modes the deviation does
not exceed 10% with a maximum value of 9.2% observed in mode 8. These
results do not allow to conclude about the rigidity of the proposed model.
In fact, it is observed that for certain modes (modes 1, 3, 5, 6 and 7) the
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Figure 13: Suspended beam for FRF measurement to determinate the
Young’s moduli of the wood.

numerical eigenfrequencies are greater than the experimental ones, while for
other modes the phenomenon is reversed.

Table 2: Comparison of the first ten experimental and numerical eigenfre-
quencies of the window.

Mode 1 2 3 4 5 6 7 8 9 10

Experimental (Hz) 18.04 29.5 38.3 40 40.9 56 57.2 67.2 68.2 72.6
Numerical (Hz) 18.1 27.2 39.2 39.8 42.9 59.7 61.7 61 63.9 70

Error (%) -0.3 7.7 -2.4 0.5 -5 -6.7 -7.9 9.2 6.4 3.6

The corresponding modal deformations are presented in the Fig. 14. A
very good agreement can be observed between the experimental and numer-
ical results for all the modes. However, it can be seen that mode 3 and
mode 10 only interest the half of the structure. In fact, the two casements of
the window are not identical and there is one larger than the other (asym-
metrical system) which gives a few modes which decouple the two parts of
the structure and the modal deformation concerns only one casement.

The MAC (Modal Assurance Criterion) is also used out to evaluate the
coherence of experimental and numerical modal vectors [47]. The MAC
calculated from the comparison of the ten first modal shapes is presented
in Fig. 15. The MAC confirms the similarities of the modes with diagonal
terms close to 0.9, except for the eighth mode where the value is 0.5. For
such a complex structure, the results are considered satisfactory.

Regarding the comparison of the eigenfrequencies and the modal shapes,
the calibrated numerical model of the window is satisfying, and therefore, it
is used for the prediction of the sound transmission loss.
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Figure 14: Comparison of the first ten experimental and numerical mode
shapes of the window.

Figure 15: MAC of experimental and numerical mode shapes of the window.
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5. Measurement of window’s transmission loss

Acoustic tests for the evaluation of the sound transmission loss of the
windows considered in this chapter are carried out in the CERIBOIS lab-
oratory. The experimental installation is composed of two parallelepiped
reverberation chambers (see Fig. 16). The transmitting chamber, presented
in the Fig. 16a, is of dimension 4,5×3,25×5 m3 and the receiving cham-
ber, presented in the figure 16b, is of dimension 4×3,25×5 m3. In order to
avoid the solid transmissions that can take place between the two chambers,
they are mounted on elastic supports, an example of which is shown in the
Fig. 17. On the other hand and for the same purpose, the walls of the rooms
are 45 cm thick. They are composed of two concrete layers of 23 cm and
20 cm, separated by a 2 cm layer of compressed foam. The doors of the two
rooms have high sound insulation. To obtain a diffuse sound field in both
chambers, diffusers are used to increase the reflection of the waves. These
elements can be fixed to the walls or suspended from the ceiling, as shown
in the Fig. 16.

(a) Emitting room (b) Receiving room

Figure 16: The two chambers of CERIBOIS laboratory.

Fig. 18 shows the placement of the window to be tested in the wall
opening between the two chambers according to ISO 140-1 [5]. This standard
requires the filling of the gap between the specimen and the opening with
an absorbent material. In addition, a sealing material (usually silicone) is
spread on both sides around the entire periphery of the window.

6. Prediction ability of the calibrated numerical model

This section aims at assessing the prediction ability of the calibrated nu-
merical model described in section 4. To this end, the TL computed from the
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Figure 17: Example of the elastic supports of the chambers of the acoustic
laboratory.

(a) Emission chamber side (b) Receiving chamber side

Figure 18: Mounting of the window in the wall for the acoustic tests in the
CERIBOIS laboratory.
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proposed model is compared with that measure in the CERIBOIS labora-
tory for two windows configurations at low frequencies. These configurations
differ by the structure of the double glazing. Indeed, the first configuration
considers a symmetric double glazing (4/20/4), while the second one consid-
ers an asymmetric structure (6/18/4).

Components exposed to the DSF Radiating components Diffuse sound field

coupling coupling

Acoustic cavities

Figure 19: Window components exposed to acoustic excitation and those
radiating in a free field.

6.1. Symmetric configuration
As shown in Fig. 20, the comparison in third-octave bands of the TL

computed from calibrated numerical model with that measured in the CERI-
BOIS laboratory is quite satisfactory. Indeed, the prediction error is less
than 2,5 dB on average, except for the two first third-octave bands, centered
around 50 Hz and 80 Hz, for which the prediction error of 4,5 dB is observed.
Consequently, the proposed calibrated model is judged sufficiently reliable
to predict the acoustic performances of the considered window in the low
frequency range.

6.2. Asymmetric configuration
In the case of an asymmetric configuration, the prediction ability of the

proposed calibrated model is less good than in the previous case, since the
prediction error doesn’t exceed 3,5 dB, except in the third band, centred
around 160 Hz, for which the difference is 4.3 dB. In this frequency band
lies the so-called “mass-air-mass” frequency, which is predicted by our model
but not measured experimentally. Furthermore, it should be noted that
the differences observed for the present configuration are more pronounced
than in the previous case. This can be potentially explained by a slight
change of the geometry of the casement since the experimental identification
was carried out on the symmetric window (4/20/4). However, the overall
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Figure 20: Comparison of the TL of the window with a symmetric double
glazing (4/20/4) (-) measured in the CERIBOIS laboratory and (-) computed
from the calibrated numerical model

comparison of both results remains satisfying regarding the complexity of
the window, which is an assembly of about 90 parts.
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Figure 21: Comparison of the TL of the window with an asymmetric double
glazing (6/18/4) (-) measured in the CERIBOIS laboratory and (-) computed
from the calibrated numerical mode.
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7. Conclusions

The sound Transmission Loss (TL) of a full window at low frequencies
has been studied using the Finite Element Method. In order to study the
intrinsic response of the structure, a configuration where the two reverberant
rooms are removed and a perfect field is considered in the both side is used.

The numerical model of the window has been calibrated with an Experi-
mental Modal Analysis. This step is essential to built the numerical model of
the structure due to geometrical and mechanical complexities of the different
components. In addition, it has reported by Bedon [48, 49] that the possi-
ble degradation issues in the joints and window components can modify the
measured frequencies. However, it should be mentioned that this aspect has
not been studied in this work, as the aim is to have a representative model
of a sane system, such as those used in the certification of a product. The
modal damping obtained from the EMA, not discussed here, will be used in
future work using the modal approach.

The perfect configuration that combines free-fields on both sides of the
structure ensures diffuseness of the acoustic field even for the very low fre-
quencies and avoids the modal behavior of the two rooms. Consequently, the
problem of the lack of reproducibility will not be faced since this configura-
tion evaluates only the intrinsic performances of the tested element. Results
issued from this configuration applied to the calibrated FEM model of the
window have been compared to experimental results of models with different
glass composition (4/20/4 and 6/18/4). Results showed a good agreement
between numerical and experimental results for the whole frequency range
even for those below 100 Hz.

Further investigations of this work concerns the introduction of reduced
order models in order to reduce the numerical calculation cost and the ap-
plication of the proposed methodology to wood windows door.
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